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Vascular imaging with color and power Doppler is a useful tool in the assessment of various disease processes. Assessment of blood
flow, from infarction and ischemia to hyperemia, in organs, neoplasms, and vessels, is used in nearly every US investigation. Recent
developments in this area are sensitive to small-vessel low velocity flow without use of intravenous contrast agents, known as
microvascular flow imaging (MVEI). MVFI is more sensitive in detection of small vessels than color, power, and spectral Doppler,
reducing the need for follow-up contrast-enhanced US (CEUS), CT, and MRI, except when arterial and venous wash-in and
washout characteristics would be helpful in diagnosis. Varying clinical applications of MVFI are reviewed in adult and pediatric
populations, including its technical underpinnings. MVFI shows promise in assessment of several conditions including benign and
malignant lesions in the liver and kidney, acute pathologic abnormalities in the gallbladder and testes, and superficial lymph nodes.
Future potential of MVFI in different conditions (eg, endovascular repair) is discussed. Finally, clinical cases in which MVFI
correlated and potentially obviated additional CEUS, CT, or MRI are shown.

© RSNA, 2022

Online SA-CME « See www.rsna.org/learning-center-ry

Learning Objectives:

After reading the arficle and taking the test, the reader will be able to:

B Describe the basics of improved slow flow detection with microvascular flow imaging (MVFI)
m  dentify the MVFI findings in the absence of flow fo a siructure

m  [dentify improved determination of vascular distribution in lesions with MFI

Accreditation and Designation Statement

The RSNA is accredited by the Accreditation Counil for Confinuing Medical Education (ACCME) fo provide continuing medical education for physicians. The RSNA designates this journal-based SA-CME activity for a maximum of 1.0 AMA
PRA Category 1 Credif". Physicians should claim only the credit commensurate with the extent of their participation in the acfivity.

Disclosure Statement

The ACCME requires that the RSNA, as an accredited provider of CME, obtain signed disclosure statements from the authors, editors, and reviewers for this activity. For this journal-based CME activity, author disclosures are listed at

the end of this article.

S is widely used as the most effective initial diag-
U nostic modality in the assessment of various clinical
conditions in visceral, vascular, and soft tissue because
of its widespread availability, ease of use, and excellent
safety profile. Imaging of vascular networks with color
and power Doppler is valuable in the assessment of
many disease processes, ranging from hyperemia and
ischemia to infarction and flow patterns in organs,
neoplasms, and vessels, and in evaluation of treatment
results (1).

Color Doppler US uses measurement of phase
change after reflection from a moving target such as
circulating blood (2). Because the frequency change is
not measured, color flow imaging is not strictly color
Doppler, but hereafter we will use the word Doppler
because of its widespread use (3). Power Doppler im-
aging improves flow sensitivity compared with con-
ventional Doppler imaging by depicting amplitude

of the Doppler shift. However, it typically cannot
show smaller vessels and slower capillary blood flow
(1); color flow depicts flow larger than approximately
0.2 mm in diameter (4). A spectral Doppler waveform
analysis is paramount to identifying venous or arterial
flow, and the waveform pattern gives information on
vascular abnormalities. Whereas this is a useful quanti-
tative approach, it lacks the ability to provide full two-
dimensional imaging in estimating tissue vascularity.
Perfusion is defined as blood flow per unit time (the
difference between arterial inflow and venous outflow).
Assessment of vascularity is of the utmost importance
in inflammation, ischemia, injury, and tumor angio-
genesis evaluation (5,6). Availability of diagnostic
tools to adequately image vascular beds is critical to
improve diagnosis, treatment, and posttreatment sur-
veillance, and further imaging with contrast-enhanced

US (CEUS), CT, or MRI is often required. Perfusion
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Abbreviations
CEUS = contrast-enhanced US, MVFI = microvascular flow imaging

Summary

Microvascular flow imaging is a diagnostic tool that may provide
additional value over conventional color and power Doppler imaging,
potentially obviating contrast-enhanced US in certain lesions.

Essentials

= Microvascular flow imaging (MVFI) involves the use of filters that
are different than Doppler imaging, reducing artifacts from ran-
dom motion and thereby resulting in a greater sensitivity to lower
velocity blood flow evaluation.

= MVFI has shown additional diagnostic value in emergent indica-
tions, assessment of neoplastic lesions, superficial organ vascular
assessment, and various pediatric conditions.

= Future applications may include pre- and posttreatment vascular-
ity assessment, vascular indications (eg, endovascular stent repair),
and musculoskeletal indications.

assessment with CEUS by using microbubble contrast
agents substantially improves evaluation in superficial and
deep organ systems (7-9). However, despite the alterna-
tive of more costly and potentially nephrotoxic intravenous
CT and MRI contrast agents, and risk of radiation with
CT, CEUS is limited in use, especially in emergent settings
where it may not be readily available.

Recently, a number of tools were developed for assess-
ment of smaller vessels at lower velocity flow without use
of intravenous contrast agents. These tools adaptively filter
random motion while preserving the detection of direc-
tional motion by flowing blood, resulting in more sensi-
tive and higher resolution blood flow evaluation relative to
color or power Doppler. Similar to power Doppler imaging,
these techniques typically depict a map of blood flow on
the gray-scale image but without directional information.
These techniques are also prone to other limitations includ-
ing angle dependency, depth dependency, and generalized
poor performance in low signal-to-noise situations.

This new method for depicting blood flow in small ves-
sels is herein termed microvascular flow imaging (MVFI),
encompassing multiple proprietary manufacturers’ brand
names. The purpose of this article is to review the back-
ground and physics of the emerging MVFI tool and to re-
view current applications of MVFI in adult and pediatric
populations. While acknowledging the somewhat limited
available scientific data on this emerging tool, future direc-
tions of this promising technique are highlighted.

The Standard of CEUS Perfusion Imaging

CEUS is a widely used and ideal tool for MVFI. Commer-
cially available US contrast agents consist of gas microbub-
bles stabilized by an outer shell (10). The mechanisms of ac-
tion for contrast enhancement of US images rely on the gas
core within the microbubble, creating large, backscattered
signals, and the generation of nonlinear responses to the
oscillating pressure wave. The contrast agents are injected
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intravenously (for vascular applications) and must be small
enough (<6 pm) to clear the pulmonary capillary beds, al-
lowing for passage through the capillary system (11).

Commercially available CEUS packages are available on
most mid-to-high-level US scanners and provide real-time
views of US contrast agent perfusion. Most commercial
systems use nondestructive (mechanical index, <0.1) tech-
niques to optimize nonlinear signals from the US contrast
agent to better separate microbubble signal from those of
the surrounding tissues. Whereas specific pulse sequences
are manufacturer dependent, all strive to maximize nonlin-
ear microbubble signals while suppressing tissue signals to
create angiogram-like images of vasculature on “contrast-
only” or “tissue-subtracted” images. Along with high signal-
to-noise ratio, a unique advantage of CEUS is the ability
to observe wash-in and washout of the contrast agent in a
lesion or vessel, with some manufacturers allowing perfu-
sion analysis. This includes quantitative analysis of contrast
signal intensity as a function of time, which can provide an
indirect measure of either blood flow, total tissue perfusion,
or other perfusion kinetics. These commercial packages are
now available on many scanners or as stand-alone postpro-
cessing software packages.

Current Status of Noncontrast-enhanced US

MVFI

Advanced flow detection methods have not yet achieved the
same level of sensitivity to slow flow and perfusion detec-
tion as CEUS and cannot evaluate contrast agent arrival
and washout kinetics. However, there has been a noticeable
and clinically relevant improvement in sensitivity for detec-
tion of slow flow versus traditional color or power Doppler
imaging.

Historically, color and power Doppler have been the work-
horses in viewing noncontrast-enhanced microvascular flow,
and they rely on reconstructing images using direction (for
color Doppler) or magnitude (for power Doppler) of the Dop-
pler shift within the received ultrasound echo (12). Advanced
Doppler techniques are now commercially available on many
high-end US systems (eg, Superb Microvascular Imaging SMI,
Canon Medical; Slow Flow, Siemens Healthineers; Micro-
vascular Imaging MVI, GE Healthcare; MicroFlow Imaging,
Philips; and MV-flow, Samsung) (13). Whereas the exact al-
gorithms behind these modes vary and are proprietary, all rely
on a combination of approaches to reduce noise while improv-
ing sensitivity to slower flow Doppler signals. These continu-
ally evolving approaches include flash and motion suppression
and other artifact reduction techniques, and adaptive filtering
approaches (such as singular value decomposition) to remove
clutter (5,14). Display modes vary by manufacturer but gen-
erally mimic presentation of color or power Doppler modes,
providing flow information overlayed on B-mode data using a
variety of color hues. However, MVFI information can also be
displayed using dual (side-by-side) imaging or as a stand-alone
imaging tool to appreciate smaller vessels. It should be noted
that because these approaches rely on detection of Doppler
shifts, they remain angle dependent.
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31 secs

Figure 1:

3 mins 42 ¥

Images of hepatocellular carcinoma in a 16-year-old girl with cryptogenic cirthosis who was found to

have a focal liver lesion increasing in size on serial US images. (A, B) Longitudinal gray-scale image through the right
liver lobe. (A) On baseline US image, the lesion (arrows) was slightly hyperechoic with a hypoechoic halo. (B) Micro-

vascular flow imaging showed hypertrophic peripheral vessels (thick arrows) with abnormal central vessels in a haphazard

distribution (thin arrows). (€) Contrast-enhanced US of the focal liver lesion (arrows) showed early arterial enhancement at

26 seconds after adminisiration of contrast agent, with more avid arterial enhancement at 31 seconds and subsequent late

washout at 3 minutes 42 seconds.

Diagnostic use of CEUS includes evaluation of the arte-
rial characteristics of a lesion and the degree of flow in a
vessel or organ. In this review article, we detail the ability of
MVFI to alleviate the use of CEUS in multiple organ and
vascular clinical applications.

Clinical Applications of US MVFI

Liver

US is the most common diagnostic modality in detection
and assessment of various liver conditions (7). The liver re-
ceives a unique dual supply from both the hepatic artery
and portal vein, with vascular assessment typically by color
Doppler imaging (15). CEUS is commonly used in assess-
ment of hepatic vessels and focal liver lesions. The unique
dual blood supply of the liver renders unique CEUS charac-
teristics for focal liver lesions, observed in real time and cap-
tured in a cine clip. The arterial pattern is often paramount
to the diagnosis. If the arterial pattern within a liver lesion
can be reliably detected by using noncontrast microvascular
flow techniques, CEUS imaging may not be necessary.

252

Hepatocellular carcinoma is the most common primary
liver cancer and one of the most common causes of mortal-
ity in cirrhosis. US is used to screen patients with a high
risk of developing hepatocellular carcinoma, with a decrease
in mortality rates demonstrated with screening programs
(16). The diagnosis and treatment of hepatocellular carci-
noma is highly dependent on contrast-enhanced imaging,
including US, CT, and MRI by using the American Col-
lege of Radiology Liver Imaging and Radiology Assessment
Data System, with CEUS equivalent in its diagnostic ac-
curacy to CT and MRI. At noncontrast-enhanced MVFI,
tumor vascularity, graded from absent (grade 0) to more
than 50% of the lesion (grade 4), was shown in 58% of
patients compared with 14% with color and power Dop-
pler imaging (17); however, there was limited evaluation in
lesions greater than 4 cm in depth. Other studies corrobo-
rated this finding by depicting increased microvessel density
of hepatic lesions with MVFI compared with conventional
US imaging, yielding improved depiction of some features
associated with hepatocellular carcinoma (18-20) before as-
sessment at contrast-enhanced imaging (Fig 1). Factors such

radiology.rsna.org = Radiology: Volume 305: Number 2—November 2022
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Figure 2:
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Longitudinal images through the left liver lobe of hemangioma in a 39-year-old man referred for investigation

of microscopic hematuria, noted fo have an incidental solitary liver lesion at US. (A) B-mode scan showed an isoechoic
lesion (long arrows) with an eccentric hypoechoic component (short arrow). (B) At microvascular flow imaging, there

were peripheral globular vessels observed in the periphery (arrows) of the focal liver lesion. (€) A contrast-enhanced US

examination depicted globular enhancement at 18 seconds (short arrows), centripetal filling of the lesion (long arrows), with
incomplete filling attributed to either a thrombus or scar and hyalinization (short arrow) at 39 seconds of contrast

agent administration.

as patient body habitus and motion may limit applicability
of this technique.

MVFTI has shown improved value in assessment of non-
hepatocellular carcinoma tumors. Hemangioma is the most
common benign tumor of the liver, often incidentally de-
tected at US, CT, or MRI. At US, hemangiomas typically
appear as echogenic lesions without definite color or power
Doppler flow. At CEUS, hemangiomas show discontinuous
peripheral nodular enhancement with gradual fill-in. It is
estimated that up to 90% of hemangiomas have a nodular
rim or spotty dot-like vascular pattern with perfusion imag-
ing (21-23) (Fig 2).

Focal nodular hyperplasia is the second most common
hepatic benign neoplasm, with a spoke-wheel pattern of
vascularity identified in the majority of patients by using
perfusion techniques (23,24). This spoke-wheel pattern is
a consequence of lobulated nodules divided by radiating
scar tissue extending to the periphery (25) (Fig 3). Other
focal liver lesions (hepatic adenomas, cholangiocarcinoma,
and hepatic lymphoma) have also been characterized with a
varying degree of success (18,19,23,26).

Radiology: Volume 305: Number 2—November 2022 = radiology.rsna.org

MVFI serves as an additional, useful tool for gray-scale,
color, and spectral Doppler evaluation of an incidentally
detected liver lesion, improving diagnostic confidence (Fig
4). Anecdotally, we frequently use MVFI clinically to aid in
finding and assessing slow flow versus thrombus in the liver
vasculature, particularly in patients with cirrhosis and the
posttransplant liver, reducing the need for supplementary
imaging with CT or MRI (Fig 5). MVFI may be useful for
tumor thrombus detection if it shows vascularity within the
clot, which is then confirmed by showing arterial flow on
pulsed Doppler. However, there is lack of data establishing
efficacy of MVFI against the more established contrast-en-
hanced imaging techniques, emphasizing the need for care-
ful application and result interpretation.

Gallbladder

US is the initial diagnostic modality used for evaluation of
the gallbladder and right upper quadrant pain (27). Gall-
bladder inflammation is a common cause of abdominal pain
with serious sequelae such as gallbladder perforation, overlap-
ping with simple acute inflammation, and potentially leads
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Figure 3:

Longitudinal image through the right liver lobe in a 14-year-old girl with a background fatty liver and an

incidental focal liver lesion. (A) B-mode US showed a focal liver lesion (arrows) of low reflectivity compared with the
background liver parenchyma, measuring 58 X 47 X 36 mm. (B) Microvascular flow image of the lesion showed a

so-called spoke wheel distribution of vessels (arrows). (€) Contrast-enhanced US performed at the arterial phase confirmed

this pattern of spoke wheel vascularization (horizontal arrow), with central vessels at 13 seconds after contrast agent injec-

fion and hyperenhancement of the lesion (vertical arrow) at 38 seconds after contrast agent administration. The lesion had

complete fill-in and no washout, with no observed central scar. A subsequent MRI scan verified the findings at US of a focal

nodular hyperplasia (not shown).

to diagnostic uncertainty, increased morbidity, and mortality
(28,29). Distention and thickening of the gallbladder wall
and surrounding pericholecystic fluid may be observed with
acute cholecystitis and perforation. The application of MVFI
to the gallbladder wall in inflammation has been shown to
improve detection of blood flow compared with conventional
color and power Doppler US (30). Similar findings were ob-
served in patients suspected of having cholecystitis, yielding
increased confidence in the diagnosis of perforation, which
was confirmed at surgery or interventional radiology (31).
We use MVFI routinely in all patients who are suspected of
having gallbladder perforation to help view wall microvascu-
lar flow and to increase confidence in diagnosing or excluding
gallbladder perforation (Fig 6).

Gallbladder cancer is an aggressive and fatal malignancy;
diagnosis results in curative resection and the 3-year sur-
vival rate of less than 20% (32,33). MVFI showed efficacy
in evaluation of gallbladder lesions with assessment of vas-
cularity pattern (eg, morphologic structure, branching, and

254

caliber change), showing higher presence of tortuous mi-
crovessels or abrupt caliber change in malignancy (34). US
performance was higher with contrast agent administration,
increasing accuracy from 65% to approximately 84%, par-
ticularly with lesions resulting in wall thickening (35). This
finding is contrasted with lack of flow at MVFI in tumefac-
tive sludge, an example of MVFI application avoiding need
for further testing (Fig 7). The specular reflection artifact
from gallstones that can be observed at MVFI can be dif-
ferentiated from blood flow because artifacts will not have
motion, whereas blood vessels will show pulsation.

Kidney

Benign and malignant solid and cystic renal lesions are com-
mon. US is routinely the initial diagnostic tool in renal imag-
ing and in further assessment of indeterminate renal masses
incidentally found at CT and MRI. Some patients may have a
degree of acutely reduced renal function or may develop con-
trast agent—induced renal injury, thereby limiting intravenous

radiology.rsna.org = Radiology: Volume 305: Number 2—November 2022



Figure 4: Hemorrhagic hepatic cystin a 55-year-old man with hepatic mass. (A) Gray-scale image with color Doppler

showed a solid mass with isoechoic echotexture in the liver without color flow at Doppler. (B) Corresponding microvascular
flow imaging (MVFI) did not show any infernal vascularity; however, some of the posterior aspects were considered too
deep for definitive characterization. (€) The lesion was hyperintense at contrast-enhanced T1-weighted MRI. (D) No en-
hancement was identified on the subtraction image, confirming the assessment at MVFI.

Radiology: Volume 305: Number 2—November 2022 = radiology.rsna.org
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nephrotoxic ~ contrast agent
administration (36). The avail-
able US contrast agents do not
have a renal excretion phase
and are not nephrotoxic; this
is ideal for patients with renal
impairment. The ability to use
MVFI in evaluation at the ini-
tial US examination would be
faster than placing an intrave-
nous line and administering a
contrast agent.

MVFI has been used in
evaluation of accuracy of re-
nal cystic lesion classification.
It performs better than color
Doppler alone and may be a
viable tool in more accurate
differentiation of benign and
malignant cystic renal masses
(37,38). Renal cysts frequently
have septations at US exami-
nation, not observed at CT
or MRI and attributable to
the higher spatial resolution
of US. Reliable depiction at
US of blood flow in solid and
cystic lesions with thicker
septations or nodules could
help stratify renal lesions that
require further assessment at
contrast-enhanced CT, MRI,
or US (Fig 8).

Renal cell cancer is one of
the most common malignan-
cies in the urinary tract and is
frequently an incidental find-
ing at US. Evaluation is limited
with color Doppler alone, with
MVFI sensitivity approaching
82% in detection of flow in
solid renal lesions compared
with 42% and 47% with color
and power Doppler imaging,
respectively (39). MVFI is also
useful in helping to differenti-
ate between benign and malig-
nant solid neoplasms; higher-
grade vascularity is observed
in malignant lesions (40,41),
defined as absent (grade 0) to
marked (grade 3).

Application of MVFI in
renal microvascular flow in
screening for small cancers in
patients with prehemodialy-
sis has been reported (42). In
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one study (43), MVFI showed
improved renal cortical vascu-
larity compared with color
and power Doppler imaging.
This implies potential appli-
cations for assessment of pos-
sible renal infarcts and may
also have value in evaluations
before and after transplant
(Fig 9). For example, we fre-
quently use MVFI to differen-
tiate slow flow from thrombus
in the central and hilar renal
vessels and to evaluate global
renal microvascular flow in
the transplant kidney.

Superficial Organs

Testes.—The degree of testic-
ular flow is clinically signifi-
cant in a number of benign
and malignant conditions and
in emergent settings. Testicu-
lar vascularity was assessed by
Durmaz and Sivri (44) com-
paring color and power Dop-
pler and MVFI techniques,
with  MVFI  performance
best in depicting testicular
flows and volumes in all age
groups. MVFI was also help-
ful in evaluating reduced mi-
crocirculation in testes with
associated varicocele (45). We
found the imaging technique
clinically useful in improving
diagnostic confidence of tes-
ticular infarction (Fig 10).

Lymph nodes.—Nodal evalu-
ation at US is standard of
care to differentiate between
benign inflammatory versus
malignant adenopathy, us-
ing both gray-scale and color
Doppler findings. Vascular-
ity is an important feature in
metastatic lymph nodes, con-
sidered to have more vascular-
ity overall, rather than only
hilar vascularity observed in
normal lymph nodes. Few
studies have examined the
diagnostic value of MVFI in
differentiation between ma-
lignant and benign lymph

256
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Figure 5: (A) Gray-scale and color Doppler US images in an adult patient with elevated liver function tests without

clinically significant color flow within the left portal vein (LPV). (B) Spectral Doppler image showed slow velocity flow in
the left portal vein. (€) Microvascular flow imaging depicted internal vascularity, which confirmed patency and obviated
further investigations.
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Figure 6: (A) Gray-scale US image shows iregular gallbladder wall in a 65-year-old female patient with upper ab-
dominal pain. There is a fluid collection in the liver adjacent to the gallbladder, as seen. (B) Power Doppler mode shows only
limited vascularity in the most superficial portion of the gallbladder wall. (€) Microvascular flow image and gray-scale image
depicted diffuse vascularity in the gallbladder wall, without definite blood flow in the irregular portion of the gallbladder wall
of concern. This increased confidence in diagnosis of gallbladder wall perforation, with communication with the adjacent
intrahepatic collection. (D) Spot image from cholecystostomy tube placement confirmed focal perforation of the gallbladder
with contrast leak into the adjacent collection.

Radiology: Volume 305: Number 2—November 2022 = radiology.rsna.org
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nodes. Statistically significant
improvement was observed in
detecting internal vascularity in
malignant or metastatic nodes
compared with tuberculous
lymphadenitis, with a sensitiv-
ity of approximately 89%, and
in differentiation of malignant
from benign nodes (sensitivity,
87%) compared with power
Doppler imaging (sensitivity,
54%) in a study of 147 patients
(46,47). Other studies (48,49)
showed similar findings.
Papillary  thyroid carci-
noma usually spreads to local-
regional lymph nodes, and
accurate detection of these
nodes is important in staging
and prognosis, surgical deci-
sions, and potential ablation
dosage. In a recent study (50),
MVFI showed a high specific-
ity of nearly 95% and accuracy
of 86% in correctly identify-
ing these nodes as suspicious
for metastasis on the basis of
increased abnormal vascular-
ity. Of the 80 lymph nodes
categorized as indeterminate
at power Doppler imaging, 34
were reclassified as suspicious
for malignancy at MVFI in
this study (malignancy risk,
94%). These findings point to
the high performance of MVFI
for these indications, which
are likely to help accurately
prioritize patients for further
evaluation, including tissue
sampling or PET/CT, although
further study is needed.

Vessel Assessment for
Disease

Microcirculation is one of the
most important components of
cardiovascular system. Micro-
circulatory disorders are asso-
ciated with a higher mortality
despite an otherwise optimized
larger vessel flow (51,52).
Therefore, a well-regulated and
well-functioning microcircula-
tory system may be associated
with improved outcomes. As-
sessment of perfusion is limited
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with  conventional modali-
ties like catheter angiography,
CT, MRI, and conventional
US techniques. MVFI may
be useful in multiple differ-
ent indications such as carotid
plaque vascularity and char-
acterization of postoperative
complications. We use MVFI
clinically to depict slow flow
and to differentiate slow flow
from thrombus in the periph-
eral upper and lower extremity
vessels, abdomen pelvis vascu-
lature and organs, and superfi-
cial soft-tissue masses.

Carotid  artery  plaques
commonly result in arterial
embolization, with plaques
that are prone to rupture
containing microvessels from
the vasa vasorum of the ad-
ventitia. This finding is not
observed in a stable calcified
plaque. Recent studies showed
excellent views of neovessels in
noncalcified carotid plaques,
confirmed in histologic speci-
mens (53), with a specific-
ity of 100% compared with
contrast-enhanced US (54).
Another study showed cor-
relation of microvascularity
at MVFI with histologic neo-
vascularity, inflammation, and
plaque heterogeneity, which
indicates plaque vulnerability
(55). Carotid endarterectomy
has been associated with intra-
cranial microembolism dur-
ing and after the procedure.
At MVFI], flow within the
plaque was manifest in 94%
of patients with microemboli
compared with 57% of pa-
tients without microemboli
(56), again indicating value
of MVFI in helping to predict
adverse events during and af-
ter the procedure.

Other inflammatory etio-
logic causes such as large vessel
vasculitis demonstrate involve-
ment of the inner third of the
media in inflammation, with
wall vascularity helping to di-
agnose active inflammation.

258

Figure 7: Images in a 6/-year-old man who was positive for COVID-19 and who presented with fever and abdominal
pain. (A) Gray-scale US image showed a large isoechoic mass in the gallbladder lumen, and gallbladder tumor was in the

differential. (B) Limited color Doppler was observed in the gallbladder wall; therefore, confidence was low that absence of
flow in the gallbladder mass indicated sludge versus tumor. (€) Increased depiction of vascularity of the gallbladder wall
and adjacent liver on microvascular flow image with no internal vascularity in the gallbladder mass improved confidence in
a diagnosis of tumefactive sludge. (D) Follow-up CT confirmed lack of contrast-enhanced mass in the gallbladder.

radiology.rsna.org = Radiology: Volume 305: Number 2—November 2022



Figure 8: Incidentally detected renal cysfic lesion in a 53-year-old male patient (Bosniak type V). (A) A mixed cysfic

and solid lesion with little internal vascularity on color Doppler images. (B) At microvascular flow imaging, greater discrete
infernal vascularity (arrows) was observed within the solid component of the mass and septations, increasing diagnostic
confidence in diagnosis of Bosniak type IV renal cell carcinoma. (€) Subsequent contrast-enhanced US imaging depicted
vascular septations and mural nodules, consistent with cysic renal cell carcinoma. (D) Subsequent CT confirmed presence
of cystic renal cell carcinoma.
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MVFI was used to depict mi-
crovessels extending into the
media, consistent with active
Takayasu arteritis, which re-
solved within 6 months of
steroid use (57). This was con-
firmed by further work that
showed a 100% specificity and
97% sensitivity of MVFI com-
pared with fluorodeoxyglucose
PET uptake (53), albeit in a

small group of patients.

Pediatric Applications

Previously, microvascular flow
US has been applied to a va-
riety of pediatric indications
(58-62), and authors described
its usefulness in helping to de-
tect and delineate microvas-
cular anatomy of the neonatal
brain (63), microvascular flow
of undescended testes and ovar-
ian pathologic abnormalities as
an indicator of tissue viability
(64,65), increased vascularity
in thyroiditis and hyperthyroid-
ism (66), and areas of hypoper-
fusion in acute pyelonephritis
(67). Furthermore, MVFI may
have an expanding role in de-
picting normal and high-grade
vesicoureteral reflux with the
advantage of avoiding invasive
catheter procedures, as shown in
a study that used MVFI to sen-
sitively help identify jets in the
bladder and kidneys (68).
Because it depicts small ves-
sels, the role of MVFI can be
expanded to a broad variety of
other clinical scenarios in pe-
diatric practice; its use in the
characterization of focal liver
lesions was described previously
in the adult population (21,69)
and can be similarly applied
to children. MVFI can in fact
readily depict the characteristic
“spoke wheel” pattern of vascu-
lar distribution in focal nodular
hyperplasia, associated with a
feeding vessel, and central vas-
cular nidus (Fig 3), allowing
for a confident diagnosis with-
out the need for US contrast
agent administration. Likewise,
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detection of the typical and predominantly peripheral globu-
lar vascularity can help differentiate between hemangiomas
(Fig 2) and malignant liver lesions, such as hepatoblastomas
or hepatocellular carcinomas, where neoangiogenesis results in
haphazard distribution of vessels within the lesion (Fig 1) but
a CEUS examination would still be required to document the
so-called washout typical of malignancy.

Another promising new application for MVFI is follow-
up for solid organ injury because it can depict small arte-
rial pseudoaneurysms, either as initial screening before US
contrast agent administration, or even as a stand-alone tech-
nique. In the event a pseudoaneurysm is detected and man-
aged conservatively, MVFI could prove to be an effective,
safe, and inexpensive modality that can be performed at
regular intervals to ensure complete resolution and/or self-
thrombosis of the pseudoaneurysm (Fig 11). An additional
benefit is that image degradation resulting in limited evalu-
ation because of lesion depth is rarely an issue in pediatric
imaging, and therefore there may be fewer challenges in use
of MVFI, particularly in the abdomen and pelvis.

Future Directions and Potential Applications

MVFI is a technique that was developed relatively recently.
Its use is small but growing. Difficulties in adoption are
similar to the introduction of power Doppler in the 1990s
(70), which also does not provide directional information.
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Figure 9:
history of frauma. (A) US Doppler image depicted

Images in a 28-year-old man with

a heterogeneous area in the right kidney with rela-
tive paucity of flow in the mid and lower pole. Hy-
poechoic area (white arrow) within infarcted zone
represented laceration with hemorrhage and fluid,
which was observed at CT. (B) Noncontrast micro-
vascular flow image clearly demarcated the area
without vascularity that was confirmed on the (C)
subsequent confrast-enhanced CT image.

However, in our experience and with the case examples pro-
vided, MVFI is a valuable addition to color Doppler im-
aging, likely reducing or eliminating the need for power
Doppler imaging. The choice of power Doppler or MVFI
use after color Doppler to improve sensitivity in slower flow
detection may be based on scanner capability and patient
factors such as depth. If present and if clinically indicated,
patients can be triaged to receive further dedicated imaging
such as in the case of equivocal renal lesions.

Considering the ability of MVFI in detection and char-
acterization of benign and malignant lesions in different or-
gan systems as described, MVFI may also be useful in assess-
ing treatment response. Preliminary studies have evaluated
increased vascularity in endometrial and prostate cancer
(71,72). MVFI may be of use in determining residual versus
recurrent disease in pre- and posttreatment (eg, transplant,
ablation) vascularity assessment (73), although CEUS, CT,
and MRI are likely needed for follow-up imaging (74-76).

Other potential applications may include evaluation of
complications from vascular interventions such as endo-
vascular stent repair. MVFI was used in assessing postpro-
cedural complications from previous aortic endovascular
stent repair in a study by Cantisani et al (77) along with
CT angiography, CEUS, and conventional US. In detecting
endoleaks, MVFI showed an improved sensitivity of 75%
versus 63% and specificity of 98% versus 96%, respectively,
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Images in a 50-year-old man with no predisposing factors and sudden onset of pain in the left testis. (A) Color

Doppler image shows hypoechoic area in the left testis with no definite internal vascularity. (B) Microvascular flow image better de-
picted surrounding vascularity extending up to the margins of the hypoechoic area (arrow) compared with the color Doppler

image, which increased its diagnostic value. (€) Contrast-enhanced US (CEUS) showed no infernal vascularity consistent with

segmental infarction. The CEUS image gave the best definition of the vascularized borders. Contraction and resolution were

identified over 6 months of serial US.

compared with color Doppler (78). We use MVFI routinely
to assess aortic endostents when an endoleak is not observed
on color and power Doppler images, although CEUS is still
helpful in determining the origin of the leak.

Limitations

MVFI is expected to be a relatively cost-effective method
due to potential avoidance of additional investigations
including contrast studies in selected cases. Whereas
emerging evidence supports its use in viewing microvas-
cularity, there is a paucity of literature with histopatho-
logic confirmation. Moreover, to our knowledge, there
are currently no guidelines or recommendations for opti-
mal classification of various vascularity patterns. MVFI
is unable to provide directional flow and quantitative
assessment; however, quantitative imaging is possible using
contrast perfusion imaging, although with differing values
based on equipment and manufacturer. MVFI is also lim-
ited in deeper organs, and it can be clinically difficult to
assess whether lack of flow detection is because of depth
limitations or decreased perfusion, requiring further inves-
tigation. Similarly, because of signal amplification that uses
many adaptive filtering approaches, artifacts from specular
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reflectors or unsuppressed motion may create the appearance
of flow, particularly at deeper imaging. The key to differen-
tiation of actual flow versus artifact is to observe whether
there is pulsation detected while observing the area, similar
to what would be observed with blood flow. This technique
also requires dedicated software and/or upgrades that may
not be available on all transducers and in all centers. Ad-
ditionally, like all US techniques, MVFI is also affected by
motion, especially from breathing and cardiac pulsatility.

Although we have tried to consolidate MVFI techniques
under one umbrella, each manufacturer takes slightly dif-
ferent approaches to data collection, processing, and dis-
play. There is a dearth of head-to-head comparisons between
manufacturers to show that the performance of these tech-
niques is comparable between systems because techniques
are rapidly evolving.

Conclusion

Color and power Doppler imaging and contrast-enhanced
US (CEUS) imaging have become increasingly important
in the complete sonographic depiction of disease in vessels
and organs. The development of increasingly sensitive micro-
vascular flow imaging US techniques extends the ability of
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noncontrast-enhanced US to
help confidently diagnose and
exclude pathologic abnormali-
ties, and it may obviate further
CEUS, contrast-enhanced CT,
and contrast-enhanced MRI.
Further research and experi-
ence will inform future appli-
cations, including differentia-
tion of benign and malignant
conditions, rapid vessel vascu-
larity assessment, and pre- and
posttreatment indications.
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