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Abstract—Current super resolution imaging is conducted us-
ing ultrasound contrast agents, where a sparse distribution of
bubbles must be employed to separate individual targets. The
sparse targets make the acquisition time long in the range of
1 to 10 minutes, and therefore demands an accurate motion
correction over a long time. The employment of a contrast
agent also lowers MI to below 0.2 to not disrupt the bubbles,
with a corresponding lower signal-to-noise ratio in the images.
A new method, SURE (SUper Resolution ultrasound imaging
using Erythrocytes), where erythrocytes are used as targets, is
suggested to alleviate these problems. Perfused tissues contain
an abundance of targets, and the full clinical pressure range
can be used. It is hypothesized that super resolution imaging
below the diffraction limit can be attained in seconds using
SURE imaging. A SURE processing pipeline was developed with
modules for beamforming, tissue motion estimation, alignment,
singular value decomposition for echo canceling, and subsequent
peak detection in the speckle pattern. The detected peaks were
summed in a high-resolution image for yielding the SURE image.
Data were acquired using a 10 MHz linear array GE L10-
18i probe (150 µm wavelength) and a Verasonics Vantage 256
scanner. A synthetic aperture scan sequence with 12 emissions
was employed at a pulse repetition frequency of 5 kHz for a 417
Hz frame rate. Kidneys of Sprague-Dawley rats were scanned for
24 seconds and RF data stored for off-line processing. The excised
kidneys were micro-CT scanned for 11 hours for generating
reference maps of the vasculature with a voxel size of 21 µm.
SURE images revealed vessels with sizes down to 50 µm. Fourier
ring correlations between independent images measured for 12
s revealed a resolution between 25 to 49 µm, demonstrating the
super resolution capability of the method. The SURE images are
obtained in 1 to 12 seconds, demand no injection of intravenous
contrast agents, and can use the full pressure and intensity
range allowed in medical ultrasound, making the method easily
adaptable to clinical use.

Index terms: Super resolution imaging, Flow imaging, Synthetic
aperture, Ultrasound imaging

I. INTRODUCTION

Current super resolution imaging (SRI) is conducted by
injecting an ultrasound contrast agent into the blood stream [1–
6]. The sparse set of bubbles is then isolated using e.g. ampli-
tude modulation imaging or pulse inversion, and their position
in the image is found with sub-pixel resolution. Acquiring data
for several minutes will then paint an image of the micro-

vasculature with a sub-wavelength resolution. This method
demands that the bubbles can be separated and they, thus,
have to be sparse. It also necessitates that the full vasculature
is perfused with bubbles, so the acquisition time has to be
sufficiently long. The method has two major problems from the
employment of micro bubbles. The acquisition time is long,
often several minutes, due to the sparseness requirement, and
the emitted pressure must be low to not destroy the bubbles.
Often a mechanical index MI below 0.2 have to be used.

These drawback can be avoided by not using bubbles as
targets. The hypothesis is that super resolution imaging can
be performed using the erythrocytes as targets by detecting
the motion of these. The erythrocytes are abundant in the
human circulation and perfuses any living tissue. Removing
the tissue signal will yield the speckle patteren from the
flowing erythrocytes and the hypothesis is that the peaks in
this speckle pattern will depict the vasculature with a high
resolution. The method is called SURE: SUper resolution
ultrasound imaging using the Erythrocytes.

The approach has the benefits of being entirely non invasive.
No contrast agent is injected, and the full power range of
medical ultrasound can be employed. There is an abundance
of targets and the image can therefore acquired and formed in
seconds. The method will be presented here, and examples for
scans of the exposed kidney of a Sprague-Dawley rat will be
presented and compared to micro-CT scans. Previously results
have also been presented in [7] including simulations to reveal
its performance.

II. METHODS

A. Processing pipeline

The processing pipeline for SURE imaging is shown in Fig.
1. After data acquisition a GPU accelerated beamform [8] was
used with an F-number of 1 and Hanning apodization. Motion
estimation was made using speckle tracking [9] in 3×3 mm
patches with 50% overlap to find the tissue motion in the
kidney as a function of space and time. Motion correction was
performed [10] to align all RF images across the acquisition,
and this was inserted into a singular value decomposition



Fig. 1. Illustration of the SURE processing pipeline from the data acquisition to the final image. The processing stages are shown in the middle row and
the corresponding images below. Data is acquired using a GE 10 MHz hockey stick linear array probe using the Verasonics Vantage 256 scanner with a
12-emissions SA sequence. The RF data is beamformed using a GPU based library and the tissue motion is estimated using speckle tracking. Images are
aligned and SVD echo canceling is performed to enhance the flow signal. Peaks are then found in the amplitude image with sub-pixel precision after echo
canceling, and the SURE image is then made by accumulating all peak positions in the image shown on the lower right (from [7]).

echo canceler [11] for removing the tissue signal and keep
the flow signal. The remaining speckle signal was used for
peak detections, where local peaks were detected with sub-
pixel accuracy using second order polynomial interpolation.
The peak positions were then inserted into a high resolution
matrix to form the SURE image.

B. Data acquisition and beamforming

Data were acquired using a synthetic aperture imaging
scheme [12] with 12 virtual sources evenly spread out over the
aperture. The transmit F-number was -0.7 (focus behind the
aperture), and 32 elements were used for transmit. Data were
acquired for all receiving elements and the pulse repetition
frequency was 5 kHz yielding a high resolution frame rate
of 417 Hz. A Verasonics Vantage 256 scanner was used with
a GE L8-18iD hockey stick linear array probe operated at
an effective center frequency of 10 MHz in the tissue for a
wavelength of 150 µm. Data was streamed to RAM at 2.8
GBytes/s for 24 seconds and processing was performed offline.

The beamforming was performed with a GPU based library
[8]. A Hanning window was used for apodization in both
transmit and receive with an F-numbr of 1 for both.

A Sprague-Dawley animal rat model was scanned. The
left kidney was exposed and ultrasound scanned after the rat
had been anesthetized. Subsequently, an ex vivo micro-CT
scan with the CT contrast agent Microfil (MV122, Flow Tech
Inc., Carver, MA) was conducted for 11 hours on the kidney
to acquire a vascular reference volume for comparison and

validation for the full kidney [13] using a voxel size of 21
µm.

III. RESULTS

Examples of SURE images are shown in Fig. 2 for acquisi-
tion times of 1, 5 and 24 seconds. The vascular structures are
resolved for even 1 second of data and gets progressively more
clear for longer acquisitions. The improvement is, however,
minor when increasing time from 5 to 24 seconds.

A 2×2 mm zoom of the SURE image is shown in the top
image in Fig. 3. The vascular density profiles along the white
line is shown in the bottom graph. Four vessels are resolved
with size ranging from 54.6 µm to 79.4 µm and this should
be compared to the ultrasound wave length of 150 µm.

It is difficult to determine whether the structures seen are
the actual vasculature of the kidney. The SURE image has
therefore been compared to the micro-CT scan of the kidney.
The slice most closely resembling the SURE image has been
manually selected, and the maximum intensity projection was
calculated by summing 21 slices in the CT volume to mimick
the elevation focusing of the hockey stick array. This is shown
in Fig. 4, where the left shows the 24-seconds SURE image,
middle is the CT slice, and the right is a superposition of the
two with gray tones showing the CT information and red is
the SURE image. The depicted vasculature in the CT image
closely follows the detected vessel of the SURE image.

A method for estimating resolution uses Fourier Ring Cor-
relation (FRC), where data from two images are correlated,
and the resolution is determined from the correlation [14, 15].
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Fig. 2. Evolution of the SURE images over time. The left images shows the SURE image after 1 seconds, the middle after 5 seconds and the right after 24
seconds for the full data set acquired.

Fig. 3. Density profiles of small vessels in the SURE image. The SURE
image is shown on the top, where image values have been taken out along
the white line and shown in the bottom image. The vessel profiles ranges
between 54.6 µm to 79.4 µm, all below the ultrasound wavelength of 150
µm.

The data for the image is split in two, and the FRC is then
calculated and smoothed with a low pass filter to reduce
noise. Bit-based information threshold curves are used for the
resolution threshold level as described in [16]. The result is
shown in Fig. 5 together with the threshold curves for half bit
and one bit resolution. The resolution is 29.1 µm for the half
bit threshold and 40.2 µm for the one bit threshold.

IV. DISCUSSION AND CONCLUSION

A synthetic aperture ultrasound sequence has been used to
acquire 24 seconds of data at a frame rate of 417 Hz with the

purpose of revealing the vasculature of a rat kidney. Based
on this data it has been demonstrated that the SURE imaging
approach can reveal vessels with sizes below the wavelength of
150 µm. Vessels with sizes around 50 to 70 µm were reliably
shown, and Fourier ring correlation determined a resolution
between 29 to 42 µm. Simulations using Field II has shown
that vessels with a diameter of 25 µm lying as close as 50 µm
can be resolved using SURE [7], and using tracking makes
it possible to resolve velocity profiles for such vessels with
a distance of only 25 µm between their centers (adjacent
vessels) [17]. The data were acquired in just 1 to 24 seconds
without any injection of contrast agent, making the approach
fully non-invasive. Using the erythrocytes as targets makes
it possible to use the full allowable MI range for medical
ultrasound, which benefits the signal-to-noise ratio and hence
penetration depth.

Compared to super resolution images using ultrasound con-
trast agents, the resolution is not as high in the SURE images.
The vessels cannot lie as close as in SRI, as the SURE detected
vessels do not seem to be as small as the SRI resolved vessels.
It should, however, be noted that SRI might also depict vessels
with a smaller size, if an insufficient number of bubbles have
traversed the vessel the smallest vessel tracks might not be
depicted. The vessel size will also be reduced by at least the
size of the bubbles.

The comparison to micro-CT data revealed that the vascular
structures seems quite well aligned in the SURE images with
what is seen in the micro-CT volume. The voxel size in the
volume is 21 µm and the maximum intensity projection will
also obscure details finer than a couple of voxels, making
it difficult to resolve small vessels and determine whether
the small branches seen in SURE images are actual, real
structures.

It can be concluded that SURE imaging has the potential to
quickly reveal the fine vasculature in the human body. Data is
acquired with a traditional ultrasound probe at normal intensity
levels and data rate, and a few seconds of data is sufficient to
reveal a high quality images. It is possible to process this
in real time with a GPU implemented pipeline [18]. This
fast data acquisition reduces effects from motion artifacts and
make the approach easy to translate to clinical use, which
might be beneficial in the study of disease that modifies the
micro-vasculature like diabetes and cancer. It is also possible



Fig. 4. SURE image compared to a micro CT scan, where the left is the SURE image, the middle shows the corresponding micro-CT slice, and the right is
the merged images showing the similarity of the vasculature in the two.
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Fig. 5. Fourier ring correlation curve for one bit and half bit resolutions.

to make tracks in the SURE images [19] to potentially yield
quantitative flow metrics for diagnosis.
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