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Abstract: Male infertility,  testicular  tumors,  and prostate  cancer  impose a  substantial  burden on male  reproductive  health  and
quality of life.  Microcirculatory abnormalities are strongly correlated with the development and progression of these diseases;
however,  existing  imaging  modalities,  constrained  by  their  spatial  resolution,  are  unable  to  visualize  micrometer-scale
microvascular  structures  in  vivo.  Ultrasound  localization  microscopy  (ULM)  combines  imaging  depth  with  high  spatial
resolution, surpassing the acoustic diffraction limit of conventional ultrasound and enabling the reconstruction of microvascular
networks  at  the  micrometer  scale,  while  simultaneously  providing  multiple  quantitative  parameters.  This  article  reviews  the
research progress of ULM in the diagnosis of andrological diseases and discusses the current challenges and future prospects.
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M icrocirculation is  the  terminal  vascular   net-
work formed by blood flowing through arteri-
oles,  capillaries,  and  venules  and  serves  as

the  structural  basis  of  tissue  perfusion  and  substance
exchange [1]. The structural and functional status of the
microcirculation  directly  affects  tissue  and  organ
metabolism  and  is  broadly  implicated  in  the  initiation,
progression, and  prognosis  of  various  diseases,   includ-
ing  neurological  disorders,  metabolic  diseases  [2],  and
malignant  tumors  [3]. Sustained  angiogenesis  is   essen-
tial  for  tumor  growth,  invasion,  and  metastasis  [4].  In
the  field  of  andrology,  testicular  microcirculation  is
closely associated  with  spermatogenesis  and   seminifer-
ous  tubule  function  [5],  whereas  morphological  and
hemodynamic alterations  of  the  prostatic  microvascula-
ture  provide  important  information  for  the  diagnosis  of
prostatic  lesions.  Therefore,  accurate  assessment  of  the
structure  and  function  of  the  microcirculation  not  only
contributes to elucidating the pathophysiological mecha-
nisms underlying  these  diseases  but  also  holds   signifi-

cant clinical value for precise diagnosis,  treatment opti-
mization, and prognostic evaluation.

Ultrasound imaging  has  been  widely  used  to  visual-
ize the vascular system owing to its safety, convenience,
and low  cost.  However,  conventional  ultrasound   imag-
ing  systems  are  constrained  by  the  acoustic  diffraction
limit, and their spatial resolution is considerably coarser
than  the  diameter  of  capillaries  and  other  microvessels.
Conventional  color  Doppler  flow  imaging  can  only
depict  blood  flow  signals  from  relatively  large  vessels
within tissues and is unable to quantify microcirculatory
perfusion  characteristics;  contrast-enhanced  ultrasound
(CEUS) can enhance the display of tissue perfusion, yet
its spatial  resolution  is  likewise  limited  by  the   diffrac-
tion  limit,  precluding  precise  assessment  at  the
microvascular level and limiting the accurate evaluation
of microvascular lesions in organs such as the testis and
prostate.

Inspired  by  photoactivated  localization  microscopy
(PALM)  and  stochastic  optical  reconstruction
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microscopy  (STORM),  which  overcame  the  optical
diffraction  limit  via  single-molecule  localization  [6,7],
ultrasound localization  microscopy  (ULM)  was   devel-
oped. After  intravenous  injection  of  microbubble   con-
trast agents, ULM detects, localizes and tracks individu-
al  microbubbles  frame-by-frame, overcoming  the   con-
ventional  acoustic  diffraction  limit  to  reconstruct  the
microvascular  network  at  a  spatial  resolution  of  10  μm
(typically  10-50  μm),  while  simultaneously  quantifying
hemodynamic  parameters  such  as  blood  flow  direction
and velocity [8-10].

Compared  with  conventional  ultrasound,  ultrasound
localization microscopy (ULM) markedly improves spa-
tial resolution without significantly compromising imag-
ing depth, can be performed noninvasively based on rou-
tine  clinical  CEUS  examinations,  and  provides  a  new
tool for the in vivo assessment of microcirculatory struc-
ture and function [11] (Table 1). To date, this technique
has been applied to the diagnosis of diseases of the liver
[12], kidney [13], breast [14], brain [15], and heart [16],
and  its  application  in  andrological  diseases  has  also
demonstrated promising prospects. This review compre-
hensively  summarizes  the  current  applications  of  this
emerging technique  in  andrological  diseases  and   dis-
cusses the remaining challenges and future directions.

 Assessment of Testicular Microcirculation

 Classification of azoospermia
The World  Health  Organization  notes  that  infertility

represents  a  major  global  reproductive  health  concern
among  couples  of  reproductive  age.  Its  prevalence
ranges  from  10%  to  20%,  and  male-related  causes  are
responsible  for  30%-50%  of  these  cases  [17-19].  As  a
severe  subtype  of  male  infertility,  azoospermia  affects
10%-20% of infertile males and is clinically categorized
into  obstructive  azoospermia  (OA)  and  non-obstructive
azoospermia  (NOA).  OA,  which  accounts  for  nearly
40%  of  azoospermia  cases,  is  characterized  by  normal
testicular  spermatogenesis  accompanied  by  obstruction
of the reproductive tract and can be treated surgically to
relieve the obstruction; NOA results from impaired sper-
matogenesis within the testis itself, although focal sper-
matogenic  regions  may  persist  in  the  testes  of  some
patients,  allowing  surgical  sperm retrieval.  Because  the
treatment strategies  for  these two conditions differ  sub-
stantially, accurate classification is essential for individ-
ualized  diagnosis  and  treatment  planning  [20,21].  Cur-
rently,  clinical  methods  for  distinguishing  NOA  from
OA remain  limited.  Although  testicular  biopsy  remains
the  reference  standard  for  azoospermia  subtyping  and

 

Table 1    Comparison of different diagnostic methods for andrological diseases

Dimension Testicular biopsy Prostate mpMRI CEUS ULM

Diagnostic
performance

Histopathological gold
standard with the
highest accuracy

Based on PI-RADS
scoring, high sensitivity
but moderate specificity
for detecting clinically
significant prostate cancer

Real-time qualitative/semi-
quantitative assessment of
tissue perfusion; moderate
value in differentiating
benign from malignant
lesions

Mean vessel diameter yielded AUCs of 0.920 and 0.952
in discriminating non-obstructive from obstructive
oligoasthenozoospermia and azoospermia, respectively.
[24]; combined FSH + mean vessel diameter for NOA
vs. OA: AUC 0.968, accuracy 92.6% [25]; AUC 0.88-
0.91 for identifying HH [26]; prostate cancer foci
detection rate 94.1% [27]; AUC 0.832 for distinguishing
benign vs. malignant prostatic lesions [28]

Invasiveness/
safety

Invasive; risks include
testicular parenchymal
injury and impaired
fertility potential [22,23]

Non-invasive (intravenous
contrast; contraindicated
in renal insufficiency)

Non-invasive (intravenous
microbubble contrast;
adverse reactions are rare)

Non-invasive (intravenous microbubble contrast; adverse
reactions are rare)

Cost High High Moderate Moderate

Clinical
availability

High (routine in
urological practice)

Moderate (high
equipment cost, long
waiting lists)

High (available in most
hospitals)

Low (equipment not yet widely disseminated;
multicenter evidence still accumulating)

Advantages Provides direct
histopathological
evidence

High spatial resolution;
multiparametric
assessment

Real-time, repeatable,
ionizing-radiation-free

Repeatable, dynamic, high-resolution; quantitative
microvascular assessment

Limitations Sampling error,
complications, non-
repeatable; cannot
dynamically assess
microcirculation

False negatives, high cost,
limited accessibility,
contrast contraindications,
and metallic implants

Resolution constrained by
the acoustic diffraction
limit; cannot visualize
microvessels

Long acquisition/post-processing time, susceptible to
respiratory and cardiac motion, dependent on
microbubble concentration, insufficient large-sample
clinical validation

Abbreviations: CEUS, contrast-enhanced ultrasound; FSH, follicle-stimulating hormone; HH, hypogonadotropic hypogonadism; mpMRI, multiparametric
magnetic resonance imaging; NOA/OA, non-obstructive/obstructive azoospermia; PI-RADS, Prostate Imaging Reporting and Data System; ULM,
ultrasound localization microscopy.
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yields comprehensive histological data, this procedure is
invasive and  bears  risks  including  testicular   parenchy-
mal  damage  and  impaired  fertility  potential  [22,23]
(Table 1); serum hormone testing, by contrast, is affect-
ed by multiple factors and has low diagnostic specificity.

With  respect  to  conventional  ultrasound  techniques,
grayscale ultrasound  can  indirectly  reflect   spermato-
genic function on the basis of testicular volume and tes-
ticular  parenchymal  echogenicity  [29].  Color  Doppler
ultrasound (CDUS)  can  assess  testicular  blood   perfu-
sion;  Herwig  et  al.  [30] found  that  regions  with   abun-
dant  blood  supply  exhibited  the  best  sperm quality  and
the highest sperm counts, yet CDUS can only depict the
distribution  of  large  vessels  and  cannot  identify
microvascular  regions  with  rich  perfusion  [31].  CEUS
can display testicular microvascular perfusion. In a study
of 95 patients with NOA, Zhang et al.  [32] demonstrat-
ed  that  the  success  rate  of  microdissection  testicular
sperm  extraction  (micro-TESE)  within  contrast-
enhanced areas was 66.3%, which was markedly higher
than that observed in low-perfusion regions (32.6%) and
conventional  regions  (47.3%).  Subsequent  studies
[33,34]  also  further  confirmed  that  quantitative  CEUS
parameters  can  predict  the  success  rate  of  sperm
retrieval.  Superb  microvascular  imaging  (SMI)  can
clearly  display  low-velocity  blood  flow  signals  and
microvascular  distribution  within  the  testis,  reflecting
intratesticular microvascular  perfusion.  Using  this   tech-
nique,  Liu et  al.  [35]  found that  high-density microves-
sels were correlated with foci of spermatogenesis within
the  testes  of  patients  with  NOA,  and  that  the  sperm
retrieval  rate  in  regions  with  abundant  blood  flow  was
significantly higher than that in conventional and sparse
regions. Furthermore,  testicular  ultrasound  microvascu-
lar density (UMVD) and ultrasound-estimated testicular
volume  (UVE)  can  predict  micro-TESE  outcomes
among  patients  with  NOA;  the  group  with  successful
sperm  retrieval  exhibited  markedly  higher  UMVD  and
UVE values relative to patients with failed retrieval [36].
However,  none  of  the  aforementioned  techniques  can
visualize and quantify the microvasculature at the capil-
lary  level,  nor  can  they  systematically  elucidate  the
intrinsic relationship  between  testicular   microcircula-
tion and spermatogenic function.

To  address  this  clinical  limitation,  Li  et  al.  [24]
achieved  non-invasive  super-resolution  imaging  of
human testicular microcirculation in a multicenter study,
resolving  testicular  vessels  separated  by  as  little  as  81
μm,  with  spatial  resolution  superior  to  that  of  existing
imaging  modalities.  The  study  enrolled  76  infertile
patients  and  15  healthy  controls  and  found  that  mean
vessel diameter yielded area under the curve (AUC) val-
ues  of  0.920  and  0.952  in  differentiating  non-obstruc-

tive  from obstructive  causes  of  oligoasthenozoospermia
and  azoospermia,  respectively,  demonstrating  favorable
discriminative performance  and  providing  a  new   imag-
ing reference for the non-invasive classification of male
infertility.

Furthermore,  Li  et  al.  [25]  enrolled  94  patients  with
azoospermia  (36  cases  of  NOA  and  58  cases  of  OA),
and used  ULM  to  quantitatively  extract  five   parame-
ters—flow velocity, tortuosity, diameter, fractal number
and  vessel  density—to characterize  testicular  microcir-
culation, and analyzed their associations with spermato-
genesis-related clinical  indices.  The results  showed that
the  mean  vessel  diameter,  vessel  density,  and  fractal
number were significantly higher  in the OA group than
in  the  NOA  group,  whereas  there  were  no  significant
differences between the two groups in blood flow veloc-
ity  and  vessel  tortuosity.  Furthermore,  based  on  ULM
blood flow  velocity  data,  the  authors  constructed   pres-
sure distribution maps of the testicular microvasculature
and  found  that  NOA  was  characterized  by  low  blood
flow  density,  uneven  pressure  distribution,  and  focal
hypoperfusion, consistent with the pathological features
of  impaired  spermatogenesis.  In  contrast,  OA exhibited
higher vessel  density  and  uniform  blood  flow   distribu-
tion, manifesting  as  a  more  homogeneous  pressure  dis-
tribution with  compensatory  angiogenesis.  These   find-
ings visually  demonstrated  the  microcirculatory   differ-
ences  between  the  two  types  of  azoospermia  from  a
hemodynamic  perspective,  providing  imaging  evidence
for understanding the pathophysiological mechanisms of
azoospermia.  Meanwhile,  significant  associations  were
also  observed  between  the  testicular  microcirculatory
parameters measured by ULM and clinical indicators of
spermatogenic  function,  including  follicle-stimulating
hormone (FSH) and luteinizing hormone (LH).  Specifi-
cally,  FSH  was  negatively  correlated  with  mean  vessel
diameter,  suggesting  that  elevated  FSH  may  reflect
structural  impairment  of  testicular  microcirculation  and
further  corroborating  the  intrinsic  association  between
microvascular status  and  testicular  endocrine  and   sper-
matogenic function. Based on these findings, the authors
constructed a logistic regression diagnostic model com-
bining  FSH  with  mean  vessel  diameter.  The  model
achieved an AUC of 0.968 in differentiating NOA from
OA,  with  an  overall  diagnostic  accuracy  of  92.6%,
demonstrating significantly  better  diagnostic   perfor-
mance than either parameter alone and providing a new
imaging reference for the noninvasive differentiation of
NOA and OA. However,  this  study was a  single-center
retrospective  cross-sectional  study  that  was  limited  to
two-dimensional imaging.

In an experimental study, Ye et al. [37] established a
classification system combining ULM with multi-omics
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analysis.  By  achieving  quantitative  in  vivo  imaging  of
the  testicular  microvasculature,  they  revealed  etiology-
specific  microvascular  phenotypes  of  azoospermia:
NOA  mouse  models  (busulfan-treated  and Pnldc1-KO)
exhibited fragmented vascular networks and hypoperfu-
sion, with  reduced diameter  of  large  intratesticular  ves-
sels; OA mouse models exhibited increased vessel  den-
sity,  increased  mean  vessel  diameter,  and  increased
mean blood flow velocity.  Through transcriptomics and
metabolomics  analysis,  researchers  linked  the  imaging
phenotypes  mentioned  above  to  molecular  mechanisms
such as  angiogenesis  and  extracellular  matrix   remodel-
ing, revealing  the  connections  between  imaging  pheno-
types, molecular  mechanisms,  and  histology.  This   sys-
tematically  elucidated  the  intrinsic  association  between
testicular microcirculation  and  spermatogenesis,   deep-
ened the  understanding  of  the  microcirculatory  mecha-
nisms  underlying  the  pathogenesis  of  azoospermia,  and
demonstrated  the  utility  of  ULM  in  distinguishing  OA
from NOA. These findings further underscore the poten-
tial of ULM to optimize assisted reproductive strategies
and  guide  sperm  retrieval,  pending  confirmation  in
human studies.

Collectively, quantitative ULM parameters enable in
vivo  differentiation  of  the  characteristic  microvascular
phenotypes  between  OA  and  NOA,  providing  imaging
evidence for  elucidating  the  microcirculatory   mecha-
nisms  underlying  azoospermia  and  guiding  clinical
sperm retrieval.

 Hypogonadism
Hypogonadotropic  hypogonadism (HH)  results  from

dysfunction  of  the  hypothalamic–pituitary  axis,  which
leads  to  insufficient  secretion  of  gonadotropins  (FSH
and  LH)  and  subsequently  causes  testicular  hypoplasia,
testosterone  deficiency,  and  impaired  spermatogenesis.
It  constitutes  an  important  etiology  of  male  infertility
[38,39]. Unlike most etiologies of male infertility, HH is
among  the  few  conditions  in  which  fertility  can  be
reversed  by  pharmacological  treatment,  and  most
patients  can  regain  fertility  after  medical  therapy
[40,41]. Early identification of HH and regular monitor-
ing  of  endocrine  therapy  are  therefore  crucial  for
improving reproductive outcomes. However, the diagno-
sis  and  therapeutic  evaluation  of  HH  currently  rely
mainly on indirect indicators,  such as sex hormone lev-
els and testicular volume, lacking direct visualization of
the  structural  basis  of  testicular  function.  Testicular
microcirculation is the structural basis of testicular func-
tion. Using CEUS, Carlomagno et al. [42] demonstrated
that  testicular  perfusion  dynamics  were  significantly
slowed  in  patients  with  Klinefelter  syndrome,  and  that
reduced venous blood flow could independently predict

circulating testosterone levels, suggesting a close associ-
ation  between  microcirculatory  status  and  testicular
endocrine function. However, conventional ultrasound is
unable  to  precisely  quantify  microvascular  structures;
therefore, more sensitive imaging modalities are urgent-
ly needed for the direct evaluation of testicular microcir-
culation.

ULM can  overcome  the  aforementioned  limitations.
Papanikolaou  et  al.  [26]  conducted  a  prospective  case-
control  study  using  hypogonadotropic  hypogonadism
(HH) as a disease model of impaired testicular function
and  validated  the  translational  value  of  ULM  in  both
humans and rats. The study demonstrated that in patients
with HH, testicular microvascular density, vessel diame-
ter,  vascular  area,  and  blood  flow-related  indices  were
significantly  reduced  compared  with  healthy  controls,
whereas vascular tortuosity was increased. These param-
eters were  significantly  correlated  with  serum   testos-
terone and  inhibin  B  levels,  and  microvascular   impair-
ment was  more  pronounced  in  patients  with   azoosper-
mia.  Receiver  operating  characteristic  (ROC)  curve
analysis indicated that ULM exhibited good discrimina-
tive  performance  for  HH  (AUC  0.88-0.91).
Gonadotropin therapy  significantly  improved  microvas-
cular  density  and  vessel  diameter  in  patients  with  HH,
whereas testosterone replacement therapy alone failed to
reverse these alterations. Longitudinal follow-up demon-
strated that ULM parameters improved promptly follow-
ing gonadotropin  therapy,  earlier  than  traditional  mark-
ers such as testicular volume and inhibin B. A rat model
of pubertal  arrest  further  confirmed  that  gonadal   hor-
mone suppression could induce testicular microvascular
remodeling.  Collectively,  this  study not  only confirmed
the association between microcirculatory blood flow and
testicular  spermatogenic  and  endocrine  function,  but
also  indicated  that  ULM  parameters  hold  promise  as
sensitive  biomarkers  for  assessing  testicular  functional
status and therapeutic response, facilitating patient strati-
fication and early prediction of treatment efficacy.

 Testicular tumors
Testicular germ cell tumors represent the most preva-

lent solid malignancies in men aged 15-40 years, with an
increasing  incidence  worldwide  [43,44]. Tumor   angio-
genesis  is  a  key driver  of  tumor  proliferation,  invasion,
and distant  metastasis,  and abnormalities  of  tumor neo-
vascularization are highly correlated with tumor biologi-
cal behavior.  Studies  have  demonstrated  that  tumor   tis-
sues highly express  pro-angiogenic factors  such as  vas-
cular  endothelial  growth  factor  (VEGF),  which  can
induce  the  formation  of  abnormal  vascular  networks
characterized  by  increased  microvascular  density  and
tortuous,  disordered  vessel  courses.  Furthermore,
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microvascular morphological features are closely associ-
ated  with  malignant  pathological  phenotypes  such  as
vascular invasion, and can serve as an indirect indicator
of the malignant biological behavior [45,46].

As the preferred imaging technique for testicular neo-
plasms,  scrotal  ultrasound  achieves  high  sensitivity  for
identifying testicular lesions [47,48]. However,  conven-
tional ultrasound and CEUS can only reflect the overall
perfusion level of the testis, whereas ULM enables visu-
alization  of  the  microvascular  network  and  provides
potential  imaging  references  for  the  classification  and
malignant risk assessment of testicular tumors (Fig. 1-2).

In  2024,  Lock  et  al.  [49]  acquired  CEUS  data  from
patients  with  pathologically  confirmed  seminoma  after
surgery,  performed  ULM  postprocessing,  reconstructed
vascular  trajectory maps and blood flow velocity maps,
and compared these images with CEUS maximum inten-
sity projection (MIP) images.

The results demonstrated that the ULM images clear-

ly delineated the morphology of intratumoral  microvas-
cular  networks  and  more  intuitively  revealed  high-  and
low-perfusion regions.  The  ULM  velocity  map   mea-
sured an average microbubble flow velocity of approxi-
mately 102 μm/s within the tumor region, and the large
vessels  showing  enhancement  on  MIP  images  also
exhibited  higher  flow  velocities  on  the  ULM  velocity
map. By characterizing the morphological and hemody-
namic features  of  tumor  microvasculature,  this   tech-
nique  holds  promise  as  a  novel  tool  for  preoperative
assessment, treatment response monitoring, and identifi-
cation  of  vascular-derived biomarkers,  and  may be   fur-
ther extended to microvascular imaging of other tumors.

 Assessment  of  Microcirculation  in  Prostate
Diseases

As  one  of  the  most  frequently  occurring  malignant
neoplasms  in  the  male  genitourinary  system,  prostate
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Figure 1    ULM images  of  a  36-year-old  patient  with  testicular  seminoma.  (A)  Microvascular  density  map,  reflecting  local  relative  blood  volume;  (B)
Microvascular blood flow direction map, reflecting blood supply characteristics; (C) Microvascular blood flow velocity map; (D) Microbubble flow angle
map inside microvessels, a reference indicator of the degree of blood flow disorder; (E, F) Microbubble flow images at different times, reflecting the spa-
tiotemporal evolution of blood perfusion. ULM, ultrasound localization microscopy.
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Figure 2    ULM parameter analysis images of a 29-year-old patient with a left testicular seminoma. (A) Vessel ratio in the tumor region is significantly
higher than in normal testicular tissue (48.74% vs 8.71%), indicating a richer blood supply in the tumor area; (B) Perfusion index (Percent) in the tumor
region is increased compared to normal testicular tissue (3.21 vs 0.59); (C) Complexity level in the tumor region is significantly higher than in normal tes-
ticular tissue (1.70 vs 1.19). Vascular ratio and perfusion index reflect the spatial proportion of tumor microvessels and local blood volume, respectively,
representing the quantitative dimension of angiogenesis. Complexity level quantifies the tortuosity, branching, and disorganized arrangement of the vascu-
lar network, corresponding to its structural dimension. In the present case, these parameters were concurrently elevated within the tumor region, consistent
with the pathological manifestations of seminoma. ULM, ultrasound localization microscopy.
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cancer  exhibits  a  sustained  increase  in  incidence
attributable  to  population  aging.  Most  patients  are
already at  a  locally  advanced or  metastatic  stage at   ini-
tial  diagnosis,  with  an  overall  poor  prognosis;  hence,
early and accurate identification of prostate cancer plays
a vital role in informing clinical treatment decisions and
improving patient  prognosis [50,51]. Tumor angiogene-
sis  constitutes  the  pathological  basis  of  prostate  cancer
progression,  invasion,  and  metastasis.  Tumor  tissues
exhibit  increased  microvascular  density  and  distorted,
disordered vascular morphology, and these microvascu-
lar  features  are  closely  correlated  with  Gleason  grade
and malignant tumor behavior [52,53].

Butler  et  al.  [54]  performed conventional  transrectal
CEUS acquisition in 14 patients with suspected prostate
cancer,  encompassing  54  imaging  planes  in  total,  and
described  the  ULM  microvascular  patterns  of  prostate
cancer.  The  results  showed  that  10  biopsy-confirmed
cancerous  imaging  planes  with  a  Gleason  score  ≥  7
exhibited  characteristic  microvascular  heterogeneity:  7
planes  showed  focal  high-velocity,  high-flow  regions,
and 6 planes showed coexistence of avascular and high-
flow regions,  some planes  exhibited  both  features,  can-
cer-negative  planes,  in  contrast,  showed  relatively
homogeneous  blood  flow  distribution  with  low  flow
velocities.  Quantitative  analysis  revealed  that  the  mean
flow velocity of high-flow cancerous lesions was signifi-
cantly  higher  than  that  of  non-cancerous  regions  in  the
same plane,  whereas  some  cancerous  lesions  were   pre-
dominantly  characterized  by  avascular  regions.  These
findings  suggest  that  the  spatial  heterogeneity  of  the
microvasculature revealed by ULM, particularly the dis-
tribution  patterns  of  high-flow  and  avascular  regions,
may  provide  a  novel  imaging  reference  for  localizing
clinically significant prostate cancer, thereby compensat-
ing for the limitation of multiparametric MRI (mpMRI)
in visualizing certain lesions.

Subsequently,  Butler  et  al.  [27]  used  whole-mount
pathology  after  radical  prostatectomy  as  the  reference
standard  and  identified  16  of  17  confirmed  cancerous
foci  in  the initial  subgroup (detection rate  94.1%),  with
the lesions characterized by higher flow velocity, higher
blood flow, and relatively wider vessels. The study also
systematically characterized the ULM features of benign
structures within the prostate: benign prostatic hyperpla-
sia (BPH) nodules exhibited a pattern of central avascu-
lar cystic regions,  peripheral  low-flow bands,  and high-
capacity  large  vessels;  cystically  dilated  glands  were
nearly  avascular;  and  periurethral  vessels  appeared  as
symmetric, continuous, well-defined high-flow conduits.
In  addition,  cancerous  foci  in  the  posterior  peripheral
zone  showed  the  highest  conspicuity,  whereas  those  in

the  transition  zone  and  anterior  region  exhibited  poor
contrast due to the relatively rich background blood sup-
ply.  Integrating  multiparametric  ULM  features  while
accounting  for  anatomical  zone  differences  holds
promise  for  the  localization  of  prostate  cancer  and  the
differentiation between benign and malignant lesions.

Huang et al. [28] conducted a clinical study of ULM
with  a  relatively  large  sample  size,  enrolling  127
patients with prostatic lesions (78 benign and 49 malig-
nant), and systematically investigated the diagnostic val-
ue of ULM in distinguishing benign from malignant pro-
static lesions,  using  biopsy  pathology  as  the  gold   stan-
dard. The  study  found  that  microvascular  density,   ves-
sel diameter,  flow velocity,  tortuosity,  and fractal  num-
ber were  all  markedly  higher  in  malignant  lesions   rela-
tive  to  benign  lesions,  with  vessel  diameter  exhibiting
the best diagnostic performance (AUC 0.832, sensitivity
85.7%,  specificity  63.6%).  Furthermore,  certain  time-
intensity curve parameters of CEUS also showed differ-
ences between the two groups.

Zhao et  al.  [55]  enrolled men scheduled for  prostate
biopsy in whom transrectal ultrasound revealed no focal
nodules.  These  patients  underwent  transrectal  CEUS
with  acquisition  of  ULM  images,  and  the  quantitative
microvascular features were compared between patients
with  diffuse  prostate  cancer  and  those  with  prostatic
hyperplasia. The results showed that microvascular com-
plexity,  mean  blood  flow  velocity,  mean  perfusion
index,  mean  microvascular  diameter,  and  entropy  in
both the  inner  and  outer  prostate  glands  were   signifi-
cantly  higher  in  the  prostate  cancer  group  than  in  the
prostatic hyperplasia group, with statistically significant
differences.

Collectively, these studies demonstrate that ULM can
noninvasively quantify parameters such as microcircula-
tory perfusion, microvascular density, and vascular mor-
phology,  reflecting  alterations  in  the  prostate  tumor
microenvironment, and may facilitate the discrimination
between  benign  and  malignant  lesions  as  well  as  the
localization of prostate cancer, thereby providing objec-
tive  imaging  evidence  for  the  precise  diagnosis  and
treatment  of  prostate  cancer.  However,  current  prostate
ULM examinations  are  predominantly  acquired  via  the
transrectal  approach,  with  several  inherent  limitations.
First,  transrectal  probes  frequently  induce  substantial
rectal irritation and tenesmus. Second, the technique suf-
fers  from  operator  dependence:  the  compression  force,
angle  and  stability  of  the  probe  against  the  rectal  wall
may  alter  the  trajectory  and  flow  velocity  of  prostatic
microvessels.  Variations  in  immobilization  maneuvers
and  region-of-interest  (ROI)  delineation  habits  among
different  operators  can  also  lead  to  discrepancies  in
results.
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 Potential  Applications  in  Other  Andrological
Diseases

Beyond  the  aforementioned  diseases,  ULM  also
holds  potential  value  in  other  andrological  conditions.
Varicocele, one of the common causes of male infertili-
ty, can lead to abnormal testicular microcirculatory per-
fusion. ULM holds  promise  for  the  quantitative   assess-
ment  of  testicular  microcirculatory  damage  caused  by
varicocele  and  for  monitoring  hemodynamic  recovery
before  and  after  surgical  intervention;  however,  to  date
no ULM studies have been reported in the field of varic-
ocele, and  the  only  available  evidence  for  erectile   dys-
function  (ED)  is  derived  from rat  models,  with  clinical
human data still relatively scarce.

ED  is  closely  associated  with  penile  vascular
endothelial  function  and  microcirculatory  perfusion.
Yang  et  al.  [56]  designed  a  liposomal  microbubble  co-
loaded  with  sildenafil  (a  phosphodiesterase  type  5
[PDE5] inhibitor) and nitric oxide (NO) (Sil-NO-MBs).
After  tail  vein  injection,  ultrasound-targeted microbub-
ble destruction  (UTMD)  was  applied  to  achieve   local-
ized and precise release of the drug and gas in a rat mod-
el  of  cavernous  nerve  injury.  Using  ULM imaging,  the
authors visualized and quantified the microvascular net-
work of the penile corpus cavernosum, providing imag-
ing evidence for the improvement of microcirculation by
UTMD. The results showed that Sil-NO-MBs combined
with UTMD significantly  improved  penile  microvascu-
lar perfusion, alleviated cavernous fibrosis, and reversed
structural remodeling,  ultimately  promoting  the   recov-
ery  of  erectile  function.  This  study  expanded  the  scope
of ULM  application  in  the  assessment  of  erectile   dys-
function and laid a foundation for subsequent basic and
clinical research.

 Challenges and Prospects
Despite the promising potential  of  ULM in diagnos-

ing  andrological  diseases,  its  clinical  translation  still
faces multiple challenges.

Technical challenges: First, there is an inherent trade-
off  between  acquisition  time  and  frame  rate.  Sufficient
microbubble  localizations  must  be  accumulated.  High-
frame-rate systems  can  finish  acquisition  within   sec-
onds, but such clinical devices are not yet widely avail-
able. On  conventional  systems,  acquisition  takes   sec-
onds to  minutes,  which  raises  the  risk  of  motion   arti-
facts. Second, ULM relies on exogenous contrast agents,
making  it  difficult  to  precisely  control  microbubble
blood  concentration,  and  safety  related  to  contrast  use
must be considered. Third, the testes are superficial and
highly  mobile.  During  transrectal  prostate  examination,
probe  stability  is  limited.  Both  tissue  movement  and

probe  displacement  cause  inter-frame  displacement,
which  blurs  the  reconstructed  image.  In  addition,  ULM
modules  have  not  been  integrated  into  most  clinical
CEUS  systems.  Current  studies  largely  depend  on  off-
line  reconstruction.  Constrained  by  immature  hardware
integration and limited real-time processing power,  few
commercial  products  are  available.  This  further  slows
clinical adoption.

Methodological  challenges:  First,  ULM  remains  an
experimental  technique.  Most  clinical  studies  on  ULM
in andrological diseases are single-center, small-sample,
retrospective,  or  cross-sectional  exploratory  studies.
Except  for  Li  et  al.  [24],  who  reported  multi-center
enrollment, all  diagnostic  models  were  built  and   inter-
nally  validated  in  single-center  cohorts.  The  diagnostic
thresholds  have  not  been  externally  validated  in  large,
prospective, multi-center studies across different popula-
tions and devices. At present, ULM cannot replace biop-
sy or routine clinical imaging. Second, ultrasound scan-
ners,  contrast  protocols,  and  post-processing  pipelines
differ across studies. This heterogeneity makes it impos-
sible to directly compare ULM parameters and diagnos-
tic  performance  between  studies  [57]. Third,  few   stud-
ies  report  the  reproducibility  of  ULM  quantitative
parameters,  including  intra-reader  and  inter-reader
agreement. This is another barrier to clinical translation.
Therefore,  large-scale  prospective  multi-center  studies
are urgently needed. They should establish standardized
acquisition  and  post-processing  protocols,  reference
ranges  for  quantitative  parameters,  and  diagnostic
thresholds.

Future  directions  include:  (1)  three-dimensional
ULM for the reconstruction of organ microvascular net-
works and multidimensional motion correction; (2) mul-
timodal  fusion  of  ULM  with  MRI  and  photoacoustic
imaging to provide more comprehensive anatomical and
functional information;  (3)  ultrasound  molecular   imag-
ing based  on  targeted  microbubbles  for  in  vivo   visual-
ization  and  detection  of  disease-specific  biomarkers;
(4)  automated  image  analysis  and  diagnostic  decision
support assisted by artificial intelligence and deep learn-
ing  algorithms;  (5)  extension  from  diagnosis  alone  to
treatment  monitoring,  such  as  dynamic  monitoring  of
therapeutic  efficacy  in  male  infertility  and  early
response  assessment  of  tumor  anti-angiogenic  therapy;
and (6)  ultrasound  microvascular  radiomics:  by   con-
structing  a  microvascular  characteristic  spectrum,  it  is
possible  to  achieve  a  more  precise  and  personalized
assessment  of  microvascular  conditions.  However,  in
practical applications,  factors  such  as  standardized   fea-
ture selection and the risk of overfitting need to be tak-
en into consideration [58].
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 Conclusions
By overcoming the conventional acoustic diffraction

limit, ULM  enables  in  vivo  visualization  of   microves-
sels at  the  micrometer  scale  and  quantitative   hemody-
namic assessment, providing a new imaging perspective
for  the  diagnosis  of  andrological  diseases.  However,  it
should be noted that current research still has some limi-
tations,  and  its  clinical  diagnostic  performance  remains
to be further validated. With ongoing advances in imag-
ing  speed,  algorithm  optimization,  three-dimensional
imaging,  device  integration,  and  microvasculomics,
ULM is expected to gain increasingly widespread adop-
tion in routine clinical andrological practice.
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