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Abstract: As an  emerging  super-resolution  ultrasound imaging  technology,  ultrasound localization  microscopy (ULM) breaks
the acoustic diffraction limit of conventional ultrasound. By localizing and tracking individual microbubble contrast agents at the
sub-wavelength  scale,  ULM  achieves  high-precision  visualization  and  quantitative  evaluation  of  micron-level  microvascular
structures  and  hemodynamic  parameters.  Compared  with  traditional  color  Doppler  flow  imaging  and  contrast-enhanced
ultrasound, ULM possesses superior spatial resolution and microcirculation quantification capability, enabling in-depth analysis
of microvascular morphological remodeling and functional perfusion abnormalities. This review summarizes the core technical
principles, optimized algorithms, and key technical bottlenecks of ULM, including microbubble signal separation, single-bubble
localization  accuracy,  physiological  motion  artifacts,  and  prolonged  acquisition  duration.  Furthermore,  we  comprehensively
elaborate  the  preclinical  and  clinical  application  progress  of  ULM in  multiple  systems,  covering  neurovascular,  renal,  tumor,
cardiovascular, endocrine and cardiac microcirculation diseases, with a specific focus on its novel clinical value in identifying
vulnerable  carotid  atherosclerotic  plaques.  We  also  discuss  the  current  limitations  restricting  large-scale  clinical  translation,
standardized protocol establishment, and deep-tissue imaging performance of ULM, noting that the majority of existing human
ULM  evidence  is  still  at  the  feasibility  stage  and  large-scale  prospective  multi-center  clinical  validations  are  still  needed.
Targeting  the  above-mentioned  translational  bottlenecks,  finally,  this  review  prospects  the  future  development  directions  of
ULM,  including  artificial  intelligence  optimization,  three-dimensional  whole-organ  imaging,  multi-modal  and  multi-omics
fusion.  With  continuous  technical  iteration,  ULM  is  expected  to  become  a  novel  non-invasive  imaging  modality  for  early
diagnosis, risk stratification and therapeutic efficacy evaluation of microcirculation-related disorders.
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C onventional  ultrasound  is  limited  by  acoustic
diffraction,  yielding  a  spatial  resolution  around
500  μm  and  failing  to  visualize  microvessels

below 100 μm [1]. However, microvascular morphologi-
cal  and  hemodynamic  data  are  clinically  vital  for  early
tumor detection,  renal  function  assessment  and   cere-
brovascular  disease  surveillance.  Drawing  on  optical
super-resolution  techniques  such  as  stochastic  optical

reconstruction microscopy  and  photoactivated   localiza-
tion microscopy [2], ultrasound localization microscopy
(ULM) reconstructs  sub-diffraction microvascular  maps
by  accumulating  localization  coordinates  of  sparse
microbubbles  across  massive  image  frames.  Since  its
introduction in  2011,  ULM has  reached  40  μm   resolu-
tion,  an  order-of-magnitude improvement  over   conven-
tional ultrasound [3]. Despite this, its clinical translation
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faces  multiple  barriers:  tissue  clutter  interference,  high-
density microbubble localization errors, motion artifacts,
long  scanning  time  and  resolution  loss  at  depth  [4-6].
Emerging signal  processing,  deep  learning  and   hard-
ware  upgrades  have  alleviated  these  challenges  [7,8].
This review summarizes  recent  ULM advances in   tech-
nical approaches and clinical applications.

 Conception,  Basic  Principles  and  Imaging
Pipeline of ULM

Super-resolution  ultrasound  (SRUS),  first  proposed
in  1979,  describes  ultrasound  microvascular  imaging
techniques  that  break  the  classical  diffraction  limit  [2].
ULM  is  one  subtype  of  SRUS,  originally  proposed  by
Mickael  Tanter’s  group  [9,10],  where  individual
microbubble passage  inside  tumor  vessels  were   visual-
ized on high-frequency B-mode images.  Sono-activated
ULM as a sub-variant of ULM, the acoustic counterpart
of fluorescence photoactivation localization microscopy,
relies on ultrafast ultrasound imaging and microbubbles
serving  as  acoustically  activated  point  sources  [10].
Graphical  processing unit  based computing has enabled
clinical  translation  of  ultrafast  imaging,  which  delivers
frame rates above 1000 fps over a broad field of view to
capture  rapid  microbubble  motion  and  disruption  [11].
Under  ultrafast  scanning,  microbubbles  act  as  discrete
acoustic  point  emitters,  their  echoes can be localized to
generate sub-diffraction images [3,10,11].  Sono-activat-
ed ULM achieves 13-fold higher resolution than conven-
tional  ultrasound,  with  stronger  image  correlation  to
optical  microscopy  [10].  Multiple  synonymous  terms
including  ultrafast  ULM,  contrast-enhanced  super-reso-
lution ultrasound and ultrasound super-resolution  imag-
ing  have  also  been  adopted  across  different  studies
[7,12,13].

Color  Doppler  flow imaging  (CDFI)  only  visualizes
millimeter-scale  vessels,  while  Contrast-Enhanced
Ultrasound  (CEUS)  enables  semi-quantitative microcir-
culation  assessment.  Limited  by  acoustic  diffraction,
both  CEUS  and  superb  microvascular  imaging  cannot
resolve  sub-wavelength  structures,  and  conventional
high-frequency  ultrasound  (20-50  MHz)  fails  to  detect
10  μm  microvessels  and  capillary  slow  flow  (1  mm/s)
[14].  As  a  super-resolution  technique,  ULM  achieves
sub-diffraction vascular imaging, yet its resolution is not
a  fixed  value  but  modulated  by  acquisition  parameters
including  transducer  frequency,  geometry,  signal-to-
noise ratio, echo bandwidth and beamforming array ele-
ments.  With  a  128-element  receiving  matrix,  resolution
exceeding  λ/10  is  attainable;  microbubble  localization
precision  can  approach  6  μm  [12],  revealing  capillary-
level vascular networks in deep organs. Phantom experi-
ments demonstrated lateral and axial resolution improve-
ments of 5.1-fold and 2.2-fold over standard ultrasound,
and a 2 MHz clinical scanner could theoretically reach 2-
4  μm  resolution  for  ideal  stationary  scatterers  [1].  In
vivo ULM studies have achieved 9 μm in mouse ear and
19 μm resolution in rat brain, delivering roughly 10-fold
resolution  gains  relative  to  conventional  ultrasound,
alongside 4 cm/s velocity mapping for microvessels [15-
17].

The standard ULM pipeline comprises six key stages
in figure 1: (1) microbubble contrast agents are adminis-
trated intravenously  to  achieve sparse  intravascular  dis-
tribution; (2) continuous ultrasound image sequences are
captured  at  high  frame  rates  (generally  >  100  Hz);  (3)
frame-by-frame microbubble  signal  extraction  is   per-
formed  to  suppress  tissue  background  and  clutter;  (4)
subpixel localization is conducted to pinpoint individual
isolated  microbubble  echoes;  (5)  motion  compensation
is  applied,  and  localization  results  from  numerous
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Figure 1    Conceptual  schematic  of  the  ULM imaging pipeline.  ULM involves  intravenous  microbubble  injection,  ultrafast  ultrasound data  acquisition,
clutter suppression, sub-pixel microbubble localization, motion compensation, and final vascular reconstruction with hemodynamic quantification.
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frames are integrated to reconstruct super-resolution vas-
cular  density  maps;  (6)  inter-frame microbubble   track-
ing is  implemented to quantify blood flow velocity and
flow direction.

 Technical Optimization  and  Algorithm  Inno-
vation of ULM

Various  modules  within  the  ULM  pipeline,  such  as
microbubble separation,  localization algorithms,  motion
correction and  reconstruction  frameworks,  have   under-
gone extensive optimization, which will be discussed in
the following sections.

 Optimization of Microbubble Signal Separation and
Clutter Suppression

Microbubble  signal  separation,  the  front-end  step  of
ULM,  extracts  nonlinear  microbubble  signals  from raw
ultrasound  data  masked  by  tissue  echoes  and  clutter.
Common techniques  include  pulse  inversion,   differen-
tial  imaging  (DI)  and  singular  value  decomposition
(SVD)  filtering  [18].  To  improve  signal  extraction  and
localization  accuracy,  a  modified  MCMCDA algorithm
has  been  proposed  for  robust  microbubble  tracking
under  high  bubble  density  [14].  The  lightweight  deep-
learning  Angle-Fused  U-Net  achieves  20-fold  faster
clutter filtering than SVD while preserving microvascu-
lar  features,  facilitating  real-time  ULM implementation
[19].  And signal  onset-based axial  localization  substan-
tially  enhances  imaging  contrast  and  spatial  precision
[20],  paving  the  way  real-time  clinical  ULM.  The  key
performance  metrics  of  representative  clutter-suppres-
sion  and  localization  algorithms  are  summarized  in
table 1.

Clinically, conventional  ULM  separates   microbub-
ble  detection  and  tracking  into  independent  sequential
steps, which easily induces matching errors under dense
microbubbles  or  low  frame  rates.  Advanced  tracking
algorithms have  been  developed  to  address  this   limita-
tion:  hierarchical  Kalman  trackers  adapt  to  varying
microbubble states and flow velocities to refine vascular
reconstruction [21].

 Single-microbubble  localization  optimization  and
performance benchmarking

Accurate  single-microbubble  localization  is  a  key
bottleneck restricting the clinical translation of ULM. In
medical  ultrasound,  encapsulated  gas  microbubbles
(average  diameter  <  5  μm)  act  as  acoustic  fluorescent
probes,  while  inherent  trade-offs  exist  among  imaging
sensitivity, transmitted ultrasound energy and microbub-
ble concentration. A mouse skeletal muscle microvascu-
lar  study  systematically  verified  that  microbubble
dosage,  ultrasound  frame  rate  and  acquisition  duration

are core influencing factors [22]. Distinct from conven-
tional  CEUS,  ULM  relies  on  ultra-high  frame  rates  to
shorten acquisition time, which exposes microbubbles to
prolonged  and  frequent  ultrasound  pulse  irradiation.
Although higher  microbubble  concentrations  strengthen
backscatter  signals,  dense  microbubble  distribution  in
large vessels easily causes overlapping signals that can-
not  be  completely  resolved  by  spatiotemporal  filtering,
severely  degrading  single-bubble  localization  accuracy
and imaging sensitivity [23,24]. In vivo rat tumor exper-
iments further demonstrated that microbubble size domi-
nates  ULM  detection  sensitivity:  larger  microbubbles
achieve up to 8.7-fold sensitivity improvement and pos-
sess longer  intravascular  circulation  persistence,   high-
lighting  the  critical  value  of  optimizing  single-bubble-
level  imaging  performance  [25]. As  the  core   determi-
nant  of  ULM  super-resolution  quality,  sub-pixel  cen-
troid localization of microbubble point-spread functions
directly dictates the final spatial  resolution [26]. Classi-
cal  localization  algorithms,  including  Gaussian  fitting,
radial  symmetry,  center-of-mass  and  peak  detection,
exhibit  parameter-dependent  performance,  with  optimal
point-spread  functions-pixel matching  and  patch   set-
tings varying across different methods [27].

A  open-source benchmark  framework  was   estab-
lished to  systematically  evaluate  mainstream   localiza-
tion algorithms  across  multiple  in  vivo  datasets,   con-
firming  radial  symmetry  and  Gaussian  fitting  deliver
optimal accuracy and detection performance, despite the
high  computational  cost  of  Gaussian  fitting  [28].
Beyond  parameter  optimization,  multiple  innovative
strategies have improved localization performance: con-
volutional  neural  network  (CNN)  object-detection
frameworks were introduced for bubble localization and
benchmarked  against  traditional  Gaussian  fitting  [29],
and  optimized  tracking  algorithms  can  suppress  false
microbubble  connections  to  generate  smoother  vascular
trajectories  [30].  Furthermore,  CNN-based deep   learn-
ing  frameworks  outperform  traditional  Gaussian  fitting
in  localization  accuracy  and  speed,  showing  strong
robustness  against  microbubble  overlap  and  noise,
though  their  cross-scenario  generalization  ability  still
needs  further  validation.  Additionally,  high-precision
beamforming  is  also  essential  for  accurate  microbubble
localization in ULM imaging.

 Motion  correction  and  super-resolution  image
reconstruction strategies

Motion correction and image reconstruction are criti-
cal  prerequisites  for  reliable  clinical  and  in  vivo  ULM
application. Physiological  disturbances  including   respi-
ration,  heartbeat  and  spontaneous  organ  movement
cause spatial  deviation of  microbubble  coordinates  dur-

Advanced Ultrasound in Diagnosis and Therapy 2026;04:298−316

300



  T
ab

le
 1
   
 C
om

pa
ris
on
 o
f r
ep
re
se
nt
at
iv
e 
m
ic
ro
bu
bb
le
 si
gn
al
 e
xt
ra
ct
io
n 
an
d 
lo
ca
liz
at
io
n 
al
go
rit
hm

s f
or
 U
LM

.

A
lg
or
ith
m

Pa
pe
r

C
om

pu
ta
tio
na
l

co
m
pl
ex
ity

Lo
ca
liz
at
io
n

ac
cu
ra
cy

C
ap
ac
ity
 fo
r

hi
gh
-d
en
si
ty

ov
er
la
pp
in
g

m
ic
ro
bu
bb
le
s

D
ep
en
de
nc
e 
on

SN
R

R
ea
l-t
im
e

pe
rf
or
m
an
ce

M
ai
n 
m
er
its
 a
nd
 li
m
ita
tio
ns

C
lu
tte
r-
su
pp
re
ss
io
n 
al
go
rit
hm

s

SV
D
 fi
lte
rin
g

B
ro
w
n 
20
19

H
ig
h

−
Po
or

H
ig
h

Po
or

D
el
iv
er
s e
ff
ec
tiv
e 
tis
su
e 
cl
ut
te
r s
up
pr
es
si
on
. S
uf
fe
rs
 h
ea
vy
 m
at
rix
-d
ec
om

po
si
tio
n 
co
m
pu
ta
tio
na
l

co
st
; f
ai
ls
 fo
r s
ta
tio
na
ry
 m
ic
ro
bu
bb
le
s a
nd
 m
ay
 in
tro
du
ce
 h
un
dr
ed
s-
of
-m
ic
ro
ns
 lo
ca
liz
at
io
n

er
ro
rs
 u
nd
er
 0
-2
 m
m
/s
 fl
ow

;
m
os
tly
 li
m
ite
d 
to
 o
ff
lin
e 
pr
oc
es
si
ng
.

Pu
ls
e 
in
ve
rs
io
n

B
ro
w
n 
20
19

M
od
er
at
e

−
M
od
er
at
e

M
od
er
at
e

M
od
er
at
e

In
se
ns
iti
ve
 to
 fl
ow

 d
ire
ct
io
n 
an
d 
ve
lo
ci
ty
, s
ui
ta
bl
e 
fo
r s
lo
w
-f
lo
w
 a
nd
 to
rtu
ou
s m

ic
ro
va
sc
ul
at
ur
e.

R
eq
ui
re
s m

ul
tip
le
 tr
an
sm

it 
pu
ls
es
 a
nd
 c
an
no
t s
ep
ar
at
e 
ov
er
la
pp
in
g 
m
ic
ro
bu
bb
le
s i
nh
er
en
tly
.

D
iff
er
en
tia
l

im
ag
in
g 
(D
I)

B
ro
w
n 
20
19

Lo
w
-M

od
er
at
e

−
M
od
er
at
e

H
ig
h

G
oo
d

Lo
w
 c
om

pu
ta
tio
na
l o
ve
rh
ea
d.
 O
nl
y 
fu
nc
tio
na
l f
or
 fl
ow

 ra
te
s >

 0
.5
 m
m
/s
 u
nd
er
 a
xi
al
-d
om

in
at
ed

bl
oo
d 
flo
w
; p
er
fo
rm
an
ce
 d
et
er
io
ra
te
s f
or
 sl
ow

 o
r l
at
er
al
-o
rie
nt
ed
 p
er
fu
si
on
.

A
F-
U
N
et

Zh
an
g 
20
26

Lo
w

−
M
od
er
at
e

M
od
er
at
e

G
oo
d 
(G
PU

-
de
pe
nd
en
t)

Li
gh
tw
ei
gh
t m

ul
ti-
an
gl
e-
fu
si
on
 n
et
w
or
k 
ac
hi
ev
in
g 
> 
20
-f
ol
d 
sp
ee
du
p 
re
la
tiv
e 
to
 S
V
D
 w
ith

fa
vo
ur
ab
le
 c
ro
ss
-o
rg
an
 g
en
er
al
iz
at
io
n.

B
et
te
r p
re
se
rv
es
 m
ic
ro
bu
bb
le
 p
oi
nt
-s
pr
ea
d 
fu
nc
tio
n 
(P
SF
) t
ha
n 
3D

 U
-N
et
 v
ar
ia
nt
s b

ut
 c
an
no
t

in
tri
ns
ic
al
ly
 re
so
lv
e 
sp
at
ia
lly
-o
ve
rla
pp
in
g 
m
ic
ro
bu
bb
le
s;

fa
in
t m

ic
ro
bu
bb
le
 si
gn
al
s m

ay
 b
e 
at
te
nu
at
ed
.

R
ea
l-t
im
e 
ca
pa
bi
lit
y 
de
pe
nd
s o

n 
G
PU

 h
ar
dw

ar
e,
 w
ith
ou
t n
at
iv
e 
sc
an
ne
r-
si
de
 im

pl
em

en
ta
tio
n.

re
lie
s o

n 
hi
gh
-q
ua
lit
y 
tra
in
in
g 
da
ta
se
ts

Lo
ca
liz
at
io
n 
al
go
rit
hm

s

G
au
ss
ia
n 
fit
 (G

F)
So
bo
le
w
sk
i

20
24
,

H
ei
le
s 2

02
2

H
ig
h

H
ig
h

Li
m
ite
d-
te
st

M
od
er
at
e-
hi
gh

Po
or

Ite
ra
tiv
e 
no
nl
in
ea
r l
ea
st
-s
qu
ar
es
 fi
tti
ng
.

R
ea
ch
es
 p
re
ci
si
on
 c
lo
se
 to
 th
e 
C
ra
m
ér
-R
ao
 lo
w
er
 b
ou
nd
 w
ith
 p
ro
pe
rly
 se
le
ct
ed
 p
at
ch
 si
ze
 a
nd

sa
m
pl
in
g 
pa
ra
m
et
er
s a
nd
 y
ie
ld
s t
he
 lo
w
es
t s
ta
nd
ar
d 
de
vi
at
io
n 
am

on
g 
cl
as
si
ca
l a
pp
ro
ac
he
s.

Pe
rf
or
m
an
ce
 d
eg
ra
de
s u

nd
er
 R
ic
ia
n 
no
is
e 
an
d 
ov
er
si
ze
d 
pa
tc
he
s;
 b
im
od
al
 e
rr
or
 o
cc
ur
s w

ith
un
de
rs
am

pl
in
g;
 c
om

pu
ta
tio
na
lly
 e
xp
en
si
ve
.

O
nl
y 
si
ng
le
-m
ic
ro
bu
bb
le
 si
m
ul
at
io
ns
 in
 c
ite
d 
lit
er
at
ur
e;
 o
ve
rla
pp
in
g-
bu
bb
le
 sc
en
ar
io
s r
em

ai
n

un
ev
al
ua
te
d.

Y
O
LO

-m
od
ifi
ed

ob
je
ct
-d
et
ec
tio
n-

ba
se
d 
C
N
N

Li
u 
20
23

M
od
er
at
e-
H
ig
h

H
ig
h

Li
m
ite
d-
te
st

M
od
er
at
e

M
od
er
at
e

M
od
ifi
ed
 Y
O
LO

-s
ty
le
 c
on
vo
lu
tio
na
l-n
eu
ra
l-n
et
w
or
k 
de
te
ct
or
 o
ut
pu
tti
ng
 m
ic
ro
bu
bb
le

co
or
di
na
te
s a
nd
 c
on
fid
en
ce
 sc
or
es
. A

ch
ie
ve
s 7

7%
 Ja
cc
ar
d 
in
de
x 
an
d 
20
 μ
m
 lo
ca
liz
at
io
n 
er
ro
r

w
ith
 7
-f
ol
d 
sp
ee
d-
up
 a
ga
in
st
 G
au
ss
ia
n 
fit
tin
g 
on
 U
LT

R
A
SR

-C
ha
lle
ng
e 
si
m
ul
at
ed
 d
at
as
et
s;

co
nf
id
en
ce
 fi
lte
rin
g 
su
pp
re
ss
es
 fa
ls
e 
de
te
ct
io
ns
. P
er
fo
rm
an
ce
 h
ea
vi
ly
 re
lie
s o

n 
tra
in
in
g-
da
ta

di
st
rib
ut
io
n;
 la
ck
s s
ys
te
m
at
ic
 o
ve
rla
pp
in
g-
m
ic
ro
bu
bb
le
 a
nd
 in
-v
iv
o 
va
lid
at
io
ns
 a
nd
 re
qu
ire
s

G
PU

 a
cc
el
er
at
io
n.
 O
nl
y 
si
m
ul
at
ed
 fl
ow

-li
ke
 d
at
as
et
 in
 o
rig
in
al
 p
ub
lic
at
io
n;
 d
ed
ic
at
ed

ov
er
la
pp
in
g-
m
ic
ro
bu
bb
le
 te
st
s a
re
 m
is
si
ng
.

Tr
ac
ki
ng
-a
ss
oc
ia
tio
n 
al
go
rit
hm

s

M
od
ifi
ed

M
C
M
C
D
A

A
ck
er
m
an
n

20
16

H
ig
h

−
G
oo
d

M
od
er
at
e

Po
or

D
es
ig
ne
d 
fo
r h
ig
h-
de
ns
ity
 m
ic
ro
bu
bb
le
 tr
ac
k 
lin
ki
ng
, a
cc
ou
nt
in
g 
fo
r f
al
se
 a
la
rm
s a
nd
 tr
ac
k 
bi
rth
-

de
at
h 
ev
en
ts
;

va
lid
at
ed
 v
ia
 p
ha
nt
om

 a
nd
 in
-v
iv
o 
m
ou
se
-tu
m
or
 m
ea
su
re
m
en
ts
.

H
ea
vy
 c
om

pu
ta
tio
na
l o
ve
rh
ea
d 
pr
ev
en
ts
 re
al
-ti
m
e 
de
pl
oy
m
en
t.

H
ie
ra
rc
hi
ca
l

K
al
m
an
 tr
ac
ke
r

(H
K
)

Ta
gh
av
i 2
02
2

H
ig
h

−
G
oo
d

M
od
er
at
e

Po
or

H
ie
ra
rc
hi
ca
l K

al
m
an
 fr
am

ew
or
k 
ad
op
tin
g 
ve
lo
ci
ty
-s
tra
tif
ie
d 
in
iti
al
iz
at
io
n 
pa
ra
m
et
er
s.

D
el
iv
er
s s
up
er
io
r r
ec
on
st
ru
ct
io
n 
ac
cu
ra
cy
 u
nd
er
 h
ig
h 
m
ic
ro
bu
bb
le
 d
en
si
ty
 a
nd
 la
rg
e 
lo
ca
liz
at
io
n

un
ce
rta
in
ty
.

M
ul
ti-
le
ve
l i
te
ra
tio
n 
im
po
se
s h

ig
h 
co
m
pu
ta
tio
na
l c
os
t a
nd
 su

pp
or
ts
 o
nl
y 
of
fli
ne
 w
or
kf
lo
w
s

(3
 m
ill
io
n 
M
B
 p
os
iti
on
s, 
5-
le
ve
l H

K
, w

ith
 3
5.
79
 m
in
 ru
nt
im
e)
.

no
te
: “
-”
 in
di
ca
te
s t
hi
s m

et
ric
 is
 n
ot
 a
pp
lic
ab
le
 th
e 
co
rr
es
po
nd
in
g 
al
go
rit
hm

.

Han et al. Progress of ultrasound localization microscopy in microcirculation imaging

AUDT 2026;04:298−316 301



ing  scanning,  inevitably  resulting  in  vascular  blurring,
imaging artifacts  and  biased  hemodynamic   quantifica-
tion  without  effective  compensation.  Multiple  targeted
motion  correction  strategies  have  been  developed  to
address  physiological  motion  interference  in  different
organs.  In  rat  renal  ischemia-reperfusion models,   com-
bined  motion  compensation  and  microbubble  tracking
eliminates  respiratory  and  cardiac  renal  displacement,
enabling clear visualization of 15-20 μm vasa recta and
reliable  identification  of  post-reperfusion  vascular
changes  [31].  For  brain  imaging  vulnerable  to  cardiac
pulsation artifacts,  phase-correlation-based rigid  motion
correction achieves micrometer-level displacement reso-
lution, correcting  tissue  deviations  far  exceeding  intrin-
sic ULM resolution and realizing super-resolution imag-
ing in moving cerebral tissues [5]. Combined rigid-body
compensation  and  nonlinear  phase  inversion  further
enables  accurate  tracking  of  slow-flow  microvessels
with  velocity  below  2  mm/s,  supporting  precise  low-
speed hemodynamic evaluation [4]. Harput S et al. [32]
proposed a two-stage motion-correction algorithm com-
bining affine and non-rigid motion estimation for ULM.
When  deployed  on  clinical  in-vivo  datasets  acquired
with  patient  derived  motion,  this  two-step  pipeline
reduced  the  width  of  motion-blurred  microvessels  by
approximately  1.5-fold,  demonstrating  its  capability  to
mitigate motion-induced blurring for human ULM data.

To overcome  the  long  acquisition  time  of   conven-
tional  frame-by-frame ULM  accumulation,  deep   learn-
ing-based  reconstruction  methods  have  achieved
groundbreaking  progress.  Innovatively  optimized
motion model  ultrasound  localization  microscopy   real-
izes ultra-fast ULM imaging within one minute on con-
ventional clinical scanners. It not only acquires high-def-
inition tumor microvascular images and quantifies perfu-
sion parameters,  but  also  provides  unique  morphologi-
cal and functional  biomarkers  to  distinguish tumor vas-
cular phenotypes. Clinical breast cancer studies validate
its feasibility for dynamic monitoring of tumor vascular
changes and early evaluation of chemotherapy response
[33]. In atherosclerotic rabbit models, optimized motion-
adaptive ULM  successfully  resolves  41  μm   microves-
sels  under  cardiac  motion  interference  [34].  Despite
these advances, clinical ULM still faces challenges from
complex  in-plane  and  out-of-plane  tissue  motion,
unstandardized  microbubble  delivery  and  suboptimal
scanning  parameters.  Relevant  optimization  studies  and
saturation  model-based  vascular  assessment  methods
have  standardized  contrast  agent  administration  and
acquisition  protocols,  verifying  that  qualified  clinical
super-resolution  vascular  imaging  can  be  completed
within a single contrast injection and less than five min-
utes  of  scanning,  laying  a  solid  foundation  for  large-

scale clinical translation of ULM [35].
While these  innovative  algorithms  exhibit   com-

pelling performance on phantom and pre-clinical animal
datasets, their generalizability toward heterogeneous real
world human in vivo data has not been sufficiently vali-
dated.

 Technical improvements of acquisition duration and
imaging saturation

Acquisition duration,  imaging  saturation  and   resolu-
tion limitations constitute another major barrier restrict-
ing clinical ULM translation, with inherent physical and
probabilistic mechanisms  fundamentally  limiting   scan-
ning  efficiency  and  vascular  reconstruction  quality.
ULM imaging performance is depth-dependent and con-
strained  by  unavoidable  trade-offs  among  imaging
speed,  spatial  fidelity  and  resolution  [36].  Successful
microvascular  reconstruction  requires  accurate  single
microbubble  detection  and  tracking,  yet  microbubbles
are  extremely  sparse  in  circulation  compared  with  red
blood  cells,  leading  to  rare  microbubble  transit  events,
particularly  in  slow-flow microvessels,  which   substan-
tially prolongs reconstruction of tiny vascular structures
[37-39]. Practically, ULM acquisition time strictly deter-
mines imaging resolution and vessel recoverability, pre-
senting a clear time-resolution gradient: 10-second scan-
ning  acquires  100  μm  resolution  vascular  images,  60
seconds enables 20 μm resolution, and nearly 4 minutes
is required for 5 μm ultra-fine reconstruction. Similarly,
vessel size and regional blood flow dominate reconstruc-
tion  efficiency,  as  microvessels  of  30-50  μm  require  a
minimum of 160 s scanning, while capillary-level struc-
tures  demand  far  longer  acquisition  [40].  Christensen-
Jeffries et al. [41] established a comprehensive model to
elaborate how imaging configuration, microbubble den-
sity  and  hemodynamic  conditions  jointly  determine  the
minimal  acquisition  time  for  saturated  super-resolution
reconstruction.  Huang  C  et  al.  [42] proposed  an   algo-
rithm that segregates overlapping microbubbles by flow
features for subgroup-based localization-tracking, allevi-
ating  the  trade-off  between  microbubble  concentration
and  acquisition  duration.  Validated  in  phantoms  and
chick-embryo  models,  it  achieves  robust  super-resolu-
tion  microvascular  imaging  within  seconds  with  high-
dose microbubbles.

Complementing  the  empirical  saturation  model,
probabilistic kinetic theories explain the inherent neces-
sity of  long  ULM acquisition  from  microbubble   perfu-
sion dynamics. Different from the saturation model that
predicts achievable  imaging  quality  under  fixed   scan-
ning  duration,  Markov-chain  modeling  and  Monte-Car-
lo  simulation-based research reveals  the  physical  origin
of  prolonged  acquisition.  Validated  by  confocal
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microscopy,  the  study  verifies  ULM’s  inherent  sparsity
constraint,  with  consistent  microbubble  counts  detected
in  experimental  fields  and  simulated  frames  [43].  Het-
erogeneous microvascular  hemodynamics  are   con-
firmed as the core cause of delayed perfusion: homoge-
neous flow  only  requires  24.5  s  for  full  capillary   net-
work  reconstruction,  while  heterogeneous  low-perfu-
sion regions extend the duration to approximately 182 s,
close to experimental results of 193 s.

Heterogeneous  perfusion  delays  microbubble  arrival
in  low-flow  vascular  segments,  and  frame-level
microbubble sparsity further establishes a physical low-
er  bound  for  ULM  scanning  time.  Notably,  simply
increasing microbubble dosage or frame rate cannot fun-
damentally  solve  this  problem,  indicating  the  necessity
of developing adaptive acquisition strategies and target-
ed  enhancement  techniques  for  low-perfusion  regions.
To  mitigate  long-acquisition  limitations  and  promote
clinical  translation,  multiple  algorithmic  optimizations
have  been  proposed.  The  sparsity-based  ultrasound
super-resolution  hemodynamic  imaging  achieves
remarkable resolution  improvement  within  tens  of  mil-
liseconds  and  high  temporal  resolution  by  exploiting
vascular  sparsity  and  signal  independence,  effectively
reducing  deep-tissue  motion  artifacts,  though  it  lacks
clinical  validation  [6].  Moreover,  sparsity-enhanced
ULM  combined  with  microbubble  flow  kinematics
improves  microbubble  detection  recall  under  high-con-
centration  and  low-frame-rate  conditions,  enabling
robust vascular  reconstruction against  severe microbub-
ble  overlap.  Validated  on  clinical  prostate  ultrasound
data, this  method exhibits  superior  reconstruction  accu-
racy  and  great  potential  for  real-time  clinical  ULM
implementation [44].

Huang C et  al.  [45] present a robust human-applica-
ble  ULM  on  a  high-frame-rate  clinical  scanner  with
acquisition  <  10  s,  utilizing  motion  registration,
microbubble  separation  and  Kalman-filter  tracking.
Tested  across  multiple  human  normal  and  pathological
tissues including  healthy  liver  and  diseased  liver,   kid-
ney,  pancreatic  tumor,  it  achieved  5.7-fold  resolution
improvement  over  power  doppler  and  angle-indepen-
dent  flow  measurement.  Gold-standard  validation  for
tiny microvessels  is  still  required  for  clinical   deploy-
ment.  Apart  from  intrinsic  spatio  temporal  trade  offs,
minutes long  acquisition  also  introduces  practical   clini-
cal  challenges  including  higher  patient-motion-artifact
risk,  progressive  microbubble  bolus  decay,  and  poor
compatibility  with  time-limited  clinical  ultrasound
workflows.

 Pre-clinical and Clinical Applications
Microcirculation  consisting  of  microvessels  smaller

than 100 μm dominates tissue blood perfusion and mate-
rial  exchange,  serving  as  a  core  physiological  basis  for
maintaining organ  function  and  reflecting  early   patho-
logical alterations. Current preclinical and clinical ULM
studies  cover  multiple  organs  including  brain,  spinal
cord,  kidney, tumor,  skeletal  muscle and heart,  forming
a solid translational research foundation (Table 2).

 Cerebral and spinal microcirculation imaging
Cerebrovascular  and  spinal  vascular  diseases  are

major causes of global disability and mortality, and ear-
ly quantitative assessment of microcirculatory perfusion
is  crucial  for  early  diagnosis,  pathological  mechanism
analysis  and  prognostic  evaluation  of  neurovascular
lesions.  Traditional  imaging  techniques  are  difficult  to
visualize intracranial and spinal microvascular lesions at
the microscopic level,  while trans-cranial  ULM realizes
high-precision in  vivo detection of  cerebral  microcircu-
lation,  providing  a  novel  tool  for  neurological  disease
research.

ULM demonstrated  reduced  blood  velocity  and   ele-
vated vascular tortuosity throughout all brain regions in
mouse  model  of  aging,  alongside  diminished  cerebral-
cortex  blood  volume.  These  findings  represent  the  first
in vivo ULM characterization of subcortical microvascu-
lar  alterations  with  aging  and  highlight  aging-related
perturbations of microcirculatory dynamics [46].

In  juvenile  porcine  hydrocephalus  models  [47],
CEUS combined with  microbubble  tracking successful-
ly  adopted cerebral  microcirculation indices  to  evaluate
microvascular perfusion status. The cerebral microcircu-
lation parameters  exhibited  a  high  correlation   coeffi-
cient above 0.85 with intracranial pressure. Specifically,
cerebral  perfusion  decreased  by  an  order  of  magnitude
when  intracranial  pressure  exceeded  50%  of  the  mean
arterial  pressure,  identifying  a  critical  perfusion-pres-
sure  threshold  for  cerebral  microcirculation  collapse.
This finding verifies the great potential of ULM for bed-
side dynamic monitoring of cerebral microcirculation in
patients with hydrocephalus and traumatic brain injury.

For  functional  brain  imaging,  the  novel  localization
with  context  awareness  ULM  deep  learning  pipeline
integrating  microbubble  simulation  and  localization
effectively solves the high bubble concentration interfer-
ence problem that restricts conventional ULM. In-silico
tests  achieves  97.8%  microbubble  detection  accuracy
and 23.8% missing rate under physiological high-densi-
ty  microbubble  conditions,  successfully  reconstructing
dense rat cerebral vascular networks [48].

ULM  also  shows  unique  advantages  in  spinal  cord
and cerebral small vessel disease research. In spinal cord
injury  studies,  ULM  realizes  comprehensive  in  vivo
analysis  of  macroscopic  and  microscopic  vascular
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remodeling during chronic SCI progression. It accurate-
ly detects reduced regional perfusion velocity and asym-
metric hypoperfusion in injured spinal cord tissues, and
the extracted vascular dysfunction biomarkers are signif-
icantly  correlated  with  spinal  cord  injury  severity  [49].
For  cerebral  small  vessel  disease  (CSVD),  a  disease
closely  related  to  cognitive  decline,  stroke  and
Alzheimer’s disease, ULM effectively quantifies CSVD
related  hemodynamic  changes.  Controllable  CSVD
model  experiments  confirmed  that  targeted  ultrasonic
stimulation leads  to  significant  reductions  in  microves-
sel  density,  blood  flow  velocity  and  blood  volume  in
sonicated  brain  areas,  verifying  ULM’s  capability  for
early  in  vivo  evaluation  of  CSVD microvascular  injury
[50].

Besides, traumatic brain injury patients were studied.
The moderate injury patients showed better microvascu-
lar  structural  recovery,  severe  injury  patients  presented
elevated  early  vascular  resistance  and  persistent  flow
deficits. Composite ULM metrics were negatively corre-
lated  with  invasively  measured  intracranial  pressure.
The  microvascular  perfusion  efficiency  coefficient
effectively  stratified  6  month  clinical  patient  outcomes
[51].

 Renal  microcirculation  imaging  and  nephropathy
evaluation

The kidney has a delicate and hierarchical microvas-
cular network, and renal microcirculation dysfunction is
the initiating and core pathological change of almost all
acute  and  chronic  kidney  diseases,  occurring  far  earlier
than the elevation of serum creatinine and other routine
biochemical  indicators  [52].  ULM  can  visualize  renal
microvessels at the micron level to clear display of tiny
microvessels around the renal capsule [45] and quantita-
tively evaluate  structural  and  functional   microcircula-
tion  abnormalities  [53],  providing  early  biomarkers  for
the diagnosis and intervention of various nephropathies.

Using  a  chicken  embryo  chorioallantoic  membrane
renal cell carcinoma xenograft model, a study employed

ULM to characterize tumour microvascular architecture,
perfusion  and  hypoxia.  Quantitative  ULM  biomarkers,
including  intervessel  distance  and  vascular  tortuosity,
correlated  well  with  histological  microvascular  density
and  hypoxyprobe-detected  hypoxia,  respectively.  ULM
provides  non-invasive  in  vivo  microvascular  readouts
and is  promising  for  solid  tumour  diagnosis  and   treat-
ment monitoring [54].

In acute  kidney  injury  (AKI)  research,  ULM   imag-
ing sensitively captures early renal microcirculation dis-
orders in  mouse AKI models,  which precede the eleva-
tion  of  routine  renal  function  indicators  [55]. Standard-
ized  CEUS  acquisition  combined  with  super-resolution
post-processing  can  effectively  identify  early  renal
microvascular  injury,  making  up  for  the  deficiency  of
conventional  ultrasound  in  early  AKI  diagnosis.  For
renal ischemia-reperfusion injury, ULM clearly visualiz-
ing  15-20  μm  vasa  recta  and  accurately  detecting
microvascular  structural  and  hemodynamic  alterations
after ischemia-reperfusion [31].

ULM also has important application value in chronic
kidney  disease  evaluation.  In  diabetic  kidney  disease,
ULM  derived  microbubble  event  count,  microvessel
density  (MVD)  and  marginal  renal  blood  flow  velocity
can  effectively  distinguish  diabetic  renal  microvascular
damage  from  normal  tissues  [56].  Figure  2  shows  the
MVD comparison  between  normal  people  and  diabetes
kidney  disease  (unpublished  research  results).  Regional
hemodynamic analysis confirmed that cortical arterioles
and  outer-medullary descending  vasa  recta  present   spe-
cific hypoperfusion  changes  under  pathological   condi-
tions, and  ULM  can  accurately  differentiate   hemody-
namic responses  of  different  renal  vascular   compart-
ments to pharmacological intervention. In obese Zucker
rat  models  with  early  renal  damage,  ULM  detects
increased  renal  vascular  density  and  subclinical  renal
dysfunction without obvious histological injury, demon-
strating  its  unique  advantage  in  identifying  early
reversible renal vascular remodeling [57]. For hyperten-
sive  nephrosclerosis,  ULM  sensitively  captures
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decreased  interlobular  arterial  blood  flow  velocity  in
spontaneously hypertensive  rats,  achieving  early  differ-
ential  diagnosis  of  hypertensive  renal  vascular  lesions
superior  to  conventional  ultrasound  [58].  In  addition,
ULM also  has  potential  application  prospects  to  detect
and  differentiate  regional  hemodynamic  responses  to
pharmacological intervention across distinct renal vascu-
lar compartments [59].

 Tumor microcirculation and oncological application
Tumor angiogenesis is a key driver of tumor growth,

invasion and metastasis. Tumor microvascular morphol-
ogy, density and hemodynamic characteristics are close-
ly correlated with tumor malignancy grade, clinical stag-
ing, therapeutic response and long-term prognosis. Ben-
efiting from ten-fold higher resolution than convention-
al  ultrasound,  ULM  can  visualize  microscopic  tumor
vascular structures that are invisible to CDFI and CEUS,
realizing  multi-dimensional evaluation  of  tumor   angio-
genesis  and  clinical  translational  application  in  tumor
differential diagnosis, metastasis prediction and efficacy
monitoring.

In  basic  tumor  models,  ULM  successfully  depicts
intricate microvascular architectures in VX2 liver tumor
model [60], pancreatic tumor [45], and renal tumor [61],
and breast  tumor [62],  verifying its  capability  for  ultra-
fine  tumor  angiogenesis  imaging.  Besides,  ULM  can
identify early  microcirculation  changes  in   gastrointesti-
nal  tumors,  supporting  early  screening  and  auxiliary
diagnosis of gastrointestinal malignancies [63].

In terms  of  benign  and  malignant  tumor  differentia-
tion, ULM provides  abundant  morphological  and   func-
tional microvascular biomarkers for lesion identification.

In  a  clinical  study  of  46-patients  who  were  assessed  as
Breast Imaging Reporting and Data System (BI-RADS)
Category  4  or  5  with  ultrasound  [64],  malignant  breast
lesions exhibited significantly higher peak intensity, area
under  the  curve(AUC),  MVD and MFR but  lower  time
to  peak(TTP)  than  benign  lesions.  Similar  results  are
shown in figure 3 (unpublished research results). Among
all  quantitative  parameters,  MVD showed  the  strongest
positive correlation with breast malignancy, serving as a
core imaging  marker  for  breast  lesion  differential  diag-
nosis.  Differently,  in  thyroid  nodules,  benign  lesions
present  higher  MVD  and  MFR  than  malignant  ones,
indicating that  ULM parameters  have targeted differen-
tial  diagnostic  values  for  different  tumor  types  [13].  In
terms  of  tumor  metastasis  prediction  and  therapeutic
monitoring, ULM  has  unique  early  evaluation   advan-
tages. For breast cancer sentinel lymph node metastasis,
ULM achieves a diagnostic accuracy of 0.824, which is
significantly  higher  than  conventional  ultrasound;  the
combined application  of  ULM  and  conventional   ultra-
sound further improves the accuracy to 0.844, providing
an effective  non-invasive tool  for  preoperative  metasta-
sis risk assessment [65].

For tumor treatment efficacy evaluation, longitudinal
ULM  monitoring  of  colorectal  carcinoma  xenografts
treated  with  sorafenib,  FOLFOX-6 and  combined   regi-
mens confirms  that  tumor  microvascular  fractal   dimen-
sion is closely related to tumor hypoxia and therapeutic
resistance  [66].  Decreased  vascular  fractal  dimension
indicates good treatment response, which can serve as a
novel imaging biomarker for predicting tumor treatment
prognosis. Figure 4 shows a patient diagnosed with lym-
phoma  had  significantly  reduced  MVD  after  one  cycle
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Figure 3    CEUS quantitative parameters of malignant breast lesions and benign lesions. The malignant breast lesions diagnosed as exhibited significantly
higher AUC, peak intensity, but lower TTP than benign lesions (unpublished research results). (A-C) shows a poorly differentiated invasive breast cancer
of 50 year old female; (D-F) shows a fibroadenoma lesion of 38 year old female.
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of  treatment  compared  to  MVD  before  treatment,  and
showed  a  good  prognosis  finally  (unpublished  research
results).  ULM  can  capture  early  microcirculatory
changes after anti-angiogenic therapy, realize tumor vas-
cular  subtype  classification  and  high-risk  subgroup
screening, and support precise and individualized tumor
treatment.

 Endocrine and cardiac application
In  cardiac  microcirculation  research,  ULM  realizes

unprecedented  high-precision  imaging  of  beating-heart
coronary  microvasculature  [67].  It  achieves  dynamic
three-dimensional  visualization  of  coronary  vessels
down  to  sub-20  μm resolution,  covering  capillary-level
microvascular  structures.  Pharmacological  stimulation
experiments confirmed that  adenosine can double  coro-
nary microvascular blood flow, and the ULM quantified
microcirculatory flow changes are highly consistent with
aortic  perfusion  detection  results,  fully  verifying  the
accurate and reliable functional quantification capability
of  ULM  for  cardiac  microcirculation.  This  technique
breaks through the limitation that  conventional  imaging
cannot  dynamically  evaluate  beating-heart  microvascu-
lar  hemodynamics,  providing a  novel  tool  for  the study
of coronary microcirculation dysfunction and early diag-
nosis  of  myocardial  microvascular  lesions.  These
research directions remain in the early exploratory phase
with  limited  human  in-vivo  evidence,  and  pre-clinical
results cannot be directly extrapolated to routine human
clinical practice.

 Clinical application in carotid atherosclerotic plaque
Intra-plaque  neovascularization  (IPN)  is  a  hallmark

of unstable carotid atherosclerosis and closely correlates
with plaque  rupture  and  ischemic  stroke  risk.   Conven-
tional CEUS can only achieve limited semi-quantitative
assessment  of  superficial  plaque  neovascularization,
lacking  microscale  morphological  and  hemodynamic
quantification. In a cohort of 65 patients with 78 carotid
plaques,  ULM  enabled  sub-diffraction  microbubble
localization  and  tracking,  extracting  quantitative
microvascular morphological  and hemodynamic param-
eters  including  MVD,  vascular  length,  tortuosity  and
intra-plaque flow velocity. Compared with asymptomat-
ic  plaques,  symptomatic  lesions  exhibited  significantly
higher microbubble counts, track numbers, microbubble
path lengths and elevated blood flow velocity [68].

 Others clinical application fields
ULM  provides  high-resolution  deep-ocular  imaging

comparable to  optical  coherence  tomography   angiogra-
phy in New Zealand white rabbit eye in vivo [69]. High-
resolution  visualization  of  retinal-choroidal  vessels  and
major  ocular  arteries-veins  was  achieved.  Elevated
intraocular  pressures  reduced vascular  density  and flow
velocity.

Distinguishing  metastatic  lymph  nodes  (LNs)  from
benign lymphadenopathy remains a major clinical  chal-
lenge  for  cancer  diagnosis  and  prognosis.  Leveraging
microbubble localization and tracking, ULM overcomes
the acoustic diffraction limit to provide non-invasive in-
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Figure 4    Comparison of ULM imaging before and after follicular lymphoma treatment of a LN. (A,B) showed the color images and microvascular densi-
ty of LNs before treatment;  (C,D) showed the corresponding results  after  treatment.  The MVD decreased from 60.8% to 27.2% after  treatment (unpub-
lished research results).
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vivo  microscopic  visualization  of  vascular  morphology
and  flow  dynamics.  The  apparent  size  distribution  of
most  vessels  in  the  ULM  images  was  below  80  µm.
Blood  flow  velocity  was  lower  than  5  mm/s  [70].  In  a
pilot  clinical  investigation [71]  involving 10 patients  (6
with metastatic  LNs,  4  with  benign  reactive   lym-
phadenopathy),  ULM quantitative  biomarkers  including
MVD,  fractal  dimension,  mean  flow  speed,  and  Local
Flow  Direction  Irregularity  (LFDI)  were  extracted  and
compared against  pathological  gold  standards.   Statisti-
cally  significant  elevations  in  LFDI  were  observed  in
metastatic LNs, with LFDI values 60% higher than those
of reactive LNs. This pilot work verified the clinical fea-
sibility of ULM for LNs assessment and highlighted the
potential of  LFDI  for  differentiating  pathological   lym-
phadenopathy.

Another  pilot  study  [72]  of  54  enlarged  superficial
LNs (34 malignant, 20 benign) reported that benign LNs
had significantly higher MVD, flow weighted density of
the vessel and perfusion index, as well as lower velocity
variance,  relative  to  malignant  LNs.  The  authors  also
explored  optimal  contrast  agent  dosage  and  acquisition
duration. Under  a  0.5  mL  microbubble  bolus,   signifi-
cant  inter-group  differences  emerged  within  the  6  s
acquisition  period  and  amplified  progressively  over
time.  By  contrast,  no  parameters  showed  statistically
significant  differences  between  groups  when  using  the
1.0 mL dosage. Furthermore, a study including 135 LNs
also verified the clinical feasibility of ULM for superfi-
cial  LNs  differentiation  [73].  Of  note,  heterogeneous
microbubble  dosage,  circulation  half  life  and  injection
protocols  across  studies  act  as  important  confounders
that limit  cross  study  comparability  of  ULM   quantita-
tive vascular parameters.

When applied  to  human  liver  tissue,  ULM   uncov-
ered fine  vascular  architecture  and  hemodynamic   fea-
tures for both healthy livers and livers affected by acute-
on-chronic  liver  failure.  Compared  with  the  organized,
hierarchical vasculature  in  healthy  liver,  ULM   visual-
ized prominent pathological alterations in diseased liver,
including  distorted,  highly  tortuous  main  vascular
branches with  tapering  morphology,  changes   presum-
ably associated with liver-failure-related tissue remodel-
ing. These findings illustrate ULM’s capacity to resolve
microvascular morphological  and  hemodynamic   devia-
tions in human liver disease that are inaccessible to con-
ventional power-Doppler ultrasound [45].

In human testicular disease research,  ULM has been
utilized  to  characterize  testicular  microcirculation  in
patients  with  obstructive  azoospermia  (OA)  and  non-
obstructive  azoospermia  (NOA).  Significant  reductions
in  mean  vascular  diameter,  MVD  and  fractal  number
were  observed  in  NOA  patients  compared  with  OA

counterparts.  Correlation  analyses  revealed  associations
between ULM derived microvascular  metrics,  testicular
volume,  age  and  reproductive  hormonal  markers.  A
combined  diagnostic  model  integrating  serum  follicle
stimulating  hormone  (FSH)  and  ULM-measured  mean
vascular diameter  yielded  a  high  diagnostic   perfor-
mance (AUC = 0.968) for differentiating NOA from OA
[74]. A prospective case control study verified that ULM
vascular  metrics  could  discriminate  hypogonadotrophic
hypogonadism from healthy controls, differentiate treat-
ment subgroups,  and  detect  testicular  functional   activa-
tion earlier than conventional markers [75].

 Caveats  for  interpretation  of  ULM  quantitative
biomarkers

Different  from  semi-quantitative perfusion   assess-
ment,  ULM establishes a comprehensive morphological
and functional  microcirculation  evaluation  system   cov-
ering  multiple  core  quantitative  indicators  [76],  which
can  sensitively  capture  early  microvascular  lesions  that
cannot be detected by traditional imaging.

Key  ULM quantitative  parameters  and  their  clinical
implications are clarified as follows. Vessel density(VD)
or MVD, defined as the frequency of microbubbles pass-
ing  through  unit  vascular  space  within  a  fixed  period,
directly  reflects  the  richness  of  regional  microvascular
perfusion  and  vascular  patency,  and  its  abnormal
increase or decrease is closely associated with angiogen-
esis,  microvascular injury and hypoperfusion state [64].
Blood flow velocity and microvascular flow rate (MFR)
accurately  characterize  microcirculatory  hemodynamic
status, enabling sensitive detection of regional hypoper-
fusion,  vasoconstriction  and  hemodynamic  disorders
[59]. Microvascular  diameter  distribution  achieves   pre-
cise delineation of  hierarchical  microvascular  structures
from arterioles  to  capillaries,  supporting  fine  classifica-
tion  of  vascular  injury  besides,  microvascular  diameter
is also helpful for distinguishing benign from malignant
breast lesions [62].

Although  multi-dimensional  quantitative  parameters
provide  promising  microvascular  insights,  several
important confounding factors and limitations should be
kept in mind when interpreting these metrics. First, these
quantitative values are susceptible to variations in acqui-
sition  scan  parameters,  physiological  or  transducer-
induced motion  artifacts,  and  micro  bubble   concentra-
tion [35]; all these variables can substantially alter final
biomarker  outputs  across  different  datasets.  There  is
notable risk of over-interpreting these indices under sub
optimal  image  reconstruction  quality.  Second,  well-
established  normal  reference-value  ranges  for  most
human organs have not yet been built. Published cut off
thresholds  are  mostly  derived  from  single  center  pilot
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cohorts  and  lack  multi  centre  external  validation
[68,71,72].  Collectively,  these  caveats  indicate  that
ULM-derived  quantitative  biomarkers  are  not  ready  for
standalone  clinical  diagnostic  use  at  the  current  stage.
They  should  rather  be  treated  as  exploratory  research
oriented imaging read-outs and interpreted together with
morphological imaging  findings  and  clinical   pathologi-
cal information.

In quantitative  ULM analysis,  reconstruction   satura-
tion represents one of the most prominent technical con-
founders that bias derived vascular metrics. Scan param-
eters  such  as  spatial  resolution  and  voxel  size  directly
govern  the  capability  to  resolve  fine  vascular  features.
Insufficient  spatial  resolution  can  result  in  small
microvessels  being  missed,  leading  to  underestimation
of  both  MVD  and  FD.  Increasing  frame  rate  improves
micro  bubble  tracking  accuracy,  yet  it  requires  joint
optimisation with microbubble concentration.

Microbubble  concentration  exerts  profound  impacts
on the completeness of reconstructed vascular networks.
At low microbubble concentrations, sparse detected bub-
ble  events  produce  incomplete  vascular  reconstruction,
causing underestimation  of  MVD and  lowered  FD  val-
ues.  At  excessively  high  concentrations,  overlapping
point  spread  functions  (PSF)  of  adjacent  microbubbles
trigger  localization  saturation:  false  bubble  localization
emerge,  distorting  vascular  morphological  complexity,
which  may  produce  artificially  elevated  or  anomalous
FD  readings,  while  MVD  can  also  be  underestimated
[23,24].

Tissue  motion  represents  another  major  barrier  for
quantitative  ULM,  originating  from  respiration,  cardiac
beating and  organ  displacement.  Imperfect  motion   cor-
rection artefactually overestimates vessel density, vessel
diameter  and  tortuosity,  inflating  calculated  FD  values
and  severely  impairing  MVD  quantification.  biological
tissues  commonly  exhibit  complex  non-rigid  deforma-
tion during scanning [32]. In  clinical  scenarios,  howev-
er, ULM cannot be adequately performed in several sub-
jects who are unable to hold their breath [61]. CorULM
multi-scale three dimensional motion correction [67] can
compensate  for  global  displacement  and  partial  sub
wavelength local  deformation  induced  by  cardiac   beat-
ing. Nevertheless, this approach relies on gating to select
diastolic windows. It has only been validated in isolated
Langendorff rat hearts, and substantial hardware related
and algorithmic challenges  remain before  cardiac  ULM
can be translated to human clinical applications.

 Current Clinical and Technical Limitations of
ULM

Despite encouraging pre-clinical findings and prelim-
inary human feasibility results of ULM technology, sev-

eral critical barriers still hamper its robust clinical imple-
mentation.The majority of existing human ULM investi-
gations  are  small-sample  pilot  or  feasibility  studies
rather than large scale well-powered clinical cohorts. To
date,  there  remains  a  lack  of  universally-accepted  stan-
dardized  scanning  protocols,  unified  post-processing
pipelines,  and  established  reference-value  ranges  for
core  quantitative  biomarkers.  Furthermore,  diagnostic
cut-off  thresholds  derived  from  single-center  pilot
datasets have  not  undergone  independent  external   vali-
dation  across  multi-center cohorts.  For  emerging   algo-
rithm-driven  innovations  including  deep-learning-pow-
ered microbubble localization,  Trans-ULM, and SUSHI
frameworks,  superior  performance  has  been  repeatedly
demonstrated  using  phantom  and  pre-clinical  animal
datasets.  Nevertheless,  their  generalization  capacity
against  heterogeneous  real-world  human  in-vivo  data
remains  insufficiently  validated,  constituting  a  notable
translational  gap  between  pre-clinical  performance  and
clinical utility.

Multi-omics  [77]  and  multi-modal  integration  will
further  expand  the  clinical  application  boundary  of
ULM. While most early ULM implementations depend-
ed on research-mode ultrafast ultrasound sequences and
offline post-processing workflows without native recon-
struction modules on routine clinical  scanners,   integrat-
ed on-board super  resolution reconstruction and quanti-
tative  analysis  tools  have  become  available  on  certain
commercial  clinical  ultrasound  platforms  (e.g.,  VINNO
ULTIMUS  series  with  URM  technology  and  selected
Mindray systems) [51,65], enabling in-device ULM pro-
cessing  for  human  clinical  investigations.  Nevertheless,
broad availability  across  mainstream  ultrasound   ven-
dors remains limited.

As  ULM  requires  intravenous  microbubble  contrast
agent injection,  relevant  safety  considerations  and   con-
traindications  should  be  noted.  Although  the  safety  of
intravenous microbubble  contrast  agents  has  been   veri-
fied [78], special caution should be exercised for vulner-
able groups including pregnant people, lactating women,
and  patients  with  severe  pulmonary  hypertension  or
unstable  cardiopulmonary  status.  Adequate  emergency
preparedness  against  rare  hypersensitivity-related
adverse  reactions  is  mandatory  prior  to  contrast  agent
injection [79].

Furthermore,  multi-level  reproducibility  evidence
remains incomplete for ULM quantitative biomarkers in
human cohorts. Large-scale studies systematically evalu-
ating  inter-scan,  inter-operator,  and inter-scanner  repro-
ducibility  of  vascular  metrics  (including  microvessel
density, fractal dimension and flow-derived indices) are
still  under-represented  in  published  literature,  which
constitutes an  important  barrier  before  widespread   rou-

Han et al. Progress of ultrasound localization microscopy in microcirculation imaging

AUDT 2026;04:298−316 313



tine clinical adoption.
In summary, with continuous breakthroughs in algo-

rithm  optimization,  multi-modal integration  and   intelli-
gent transformation, ULM is expected to become a rou-
tine clinical imaging modality for early diagnosis, effica-
cy monitoring and prognostic  evaluation of  microcircu-
lation-related diseases.
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