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Doppler ultrasound is one of the oldest modalities for measuring and visualizing blood flow. This 
review paper explores the principles of Doppler ultrasound and blood flow imaging. Following a 
brief history of Doppler ultrasound, all Doppler modes, including B-Flow imaging, are discussed, 
with emphasis on spectral broadening and Doppler spectrum amplitude in relation to clinical 
implications. The paper also outlines sources of uncertainty in Doppler flow measurement. 
Emerging technologies in blood flow imaging are introduced, including microvascular flow 
imaging without contrast agents and four-dimensional vascular imaging from a two-dimensional 
transducer, which have been commercialized within the past decade, as well as row-column 
array transducer systems, high-frame-rate imaging, and photoacoustic imaging, which remain in 
preclinical and research stages.
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Key points: A foundational overview of all Doppler modes including B-Flow imaging were 
covered, highlighting spectral broadening and amplitude of the Doppler spectrum with clinical 
implications. The factors of uncertainties in Doppler flow measurement including transverse 
plane measurement is explained. Emerging blood flow imaging includes microvascular flow, 4D 
vascular imaging, RC array systems, and photoacoustic imaging. 
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Introduction

The Doppler ultrasound technique is one of the first modalities applied in medical ultrasound [1,2]. It 
continues to be widely used in current commercial systems to measure blood flow velocity in vessels. 
Since the introduction of the first Doppler technique in 1955 [3], Doppler modalities have advanced 
to enable real-time two-dimensional (2D) imaging, including color and power Doppler. However, 
these conventional techniques still require a deeper understanding to accurately interpret Doppler 
spectrograms and 2D visualization in real time. This review paper aims to highlight lesser-known 
aspects of spectral broadening and the grayscale amplitude of the ultrasonic Doppler spectrum, which 
may be useful for medical practitioners and sonographers.

A brief history of Doppler ultrasound is presented alongside related blood flow visualization 
techniques. The principles of Doppler ultrasound are reviewed with a particular focus on spectral 
broadening and the grayscale amplitude of the Doppler spectrum. Doppler ultrasound is commonly 
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regarded as reflecting only the frequency shift produced by flowing 
blood, which can be converted into blood velocity. However, 
the grayscale amplitude of the Doppler spectrum also contains 
information about blood properties and hemodynamics, which is 
often overlooked. Real-time 2D blood flow imaging techniques, 
such as color Doppler, power Doppler, and B-Flow imaging, are then 
summarized and compared [3,4]. These Doppler spectrum principles 
are linked to measurement methodologies and associated errors 
or uncertainties. Sources of measurement uncertainty are briefly 
outlined, with practical consideration of Doppler speed measurement 
in the transverse plane for small veins or tortuous vessels [5]. 

In the past decade, several emerging blood flow measurement 
and visualization techniques have been developed. Microvascular 
flow imaging (MVFI) and similar technologies have already been 
commercialized in ultrasound systems from manufacturers such as 
Samsung, Philips, Siemens, and Toshiba [6]. Another commercialized 
advance is real-time three-dimensional (3D) vascular imaging using 
a 2D matrix array transducer, introduced by Philips [6]. Additionally, 
preclinical technologies such as high-frame-rate imaging and 
photoacoustic imaging (PAI) are being investigated to visualize 
microvascular networks and measure slow blood flow in small-
animal models [6,7].

This review paper explains Doppler spectral broadening and 
grayscale amplitude in terms of Doppler principles. Conventional 
pulsed-wave (PW) Doppler, color and power Doppler imaging, and 
B-Flow imaging are briefly summarized, compared, and discussed 
in relation to clinical applications. Transverse measurement 
methodology for blood flow is analyzed in the context of 
measurement accuracy. The final section introduces recent advances 
in blood flow visualization and measurement, including MVFI and 
real-time 3D vascular imaging systems. Additional technologies, such 
as row-column (RC) array transducer systems for real-time 3D blood 
flow, high-frame-rate imaging, and PAI for microvascular network 
visualization, are also discussed, with emphasis on their current 
status as preclinical or research systems [8,9].

A Brief History of Doppler Ultrasound 
Technique

The Doppler principle was first applied to detect the sounds of 
cardiac valvular motion and blood flow in the limbs and eye 
noninvasively using 3 MHz ultrasound by Japanese scholars in 
1955 [1,2,10]. Satomura initially misinterpreted Doppler signals, 
attributing them to turbulent flow. In 1962, Kato et al. [3] 
demonstrated that the Doppler frequency shift was proportional to 
the velocity of laminar flow and that the voltage output magnitude 
corresponded to the number of red blood cells (RBCs). His team 

developed the first directional flow meter in 1966 [3,11]. However, 
his assumption that output voltage magnitude depended solely on 
the number of RBCs was only partially correct, as the magnitude is 
a nonlinear function influenced by hematocrit, RBC aggregation, the 
electronic system, and filtering [3,12].

In 1959, Franklin et al. [13] developed a PW ultrasonic flowmeter 
that enabled measurement at a specific sampling depth using 
pulse gating. The duplex imaging system, which combined PW 
Doppler sampling with B-mode imaging, was introduced in 1974 
[14]. A decade later, color Doppler imaging modes were first 
commercialized for real-time visualization of blood flow in the 2D 
vessel lumen according to flow direction—initially by Aloka in 1984 
and later by Toshiba in 1985 [11]. Power Doppler ultrasound, first 
described by Rubin et al. in 1994 [15], displays color representing 
the integrated power of Doppler signals across the frequency band 
within the vessel lumen. This development marked the first use of 
amplitude information from the Doppler spectrum rather than mean 
Doppler frequency shift data. Because of its higher signal-to-noise 
ratio (SNR), power Doppler enabled the visualization of smaller 
vessels compared to color Doppler or PW Doppler imaging. Another 
modality based on amplitude was B-Flow imaging, introduced by GE 
Healthcare in the late 1990s [12]. Several studies in the early 2000s 
reported applications of this new technique [11,16]. Unlike power 
Doppler, B-Flow imaging displays the amplitude of backscattered 
signals from flowing blood rather than integrated power. The 
backscattered signal strength is a complex function determined by 
factors such as the number of RBCs, the degree of aggregation, 
density, and compressibility contrasts between RBCs and plasma, 
and packing effects, in addition to sampling volume, filtering, and 
other electronic or digital processing. The grayscale intensity in 
B-Flow, similar to power Doppler, is primarily influenced by RBC 
aggregation, as will be described in a later section.

In the late 2010s, a new Doppler imaging method capable of 
detecting very low flow velocities in microvascular vessels without 
contrast agents was developed and subsequently commercialized 
in several ultrasound systems [17]. Over the past decade, additional 
blood flow imaging modalities have been introduced for both clinical 
and research use, including MVFI, four-dimensional (4D) vascular 
imaging with a 2D matrix array transducer, plane-wave high-
frame-rate imaging, and PAI [12]. This brief history of the Doppler 
ultrasound techniques and blood flow visualization is summarized in 
Fig. 1.

Principles of Doppler Ultrasound, Including 
Uncertainty

This section reviews the principles and methodologies of Doppler 

http://www.e-ultrasonography.org


Doppler ultrasound and blood flow imaging

e-ultrasonography.org	 Ultrasonography 44(6), November 2025 411

ultrasound for blood flow measurement and visualization. 
Continuous and PW Doppler are described, with emphasis on the 
interpretation of Doppler frequency shifts, spectral broadening, 
and spectral amplitude. Color Doppler, power Doppler, and B-Flow 
imaging are also discussed, along with their clinical implications. 
The advantages and disadvantages of these Doppler techniques and 
blood flow visualization modalities are compared. 

Doppler Principles with Continuous and PW Doppler 
Doppler ultrasound enables noninvasive, real-time assessment of 
hemodynamics by measuring frequency shifts in ultrasound signals 
backscattered by moving RBCs. Two primary categories of Doppler 
ultrasound have been developed: continuous-wave (CW) and 
PW Doppler. CW Doppler employs two transducer elements, one 
transmitting continuously and the other simultaneously receiving 
backscattered signals from tissues and flowing blood. This method 
can capture all velocity components within vessels along the 
ultrasound beam path [18]. CW Doppler is particularly valuable for 

detecting high flow velocities, which are frequently encountered in 
cardiovascular diagnostics. It plays an essential role in noninvasive 
assessment of cardiovascular hemodynamics and has established 
clinical applications in conditions such as aortic valve stenosis and 
aortic regurgitation [19-22]. However, CW Doppler inherently lacks 
depth information, which limits its ability to localize flow precisely 
or to distinguish signals from adjacent vessels [10,17]. In contrast, 
PW Doppler transmits and receives short ultrasound pulses with a 
single transducer, providing depth-specific velocity measurements 
within a defined sampling volume. These measurements are widely 
applied for evaluating velocity and cardiac output within localized 
cardiac regions, assessing valvular regurgitation [23,24], estimating 
the degree of vascular stenosis [25-27], and quantifying pressure 
gradients across heart valves [5,28]. However, because PW Doppler 
employs a single transducer element, it is subject to a maximum 
measurable velocity limit [29]. Duplex imaging, which displays the 
sampling volume of PW Doppler on B-mode vessel images together 
with the Doppler spectrogram, is commonly used to quantify blood 

Fig. 1. A brief history of Doppler ultrasound technology. Satomura introduced this technology in 1955, and then Kato specified the Doppler 
shift for blood velocity and spectral amplitude from red blood cell (RBC) number. Other innovations include pulsed wave Doppler, color 
Doppler for frequency shift information, another track to use spectrum amplitude, power Doppler and B-Flow imaging, followed by emerging 
technologies in Doppler and blood flow imaging in the 2010s and 2020s. 

Timeline of development of ultrasonic Doppler technique

Velocity measurement-based Doppler technique Spectrogram amplitude-based flow imaging

First medical use of the Doppler principle for cardiac valve and 
vascular [1,2,10] 1955

1959

1962

1966

1974

1982

1994

2001

Development of pulsed Doppler ultrasound [13]

Identified Doppler frequency shift proportional to laminar flow 
velocity; output related to RBC count [3]

Introduction of power Doppler ultrasound for enhanced detection of low- 
flow and small vessels [15]

Introduction of B-Flow [16]

Commercialization of real-time 2D color Doppler imaging [11]

Development of advanced Doppler techniques for
microvascular flow imaging [11,16,17]

MVFI (microvascular flow imaging), 4D vascular imaging, high-frame-rate plane wave imaging, photoacoustic imaging [30-32]

Development of first directional flowmeter [3,11]

Duplex system combining B-mode imaging with pulsed Doppler 
[13,14]

2010s~

2020s~
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mean blood flow velocities derived from the Doppler bandwidth. 
In certain cases, the Doppler frequency spectrum broadens, a 
phenomenon known as spectral broadening, which is explained in 
the next section.

Doppler Spectral Broadening
Doppler spectral broadening primarily arises from the simultaneous 
detection of multiple velocity components within the sample volume 
[34,35]. Although often misinterpreted as a sign of turbulence, 
it may simply reflect limitations in sampling technique. True flow 
disturbance or turbulence also broadens the Doppler spectrum, 
but additional causes include improper sampling, inappropriate 
gain settings, and inherent velocity differences within the sample 
volume. Consequently, careful attention to sampling conditions and 
spectral context is essential when interpreting spectral broadening 
in Doppler spectrograms. Misinterpretation can lead to diagnostic 
errors, particularly when evaluating vascular pathology or blood 
characteristics. Conversely, a small and accurately positioned 
sample volume within a laminar flow region produces a narrow, 
well-defined spectral envelope that faithfully represents uniform 
velocities. 

Spectrogram and Doppler Spectral Amplitude
In ultrasonic Doppler spectra, velocity information is typically 
derived from the Doppler frequency shift. However, the amplitude 
of the Doppler spectrum—displayed as grayscale intensity in the 
spectrogram—also provides hemodynamic insights beyond velocity. 
At any given time point, the variation in grayscale amplitude 

velocity at specific vessel sites.
The fundamental principle of Doppler ultrasound is that the 

frequency of backscattered ultrasound waves changes proportionally 
to the relative motion between the transmitted wave and scatterers, 
typically RBCs [33]. The measured frequency shift (∆f= f0-f1), where 
f0 is the emitted ultrasound frequency and f1 is the backscattered 
ultrasound frequency, is a function of the velocity (v) of the 
scatterers, incidence angle (θ) between the ultrasound beam and 
blood flow direction, and the sound speed (c) in blood, as expressed 
in the Doppler equation: 

f0-f1=∆f=
2vcosθ f0c

Several factors influence the measurement accuracy. Although the 
emitted frequency (f0) and sound speed (c) in the blood are relatively 
consistent, Doppler ultrasound systems are prone to significant 
errors in blood flow velocity measurements. Overestimation of 
velocity has been reported in several studies [4]. One of the most 
critical factors is the angle of incidence. Additional contributors 
include sampling volume, signal processing, and electronic system 
characteristics, though these are not addressed in detail here.

As illustrated in Fig. 2, the Doppler frequency shift is greatest 
when the ultrasound beam is parallel to flow (0° or 180°), though 
this alignment is rarely achievable in practice. Optimal accuracy is 
generally obtained at incidence angles ≤60°. At 90°, the cosine 
term equals zero, producing no Doppler shift and making velocity 
measurement impossible. In clinical applications, PW Doppler or 
duplex mode typically relies on real-time determination of peak or 

Fig. 2. Schematic illustration of the influence of the incidence angle (θ) between the ultrasound beam (Doppler line) and blood flow 
direction on Doppler ultrasound measurements. 
A. When the ultrasound beam is parallel to the direction of blood flow (θ=0°), the maximum Doppler frequency shift is observed, although 
this orientation is not practical. B. At an oblique angle, the measured Doppler shift decreases according to the cosine of the angle. C. When 
the ultrasound beam is perpendicular to the blood flow (θ=90°), no Doppler frequency shift is detected, regardless of whether the vessel is 
imaged in-plane or out-of-plane.
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along the frequency (y-) axis reflects the strength of backscattered 
ultrasound signals across the frequency band. This Doppler spectral 
amplitude is primarily determined by the number and size of 
scatterers within the sample volume, provided that other factors, 
such as the transducer, electronic system, and filter compensation, 
remain constant [36]. Fig. 3 presents PW Doppler images acquired 
from two different scattering media under identical conditions: an 
incidence angle of 60° and a sample volume of 2 mm within the 
same tube. Fig. 3A shows results from a viscous mixture of water, 
glycerol, and potato starch (2:3:0.1 by volume), while Fig. 3B depicts 
porcine whole blood. The most striking differences between the 
two media appear not only in velocity profiles but also in grayscale 
amplitude. In the glycerol solution, potato starch particles serve as 
weak scatterers, whereas in porcine whole blood, the dominant 
backscatter is generated by RBCs, producing a much stronger 
signal. Velocity differences are primarily attributable to the distinct 
viscosities of the two fluids, since both the pump and ultrasound 
system settings were unchanged.

Fig. 4A shows duplex imaging with a PW Doppler spectrogram 
over a pulsatile cycle. The corresponding Doppler waveform (Fig. 
4B) and spectrogram (Fig. 4C) are introduced schematically. 
The waveform illustrates temporal variations in Doppler signal 
amplitude, derived from frequency shifts and amplitude changes 
within the sample volume. The spectrogram provides a quantitative 
depiction of temporal variation in both frequency shift and 
amplitude. Notably, the area under the frequency–amplitude curve 
(frequency×amplitude) represents Doppler power, which remains 

constant for a given scatterer population. As a result, lower-
frequency components are associated with higher amplitudes 
and narrower bandwidths, whereas higher-frequency components 
produce lower amplitudes and broader bandwidths due to larger 
velocity fluctuations within the sample volume and the system’s 
frequency response. Increased grayscale amplitude in low-frequency 
regions can also result from smaller velocity variations and system 
response characteristics.

Doppler spectral amplitude is determined by a combination of 
factors, including the electronic system, digital signal processing, 
and backscattering strength from flowing blood. The backscattered 
strength itself depends on hematocrit (RBC fraction per unit volume) 
and its nonlinear packing factor, the size of RBCs and rouleaux, 
and the acoustic impedance mismatch (density and compressibility 
differences) between RBCs and plasma [36]. Excluding system-
related contributions, Doppler amplitude is largely governed by 
the strength of backscatter from blood. Under the assumption 
that RBCs act as Rayleigh scatterers (smaller than the ultrasound 
wavelength), backscattered intensity is proportional to the square of 
scatterer volume, a nonlinear hematocrit-dependent packing factor, 
the fourth power of frequency, and the square of the normalized 
density/compressibility difference between RBCs and plasma. 
Doppler power, defined as spectral amplitude integrated over the 
frequency bandwidth, is primarily influenced by RBC aggregation 
and varies within the pulsatile cycle [9]. Fig. 4D illustrates two 
representative hemorheological factors affecting amplitude at 
higher frequencies: RBC aggregation and local hematocrit changes. 

Fig. 3. Pulsed-wave (PW) Doppler images acquired from a sample with angle of 60° and a sample volume of 2 mm within the same 
flow tube. 
Two spectrograms show distinct differences in both velocity and grayscale amplitude. (A) PW Doppler imaging with a viscous fluid mixture 
and (B) porcine whole blood. 
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In particular, cyclic increases in echogenicity due to RBC aggregation 
under pulsatile flow have been reported previously [15]. These 
hemorheological processes can therefore contribute to amplitude 
enhancement. Thus, grayscale amplitude within the spectrogram 
provides indirect information on RBC concentration, aggregation 
dynamics, and rheological or viscosity changes [15]. Previous studies 
have demonstrated that arterial flow under pulsatile conditions 
may exhibit transient increases in Doppler power linked to RBC 
aggregation or localized hematocrit changes during systole, 
as shown in Fig. 4D [37-39]. This transient enhancement of 
backscattered signals—known as the "bright collapsing ring"—has 
been observed in Doppler power and B-mode imaging using in vitro 
porcine blood and in vivo human carotid and radial arteries [24,40]. 
This evidence suggests that analysis of Doppler spectral amplitude, 

reflecting the backscattered strength of flowing blood, provides 
valuable insights into RBC dynamics and the hemorheological 
properties of blood flow [41]. While quantitative clinical application 
of spectral amplitude remains impractical, its interpretation is 
essential for understanding power Doppler and B-Flow imaging.

Color Doppler and Power Doppler 
Color Doppler imaging provides a directional flow-speed map using 
the BART convention (blue away, red toward) superimposed on 
B-mode vessel images. The brightness of each color corresponds to 
the magnitude of the Doppler frequency shift, and thus to higher 
flow velocities, although angle dependence can influence this 
relationship. This real-time 2D technique relies on autocorrelation 
in the time and spatial domains rather than on frequency-domain 

Fig. 4. Doppler waveform and spectrogram: mechanisms of spectral amplitude enhancement by hemorheology and spectral broadening.
A. Schematic represents time-dependent velocity and grayscale amplitude within the Doppler sample volume based on the Doppler principle. 
B. Doppler waveform illustrates the composition of various frequency and amplitude components over time. C. Doppler waveform illustrates 
temporal changes in frequency shift and amplitude, where higher frequency components generally show decreased grayscale amplitude; 
however, in blood flow, amplitude at higher frequencies can increase due to hemorheological properties such as elevated hematocrit and 
erythrocyte aggregation. D. B-mode ultrasound image of the common carotid artery (CCA), shows that echogenicity (spectral amplitude) 
varies with hemorheological factors, such as cyclic changes in red blood cell (RBC) aggregation during a cardiac cycle. E. Doppler waveform 
acquired from the proximal CCA exhibits laminar flow characteristics. F. Doppler waveform from the internal carotid artery of a patient with 
greater than 70% stenosis, demonstrates turbulent flow and spectral broadening. Note that amplitude can also be affected by spectral 
broadening.
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Doppler spectral analysis, enabling rapid processing [42]. While 
color Doppler displays flow velocity qualitatively through color 
brightness, it does not yield fully quantitative velocity measurements. 
Quantif ication is general ly performed using PW Doppler 
spectrograms in duplex imaging. Both color and PW Doppler 
imaging employ wall filters to eliminate low-frequency signals from 
tissue motion, such as pulsation and respiration. However, these 
filters also suppress low-velocity blood flow components, reducing 
sensitivity [34].

In power Doppler imaging, Doppler power—defined as the 
integrated spectral amplitude across the frequency band—is 
mapped to color brightness, independent of velocity and direction. 
Later developments added optional directional information. Power 
Doppler is less dependent on the angle of insonation and is 
particularly effective for small-vessel visualization due to the high 
SNR achieved by integrating power over the frequency range. It is 
reported to be approximately three times more sensitive than color 
Doppler [43]. This Doppler power mode provides spectral amplitude 
information, as explained in the previous section. Fig. 5 shows 
duplex color Doppler imaging (Fig. 5A) and power Doppler imaging 
(Fig. 5B) with a PW Doppler spectrogram, measured from a branch 
of the carotid artery.

Thus, color Doppler is best suited for evaluating flow direction, 
velocity, and turbulence, making it particularly useful for large 
vessels and flows with moderate-to-high velocities. By contrast, 
power Doppler is highly sensitive to low-velocity flow, even though it 
does not provide velocity magnitude or directional information. This 
makes it advantageous for detecting small-vessel flow, inflammatory 

hyperemia, tumor vascularity, and residual slow flow distal to 
severe stenosis [6,43]. These complementary features support their 
clinical application for both diagnostic evaluation and treatment 
monitoring. Table 1 summarizes the clinical uses and distinguishing 
characteristics of color and power Doppler imaging by lesion type 
[44-53].

B-Flow Imaging
The echoes generated by RBCs are typically ~1/1,000th the intensity 
of surrounding tissue signals (-60 dB), causing the vascular lumen 
to appear black on conventional ultrasound. Using a long transmit 
pulse can amplify these weak signals, but at the cost of spatial 
resolution, since resolution is inversely proportional to pulse length 
[54]. To address this, GE developed the B-Flow imaging system in 
the late 1990s, using digitally encoded ultrasound with tissue–
blood equalization technology to suppress tissue echoes while 
amplifying blood signals. This approach allows backscattered 
blood echoes to be displayed with spatial resolution comparable 
to grayscale imaging. B-Flow provides real-time visualization of 
blood flow dynamics with high spatial and temporal resolution, free 
from Doppler-related artifacts such as color blooming or aliasing 
[55]. Although it does not directly provide velocity or directional 
information, it produces clearer vascular and flow images than 
conventional duplex ultrasound. Directional data were later 
incorporated in B-Flow color imaging, similar to enhancements 
made in power Doppler. Like power Doppler, B-Flow represents 
another modality that utilizes the amplitude of backscattered signals 
from flowing blood [56,57].

Fig. 5. Duplex color and power Doppler imaging with pulsed-wave Doppler.
Duplex color Doppler (A) and power Doppler imaging (B) were performed with pulsed-wave Doppler, measured from the bifurcation of the 
carotid artery. 
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Fig. 6 shows cross-sectional B-Flow imaging of the carotid 
artery acquired with a GE Healthcare LOGIQ P9 system. This 
modality enables high spatial-resolution visualization of temporal 
changes in ultrasonic echogenicity caused by RBC motion. As a 
result, it captures dynamic blood flow variations throughout the 
cardiac cycle, including both diastolic deceleration (Fig. 6A) and 
systolic acceleration (Fig. 6B). Although B-Flow does not provide 
quantitative velocity or directional data, it is particularly well suited 
for qualitative assessment of dynamic arterial flow patterns in vivo.

Overall, Table 2 highlights that CW and PW Doppler are most 
effective for quantitative velocity measurements, color Doppler is 
optimal for mapping flow direction and relative velocity, power 

Doppler excels at detecting the presence of low-velocity flow, and 
B-Flow provides high-resolution anatomical visualization without 
Doppler-related artifacts.

CW Doppler continuously transmits and receives ultrasound 
signals, allowing the detection of very high velocities without 
aliasing. However, it lacks depth resolution. PW Doppler, by 
transmitting short pulses, provides velocity measurements at specific 
depths, producing a spectral waveform with frequency shift and 
amplitude information. Its limitation lies in Nyquist aliasing at high 
velocities. Both CW and PW Doppler provide quantitative velocity 
data and precise directional information in a 1D waveform display 
[57,58].

Table 1. Summary of clinical applications of color Doppler and power Doppler imaging
Lesion type Color Doppler Power Doppler Reference

Stenosis/Occlusion - Best for assessing hemodynamic severity
   of stenosis via flow direction and velocity; 
   less sensitive for very slow flow

- Highly sensitive for detecting very slow or residual flow and 
   distinguishing subtotal from complete occlusion. 
- No flow direction or velocity information

[7,46]

Tumorous lesions - Provides flow direction and velocity 
   within tumor vessels
- Exhibits sensitivity for very slow or 
   microvascular flow

- Visualizes peritumoral microvasculature and estimates 
   vascular density
- Better depiction of overall vascular density in tumors
- Less affected by angle dependence
- Susceptible to motion artifacts

[47-51]

Inflammatory lesions - Differentiates arterial vs. venous flow in 
   inflamed tissue
- Enables grading of vascularity in synovitis 
   and dermatologic inflammation
- May miss early neovascularization

- Higher sensitivity for detecting low-velocity flow in inflamed 
   tissue and synovial microvasculature
- More accurate depiction of neovascularization extent
- Useful for monitoring therapy response via changes in 
   microvascularity
- Does not provide flow direction or velocity
- Sensitive to motion artifacts in superficial inflamed regions

[52,53]

Table 2. Comparison of five ultrasound modalities—CW and PW Doppler, color Doppler, power Doppler imaging, and B-Flow (color)—
based on their underlying physics, display formats, and functional capabilities

Feature CW Doppler PW Doppler Color Doppler Power Doppler B-Flow (color)
Doppler frequency shift Yes Yes Yes No but integrated No

Amplitude in spectrum No, but gray scale No, but gray scale No Yes, but integrated Yes, but in backscattered 

Display spatial 
dimension 

Spectrogram Spectrogram 2D
(blue away, red toward)

2D color 2D gray (gradient)

Directionality Directional Directional Red/blue encoding No but added No but added in color

Velocity quantification Velocity in whole depth Velocity in sample Relative only No No

Wall filters to remove 
low-velocity flow

Yes Yes Yes Yes No

Aliasing Yes Yes Yes No No

Angle dependency High High High Minimum No

Spatial resolution None Sampling depth Bad Bad Good

Hemodynamics 
information

Directional flow velocity Directional flow velocity Directional flow velocity Flow presence Flow pattern (directional)

Penetration Good Good Good Good Moderate

Clinical practices Limited Often Often Often for small vessels Limited

CW, continuous wave; PW, pulsed wave.
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Color Doppler overlays 2D color maps on B-mode images 
to indicate the direction and relative magnitude of flow. While 
it provides useful anatomical context, it suffers from angle 
dependence, reduced spatial resolution, and aliasing at high flow 
velocities. Power Doppler, which maps signal amplitude rather than 
frequency shift, is more sensitive to slow or small-vessel flow and 
less susceptible to aliasing. However, it does not measure velocity, 
though later directional modes were introduced to visualize flow 
orientation [48].

B-Flow, by contrast, is a non-Doppler approach that directly 
visualizes moving scatterers such as RBCs in grayscale. This 
technique provides high-resolution imaging of both vessel walls and 
the lumen without aliasing or angle dependence, though it lacks 
velocity or hemodynamic quantification. B-Flow color extends this 
by adding directional color coding, thereby maintaining anatomical 
clarity while indicating flow direction, but still without quantitative 
velocity data [59].

Measurement Uncertainty from Angle and 
Transducer Plane

Several factors influence the accuracy of PW Doppler spectrogram 
measurements. These include transmitting frequency, the sound 
speed of the medium, and sampling volume, although their effects 
are relatively minor. Greater uncertainty arises from how velocity 
is derived from the Doppler spectrum—whether maximum or 
mean frequencies are used. Additional contributions to inaccuracy 
stem from signal processing algorithms, the frequency response 
function, and wall filter design. Among all sources of error, the angle 
between the ultrasound beam and the direction of blood flow is 

one of the most critical in practice. Consequently, proper alignment 
of the transducer with the vessel is essential for accurate velocity 
estimation. This section focuses on the implications of angle and 
transducer alignment for Doppler measurement accuracy.

When measuring blood flow velocity with Doppler ultrasound, 
the longitudinal view is recommended as the standard approach 
[60-62]. This orientation reduces uncertainty regarding the angle 
between the ultrasound beam and blood flow in duplex mode, 
although some ambiguity remains in the depiction of flow direction 
relative to the ultrasound beam in B-mode images. The ultrasound 
beam diverges outside the focal region, and sampling volume 
placement in duplex imaging is not always exact. Furthermore, 
frequency bandwidths in the spectrogram must be converted into 
blood velocity, introducing uncertainty depending on whether 
peak and/or mean frequency values are applied. Maintaining an 
optimal incidence angle is especially challenging in tortuous or 
deeply located small vessels, making measurement accuracy heavily 
operator-dependent. In contrast, the transverse view, while providing 
intuitive anatomical visualization, is generally unreliable for velocity 
quantification because the beam is nearly perpendicular to the 
flow [63]. As a result, consistency, repeatability, and reproducibility 
of transverse-based quantitative measurements are inadequate. 
To address these limitations, a phantom study investigated the 
feasibility of tilted transverse views. The aim was to evaluate 
the impact of probe tilt angle on velocity measurements in the 
transverse plane and to compare them with standard longitudinal 
measurements (Fig. 7A). Tortuous and straight vessel phantoms 
were fabricated using silicone tubing with an internal diameter 
of 2 mm (Fig. 7B). Flow velocities were recorded under defined 
conditions using PW Doppler, with measurements obtained at 

Fig. 6. Cross-sectional B-Flow imaging of the common carotid artery (CCA) acquired with a GE Healthcare LOGIQ P9 system. 
The diastolic phase (A) and the systolic phase (B) are shown. The arrows indicate the CCA.
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varying probe tilting angles, as illustrated in Fig. 7C. A Bland-Altman 
analysis (Fig. 7D) was performed to assess agreement and bias 
between longitudinal (L) and tilted transverse (T) measurements. 
The results demonstrated agreement between longitudinal and 
transverse scans with probe tilts of 5°, 10°, and 15° [T(5), T(10), 
T(15)], with the smallest bias observed at 15° (-0.4), indicating 
the closest correspondence between methods. Maximum velocities 
were measured for two vessel types across multiple flow conditions, 
yielding 12 datasets for analysis. These findings suggest that tilting 
the probe by approximately 15° provides velocity measurements 
most consistent with standard longitudinal scanning. This approach 
may serve as a practical alternative for evaluating reflux in small 
and irregular veins [64], such as tortuous saphenous veins in 
the extremities. In situations where longitudinal scanning is 
technically difficult, tilting the probe by about 15° to 20° in the 
transverse plane may offer hemodynamic information comparable 
to longitudinal Doppler. However, additional studies are needed to 

confirm reproducibility and consistency in clinical practice. Validation 
of this technique would support its potential as a practical 
diagnostic tool for small and tortuous vessel diseases.

Emerging Blood Flow and Vessel Imaging

Two recently commercialized technologies have advanced blood flow 
measurement and imaging: MVFI and 4D vascular imaging using 
a 2D array transducer system. In addition, several preclinical and 
research-stage methods, such as RC array transducers, high-frame-
rate plane-wave imaging, and photoacoustic imaging, are being 
developed for visualizing microvascular networks and measuring 
slow blood flow. This section briefly introduces each modality, with 
emphasis on their underlying principles, resolution, and clinical 
applications.

Fig. 7. In vitro flow phantom study for transverse and longitudinal pulsed wave (PW) Doppler measurement comparison.
A. Schematic diagram illustrates transverse PW scanning according to the tilting angle of the probe. B. Flow circulation system is used for 
quantitative evaluation of the feasibility. C. Experimental setup includes straight and tortuous phantom tubes. A peristaltic pump (RP-1000, 
Eyela, Japan) was employed to produce a consistent flow rate at 120 revolutions per minute, thereby simulating a circulatory system. PW 
Doppler was obtained using an ultrasound (US) imaging system (GE Voluson e, GE Healthcare, Düsseldorf/Deutschland) with a 5–13 MHz 
linear transducer (GE 12L-RS). D. Bland-Altman agreement analysis compares velocity measurements obtained by longitudinal and transverse 
PW Doppler scanning at probe tilting angles of 5°, 10°, and 15°. SD, standard deviation.
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Clinical Blood Flow Imaging Systems
Microvascular flow imaging 
A new Doppler-based modality was introduced about a decade 
ago to enhance detection of very low blood flow velocities in small 
vessels without the use of contrast agents. Several commercial MVFI 
systems are now available, including Superb Microvascular Imaging 
(Canon Medical), Slow Flow (Siemens Healthineers), Microvascular 
Imaging (GE Healthcare), MicroFlow Imaging (Philips), and MV-
Flow (Samsung) [6,65]. These innovative Doppler techniques could 
overcome the limitations of conventional Doppler modes, which 
require wall filters that inadvertently remove low-velocity flow along 
with clutter artifacts from tissue motion. MVFI employs advanced 
clutter suppression techniques to isolate slow flow signals. These 
include spatiotemporal coherence analysis, motion suppression, 
artifact reduction methods, and adaptive filtering strategies such as 
singular value decomposition to remove clutter [6]. MVFI can also 
be implemented with high-frame-rate plane-wave imaging.

Clinical evidence supports the utility of this approach. In a 
prospective study of 30 women with fibroids (1.5-12 cm), 2D MV-
Flow imaging (Samsung HERA W10) demonstrated excellent intra- 
and interobserver reproducibility for vascular indices and color 
scores (intraclass correlation coefficient, 0.992 to 0.996). MV-Flow 
visualized central fibroid vascularity in 63% of cases compared 
with only 13% using power Doppler (P=0.001) and revealed finer 
vascular structures. Penetration depth was also greater with MV-
Flow (3.92 cm) than with power Doppler (2.95 cm, P=0.001). 
Consistent with broader MVFI literature, the method can detect 
vessels as small as ~0.5 mm in diameter and flow velocities down 
to ~1 mm/s without contrast enhancement. These findings suggest 
that MV-Flow could improve assessment of fibroid vascularity, 
aiding growth prediction and therapy selection [66]. Further 
advances include rapid, contrast-free super-resolution ultrasound 
using erythrocyte tracking to image human lymph node vasculature. 
This technique achieved sub-wavelength resolution from 2-second 
acquisitions, detecting vessels as small as 40 μm and flow velocities 
of 2-15 mm/s. It enabled reproducible visualization of vascular 
architecture, flow direction, and temporal dynamics, offering promise 
as a noninvasive tool for lymph node evaluation [67].

 

4D vascular imaging and blood flow quantification
In 2019, Philips commercialized the world’s first 4D vascular 
ultrasound probe using a 2D matrix array transducer (XL14-3 
xMatrix Linear Array) with 14,000 elements and a broad frequency 
band (3-14 MHz). This technology enables volumetric, time-resolved 
visualization of blood flow with unprecedented temporal and spatial 
resolution. The modality combines plane-wave insonification and 
coherent compounding with 2D matrix array transducer technology 

to generate full-volume blood flow data at rates exceeding 4,000 
volumes per second [68]. Validation studies in phantoms and 
human carotid arteries demonstrated high accuracy of volumetric 
flow rate measurements, with errors below 5% at flow rates up 
to ~360 mL/min and acceptable performance even under higher 
flow conditions (~490 mL/min). These results confirm the feasibility 
of real-time hemodynamic assessment within a single heartbeat 
[68]. Furthermore, 4D vascular imaging can also be integrated 
with vector flow imaging (VFI). Together, these techniques provide 
high resolution, accurate velocity quantification, broad vessel 
size applicability, and strong clinical relevance. Reported spatial 
resolutions range from sub-millimeter (~0.3-0.5 mm lateral) to 
full-neck coverage (~10 cm) for comprehensive vascular mapping. 
Imaging depths extend to ~70 mm in phantom studies and cover 
the full carotid artery in clinical protocols. Velocity measurements 
range from peak systolic velocities in large arteries (e.g., 0.79±0.29 
m/s at carotid bifurcations) to volumetric flow rates with <5% error 
under controlled conditions [59]. Vessel sizes assessed range from 
common carotid arteries (~6-8 mm diameter) to bilateral middle 
cerebral arteries and spiral phantom models [69]. Preclinical and 
clinical applications include carotid hemodynamic assessment [30], 
intracranial hemodynamic quantification, phantom validation of 
multidirectional pulsatile flow, and real-time visualization of complex 
flow fields. Multiple studies have demonstrated high accuracy in 
velocity and flow volume quantification, with strong agreement 
between ultrasound-based VFI/4D vascular imaging and 4D 
magnetic resonance imaging. These findings underscore the clinical 
potential of 4D vascular ultrasound for cerebrovascular disease 
evaluation and advanced flow dynamics analysis [70].

Preclinical/Research Blood Flow Imaging Systems
RC array transducer and 4D flow imaging
The RC array transducer was recently introduced to reduce to N+N 
elements from N×N elements for a 2D full matrix array for real-
time 3D imaging, where N is the number of array elements for 
1D transducer (N=128 and 64 elements for most conventional 
transducers and cardiac applications, respectively). Transmission 
occurs through row elements while reception is performed through 
orthogonal column elements, reducing the number of scanner 
connections. With appropriate multiplexing, electronic control, 
and high-performance GPU-based signal processing, RC arrays 
achieve 3D imaging quality comparable to full matrix arrays in 
real time. RC arrays retain most of the advantages of 2D matrix 
transducers, including visualization of anatomy, blood flow, tissue 
motion, and even super-resolution imaging with contrast agents. 
Unlike matrix arrays, which are impractical for large apertures, RC 
arrays are feasible for deeper penetration and higher sensitivity, 
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offering potential clinical relevance for retrospective blood flow 
measurements in any plane and full 3D VFI [67]. Although not yet 
commercialized, this technology shows strong promise for vascular 
and cardiac imaging [71]. One study reported a novel fabrication 
process for a 7-MHz, 128-element RC array using a PMN-0.28PT 
single crystal. Axial and lateral resolutions measured at 7.7 mm 
depth were ~0.20 mm and 0.41 mm, respectively. Validation 
on a hyperechoic phantom confirmed high-quality 3D B-mode 
imaging, demonstrating the array’s potential for ultrafast 3D and 
functional ultrasound applications [72]. Another study introduced 
a mechanically curved RC array optimized for transthoracic cardiac 
imaging with a 24×16 mm2 aperture. The toroidal array included 
96 column and 64 row elements with customized curvature radii, 
enabling an improved field of view. Delay-and-sum beamforming 
with analytical wave modeling was validated through simulation and 
phantom experiments, achieving 3D imaging depths up to 12 cm 
with improved contrast-to-noise ratio. 3D Ultrasound Localization 
Microscopy was subsequently demonstrated on an ex vivo swine 
heart, visualizing coronary microcirculation [68,70]. In vitro testing 
of RC arrays with advanced beamforming and sub-aperture 
processing reduced false localization and noise by 7 dB, achieving 
effective frame rates >4,000 fps. In vivo imaging was successfully 
performed on a rabbit kidney and human thyroid, confirming the 
feasibility of high-resolution, large-field-of-view super-resolution 
imaging [72,73].

High frame rate imaging in Doppler ultrasound
Unlike conventional ultrasound, which relies on focused, line-by-line 
scanning, high-frame-rate (Ultrafast) imaging transmits plane waves 
that insonify a large area simultaneously. This approach allows frame 
rates in the thousands, exceeding 10,000 frames per second (fps) 
under optimal conditions. In contrast, standard B-mode and Doppler 
ultrasound typically operate at 30-100 fps, adequate for many 
applications but insufficient for phenomena such as microvascular 
perfusion or myocardial wall motion. In ultrafast imaging, echoes are 
received across all channels simultaneously and reconstructed using 
parallel beamforming algorithms [74]. Compounding, which refers 
to the rapid transmission of multiple angled plane waves (typically 
3-15) followed by coherent summation, further enhances image 
quality. With high pulse-repetition frequencies, both tissue and flow 
can be imaged from the same dataset.

The integration of ultrafast imaging with Doppler modalities has 
enabled substantial innovations. By using the same plane-wave 
transmissions, B-mode and Doppler images can be co-registered. For 
example, reconstructions from only 10-15 beams achieve >300 fps, 
sufficient for cardiac wall motion analysis. Another key advantage 
is retrospective processing: because data from the full field are 

acquired simultaneously, multiple PW Doppler gates can be placed 
post-acquisition, allowing simultaneous velocity measurements 
at several vessel segments or heart chambers within a single 
cardiac cycle. This capability improves workflow and diagnostic 
efficiency [74]. Ultrafast Doppler is valuable for both large-vessel 
and microvascular assessment. In color Doppler, ensemble-based 
flow estimation benefits from ultrafast compounded sequences, 
which enhance wall filtering and velocity sensitivity. This is critical 
for detecting very slow flows (as low as 1 mm/s), such as those in 
tumor neovascularization or vasa vasorum imaging, where contrast 
use may be limited [69,74]. In vascular imaging, ultrafast frame 
rates enable the generation of 2D vector flow maps, providing 
detailed visualization of laminar and turbulent flow patterns 
across entire regions in real time. This capability has important 
clinical implications, including the assessment of atherosclerosis, 
valvular regurgitation, and vessel wall shear stresses—factors 
critical to plaque development and rupture risk. High-frame-rate 
imaging methods for blood flow assessment are defined by their 
technical specifications, equipment, and applications. Reported 
spatial resolutions range from the micrometer scale (~10 μm) 
for microvascular imaging to the millimeter scale for large-vessel 
evaluations. Velocity measurement capabilities extend from very 
slow flows (~1 mm/s in rodent cerebral microvessels) to high-
velocity arterial flows exceeding 20 cm/s. Vessel size coverage spans 
from capillary-level microvessels (<10 μm) to large human arteries 
such as the abdominal aorta (~2 cm diameter) [8]. Applications 
include preclinical studies in transgenic and rodent models for 
cerebrovascular hemodynamics, microvascular network visualization, 
and intracranial flow quantification, as well as clinical uses in 
pediatric congenital heart disease, carotid atherosclerosis evaluation, 
aortic flow characterization, and plaque assessment. The field is 
trending toward high-frame-rate, vector-based, and 3D-capable 
imaging systems, with increasing emphasis on microvascular 
detection, artifact reduction, and real-time hemodynamic 
quantification without the use of contrast agents.

PAI for blood flow visualization
PAI has emerged over the past decade as a powerful, noninvasive, 
and versatile technique for visualizing biological tissues, particularly 
the microvasculature [31]. PAI integrates optical and acoustic 
methods, exploiting the strong optical absorption contrast of 
endogenous chromophores, such as hemoglobin, melanin, and 
lipids, while overcoming the resolution and penetration limits of 
purely optical approaches. Absorbed optical energy generates 
broadband ultrasonic waves, which are then detected by ultrasound 
transducers to reconstruct high-resolution images [33]. Because 
ultrasound scatters less than light in biological tissues, PAI achieves 
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greater penetration depth, making it suitable for multiscale imaging 
applications [75]. Photoacoustic microscopy, developed as a high-
resolution variant, achieves sub-micrometer resolution by tightly 
focusing either the optical or acoustic beam. This enables imaging 
of microvascular networks, including individual capillaries, with 
exceptional detail—though at relatively shallow depths [76].  

PAI has shown particular promise in neurovascular and brain 
imaging. Brain microcirculation, regulated through neurovascular 
coupling, ensures adequate blood supply to meet metabolic demand. 
Using PAI, researchers have visualized capillary-level hemodynamics 
in live rats through the intact skull, resolving vessels smaller than 
10 μm at depths up to 0.6 mm [32,76]. This high resolution allows 
structural mapping of capillary networks as well as functional 
imaging through measurement of oxygen saturation gradients—
key indicators of cerebral metabolism [77]. These features make PAI 
highly valuable for investigating neurodegenerative diseases such as 
Alzheimer’s, where microcirculatory changes may precede structural 
pathology [77]. Cardiovascular imaging is another promising 
application. Photoacoustic tomography has been used to visualize 
thoracic vessels and whole-heart morphology in mice, achieving 
~200 μm resolution at depths up to 10 mm [78]. In addition to 
structural imaging, PAI supports functional and metabolic imaging 
by enabling quantitative analysis of oxygen saturation levels in blood 
vessels. Its multispectral capability allows differentiation between 
oxygenated and deoxygenated hemoglobin, offering information 
on tissue hypoxia and ischemia without ionizing radiation [79]. 
Overall, PAI stands out as a promising modality that combines 
penetration depth, resolution, and functional information [33]. It 
enables real-time, high-resolution imaging of microvasculature, 
supporting research into neurovascular coupling, cardiovascular 
disease, and tissue metabolism. Ongoing advances in acquisition 
speed, spatial resolution, and data processing are expected to 
accelerate translation into clinical use [75]. Reported performance 
includes lateral resolutions as fine as ~2-3 μm in functional 
photoacoustic microscopy and up to ~120 μm in all-optical 3D 
tomography; axial resolutions from ~7 to ~100 μm; and imaging 
depths from several hundred micrometers (microscopy) to ~12 mm 
(tomography) [80]. Target vessel sizes range from capillaries (<20 
μm) and cortical microvasculature (<50 μm) to larger vessels up to 
~1 mm in diameter, enabling assessment of both microcirculatory 
and macrovascular structures [81]. Preclinical studies dominate 
current applications, including in vivo mouse brain functional 
imaging, vascular network mapping, oxygenation quantification, 
and cerebrovascular morphology analysis [76,82]. However, clinical-
oriented investigations have already demonstrated feasibility for 
vascular imaging of human fingers and wrists, as well as in vivo 3D 
mapping of brain vasculature, highlighting potential for future use in 

vascular disease diagnosis and inflammation assessment [83]. 

Conclusion

This review has revisited the fundamental principles of Doppler 
ultrasound, from its historical origins to its modern applications in 
blood flow imaging. We've highlighted often-overlooked aspects of 
the Doppler spectrum, such as spectral broadening and amplitude, 
emphasizing their potential to provide deeper clinical insights 
into blood properties and hemodynamics. A comparative analysis 
of conventional modes, including PW, color, and power Doppler, 
alongside B-Flow imaging, underscored their respective strengths 
and limitations, while also addressing key sources of measurement 
uncertainty. Furthermore, we've explored the exciting frontier 
of vascular imaging. Recently commercialized technologies like 
contrast-free MVFI and real-time 3D vascular imaging are already 
enhancing diagnostic capabilities. Looking ahead, preclinical 
systems involving high-frame-rate imaging and PAI promise to 
revolutionize our ability to visualize microvascular networks and 
slow flow. By understanding both the foundational principles and 
these emerging technologies, clinicians and researchers can better 
leverage ultrasound to its full potential for the accurate diagnosis 
and monitoring of vascular conditions.
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