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Abstract—Goal: To enhance endovascular navigation
using surgical guidewires and the use of ionizing ra-
diation, we demonstrate a method for ultrasonic local-
ization of wires with diameters less than the wave-
length of ultrasound in the medium. Methods: Nitinol
wires with diameters ranging from 50 pym to 250 um
were imaged ultrasonically in a 0.25-in-diameter water-
filled tube in a gelatin medium. Imaging frequencies were
5 MHz, 7.5 MHZ, and 10 MHz. Results: For the full range of
diameters traversing the phantom, the wires were localized
successfully via visual inspection of both regular and differ-
ence ultrasound images. Similarly, two convolutional neural
networks were trained, and both achieved an accuracy of
over 95%. Conclusions: Wires with diameters as small as
50 »«m were localized successfully in a water-based gelatin
phantom, indicating the potential use of ultrasound to en-
hance endovascular navigation and surgical treatment.

Index Terms—Ultrasound, sub-wavelength localization.

Impact Statemeni—Wires with diameters smaller than the
ultrasound resolution wavelength in a water-based medium
were localized successfully, providing a promising method
for locating endovascular wires in narrow arteries without
ionizing radiation.

l. INTRODUCTION

EUROSURGEONS and interventional neuroradiolo-
N gists rely on endovascular techniques to treat strokes,
aneurysms, and other conditions in the brain whenever possible
without drilling through the skull. Surgical wires, to guide
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catheters or other endovascular devices, typically are inserted at
the groin and guided manually to the treatment site in the brain.
Current technology for localizing the wire or catheter during
insertion involves X-ray fluoroscopy [1]. This repeated illumina-
tion during a surgical procedure provides a significant radiation
dose to patient and surgeon. The ability to enhance navigation
as well as to replace ionizing radiation with ultrasound would
reduce the exposure for the patient and cumulative exposure for
the surgeon that occurs over many procedures performed. An
exactreconstruction of the wire’s image is not required. Locating
the wire in the blood vessel roadmap generated from an initial
single CT scan or X-ray is sufficient.

Ultrasound is a safe (non-ionizing), low-cost, portable, and
widely available imaging modality that uses high frequency
sound waves typically in the 1-10 MHz range. Lower frequen-
cies (1-3 MHz) are used for deeper structures such as the liver or
heart, and higher frequencies (5-10 MHz) are used for imaging
near the skin [2].

For decades, ultrasound has been used in the localization of
metal objects larger than the ultrasound wavelength in the body.
There is a vast literature on ultrasound guidance for needles,
particularly in sports medicine and rheumatology, where needles
are used to drain fluid buildup [3], [4] or to precisely inject pain
medicine or anti-inflammatories [5]—[7]. Ultrasound guidance is
also used to guide catheter placement [8]—[11] and cannulation
of the subclavian vein [12], [13]. Another major use of ultra-
sound is in marker placement and subsequent guidance, such
as hook wires in breast cancer [14], [15] and fiducials in rectal
cancer [16].

There have been previous studies attempting to use ultrasound
for navigation in endovascular procedures [17]. In this case, they
were tracking an endovascular probe in the presence of a Nitinol
stent. They were not tracking a Nitinol catheter or thin wire.
Nitinol stents themselves have been evaluated post-operatively
via ultrasound [18], providing promise for ultrasound as a viable
imaging methodology for Nitinol wire location and navigation.
Nitinol is of interest in this work due to its shape-memory
characteristics that make it possible to program a bend at the
tip. Thus, endovascular navigation may be accomplished by
current-activated heating [19].

Resolution is typically measured using the well-known
Rayleigh criterion, which states the resolution is proportional
to the wavelength, and true subwavelength imaging systems us
evanescent waves [20]. In ultrasound, it has been noted that the
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Rayleigh criterion is not always appropriate, but when speckle
is involved, as it is in this case, the Rayleigh criterion is the
correct criterion to use [21]. The wavelength limit of resolution
using ultrasound is found by dividing the speed of sound in the
medium by the ultrasound frequency. The speed of sound in
water is approximately 1480 m/s and in tissue is estimated as
1540 m/s, close to the value of water due to the predominance
of water content. This yields wavelengths of 300 ym at 5 MHz,
200 pm at 7.5 MHz, and 150 pm at 10 MHz. An exact image
reconstruction cannot be obtained for objects with dimensions
below these wavelengths.

To deliver a sensor or tool to a surgical target, localization is
needed rather than a high-resolution image. The ability to differ-
entiate the wire from the surrounding fluid or tissue is essential
and often sufficient for the surgeon. In this work, we demon-
strate the capability to localize Nitinol wires of sub-wavelength
dimension, with sufficient pixel intensity to distinguish from the
background image. To facilitate this, we introduce two neural
network models, one operating off a direct ultrasound image
and the other employing difference imaging. Training a neural
network provides unbiased, robust verification of wire location,
an important first step in establishing viability for automation
of the localization process. In the future, this can be applied to
implementation of robotic diagnosis and procedures and enable
treatment in remote locations.

Deep learning is a subset of machine learning that uses
multilayer neural networks to perform desired tasks by using
trained models (see Supplementary Material). Convolutional
neural networks (CNNs) are one of the most popular types of
deep neural networks. A CNN consists of many layers, including
a convolutional layer, a pooling layer, and a fully connected
layer. Over the years, tremendous progress has been made in
image recognition with CNNs and the availability of large data
sets. However, training CNN from scratch requires large datasets
beyond what are available in most medical imaging situations.
Transfer learning helps to address the issue, as the knowledge
from pre-trained models to solve one task can be transferred
to accomplish another task. There are two types of transfer
learning: (i) extracting features from a well-trained CNN model
over a large data set of images, then adding a new separate
classifier on top of the learned feature maps, and (ii) fine tuning
the last layers of a pre-trained CNN model by training newly
added specialized classifier layers [22]. VGG-16, developed by
Simonyan and Zisserman of the Visual Geometry Group from
the University of Oxford, is one of the pre-trained CNN models
[23]. We employ VGG-16 in this work.

Materials and Methods are presented in Section II, followed
by Results in Section III. These results are discussed in Sec-
tion IV, with conclusions drawn in Section V.

Il. MATERIALS AND METHODS

To illustrate the capability to locate wire position in arteries
using ultrasound, gelatin phantoms were constructed to mimic
tissue (Fig. 1). The gelatin phantoms were constructed by com-
bining 1 cup of gelatin with 4 cups of water and 4 tbsp of
isopropyl alcohol as a preservative. Additional details may be

Fig. 1. Side (left) and top (bottom right) views of the ultrasound mea-
surement system. The ultrasound probe was fixed with a clamp in the
top-middle of the phantom (position C0). The tub contained enough
water to fill the tubing, through which the Nitinol wires were fed at
prescribed positions for ultrasonic imaging. Side view (top right) of a
gelatin phantom with 0.375 in, 0.25 in, and 0.5 in diameter feedthrough
tubes (left to right). 0.25 in was used exclusively for consistency.

found in [24]. Rods were inserted in the gelatin during the
fabrication to create tubes that would simulate arteries (0.25
in). Just as arteries fill with blood, the phantom was partially
submerged in water in a plastic tub. Care was taken to ensure the
tunnels through the phantoms were filled with water without any
air bubbles. The use of water is necessary as air in the tube will
not transmit ultrasound waves. Water additionally is translucent,
allowing visual verification of the wire location.

The ultrasound phantom was placed on a grid. The grid
contained three groupings of lines: three lower (right), five
central, three upper (left). These groupings represent the regions
in which the wire is relatively far from the probe (lower/right),
moving under the probe (center), and clearly under the probe
(upper/left). The lines mark the advancement of the leading tip
of the wire through the phantom, as shown in Fig. 2 from right
to left. Additional images are available in the Supplementary
Material. Within a grouping, the lines were separated by 0.4
in. The groups were separated by 1.2 in (i.e., the distance
between UO and C2 as well as the distance from C-2 to LO:
6 squares at 5 squares per inch). The Contec Medical Systems
Company B-Ultrasound Diagnostic System, Model CMS600P2
was used to image, with center frequency of 7.5 MHz. The
ultrasound linear probe (model L7.5-80L40-A16A) was placed
on the phantom at the grid position C0, held by a clamp that kept
the probe steady while imaging. Ultrasound gel (visible in the
lower right panel of Fig. 1) was used to improve the coupling
between the probe and the gelatin medium. A Nitinol wire was
fed through the tunnel in the phantom starting at the right end.
The tip of the wire was advanced to each line on the grid: L2
to L1, L1 to LO, LO to C-2, and so forth. Each time the wire
was advanced, an image was taken. Due to the position of the
wire tip relative to the probe positioned at CO, positions U2, U1,
U0, C2, C1, and CO are identified “with wire” and C-1, C-2,
L0, L1, and L2 are “without wire.” Ultrasound images were
collected at 5 MHz, 7.5 MHz, and 10 MHz using a linear probe.
Measurements were repeated for Nitinol wires that were 20-25
cm long with diameters of 75 pm, 100 pem, 125 pm, 150 pm, and
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Fig. 2.
from right to left.

250 pm. For 50-pm-diameter wire, two sets of measurements
were taken at 7.5 MHz (none at 5 MHz or 10 MHz).

For the neural network analysis, a fine tuning VGG-16 model
is executed to classify the ultrasound images with and without
the Nitinol wire in the feedthrough tubes of the gelatin phantom.
Two data sets are examined. The first data set of 187 images (102
with wire and 85 without wire) is the original set of ultrasound
images, including all six wire diameters and the three ultrasound
frequencies. The second data set of 170 images (102 with wire
and 68 without wire) is the set of images taking the difference
between the regular image and the image at the L2 position.
Each data set is split into a training set and a validation set.
After importing the VGG-16 model, the three fully connected
layers are discarded. Then the new specialized CNNs are trained
using the gelatin phantom data sets. These specialized CNNs are
small 3-layer with 3 by 3 kernels of numbers 32, 32, and 64. A
regular sigmoid function is used to classify the images into two
classes of with and without wire. The newly trained specialized
CNN then is fed the features from the frozen VGG-16 model
and the pre-trained weights are loaded into the model.

lll. RESULTS

Fig. 3 displays images in which a 100-um-diameter Nitinol
wire is present in the water-filled tube for the three different
imaging frequencies. Images were collected with the leading tip
of the wire at U2, one of the positions for which the wire is
fully under the probe. The outline of the circular tube is evident,
with bright reflections at the top and bottom of the tube in each
image. The third bright spot in each of the images is the wire:
lower left of the tube at 5 MHz (Fig. 3(a)), on the right just below
center at 7.5 MHz (Fig. 3(b)), and slightly up and to the right
of the bottom reflection artifact at 10 MHz (Fig. 3(c)). Note that

/[ —

E direction of
| "
B wire travel

N

L0-2.0cm

Images when the tip of the wire is located at the corresponding grid locations for 75-pm-diameter wire at 7.5 MHz. The wire is inserted

(a) S MHz (b) 7.5 MHz

(c) 10 MHz

Fig. 3. Images at 5 MHz, 7.5 MHz, and 10 MHz at position U2 with a
100-pum-diameter wire Nitinol wire present in the water-filled tube.

there are more reflections and artifacts leading to larger noise
background at the lower frequencies than at 10 MHz.

Images are shown in Fig. 2 at 7.5 MHz frequency as a
75-pm-diameter wire was advanced from position L2 to position
U2. The ultrasound probe was fixed at position CO. Images
were taken when the tip of the wire was at each of the labeled
positions. All images shown are for 0.25-in-diameter tubing. At
the rightmost positions (L2, L1, L0, C-2, C-1) there is no visual
evidence of the presence of the wire. In the remaining images,
as the wire passes under the probe fixed at position CO, there is
an additional reflection indicating the presence of the wire: left
for CO, lower right for C1, upper left for C2, left center for UO,
bottom center for U1, and lower right for U2.

To facilitate locating the wire and distinguishing that object
from other bright spots in the ultrasound images, differences
were taken between images. This has the advantage of filtering
out background reflections that do not correspond to the actual
wire, particularly the reflections at the top and bottom of the tube.
Difference images are shown in Fig. 4 for a 75-um-diameter
wire imaged at 5 MHz. The image at L2 was subtracted from
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Fig. 4.

Difference images for positions U2 through LO relative to image L2 for the 75-um-diameter wire imaged at 5 MHz. The circle was added to

show the boundary of the 0.25-in-diameter water-filled tube. Horizontal and vertical axes denote the position in units of pixels. 0.25 in corresponds

to 30 pixels.

the images collected at each of the other wire positions. L2 was
chosen as a reference because in this image, the wire is furthest
from position CO and unlikely to generate signal in the linear
probe. Note, to improve the reference in future data collection,
an empty background image will be collected before the wire is
introduced to the tube. The difference images indicate that the
wire may begin to be distinguishable from the background at
position L0, approximately 4 cm from the ultrasound transducer
at C0. These images clearly locate the wire for all center and left
positions.

The background fluctuations are the noise in the system. To
quantify the noise, image L2 is subtracted from image L1, and
the results are shown in Fig. 5a. The frames L1 and L2 were
selected because the wire is farthest from the probe at these

positions. The vertical axis displays the vertical position in the
ultrasound image, while the horizontal axis plots the intensity
difference values at each of the horizontal pixel positions along
the corresponding row. Except for some initial surface reflection
noise, the noise increases with depth. The larger fluctuations at
the bottom (small vertical position values) relative to the top of
the image correlate well with the images in Figs. 2 and 3, in
which there appear to be more reflections and variation at the
bottom of those images than at the top.

The peak intensity is shown in Fig. 5(b) for the difference
images at each of the wire positions. Again, while visual inspec-
tion of the ultrasound images first yields evidence of the wire’s
position at CO, this difference analysis indicates the presence
of the wire before it is directly under the ultrasonic probe. The
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Fig. 5. (a) Background fluctuation intensities, obtained from the diff-
erence images between L1 and L2 at 5 MHz for 75-pm-diameter wire.

(b) The peak pixel intensity value (of the wire) from the difference images
at each position relative to L2.
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where A; and A, are the lower and upper values of the peak
height, respectively, representing the signal in different regions
of the phantom. xj is the location of the inflection point, x is the
wire location, and dx is the width of the linear portion of the
slope. Note A; is the same level as the noise (see Fig. 5a). The
ratio Aa/A1= 8.7 (19 dB) yields a measure of signal to noise in
the presence of the wire.

IV. DiscussION

Inspection of Fig. 4 indicates that the wire’s horizontal and
vertical position within the tube is changing as it is advanced
down the tube. The positions of the peaks derived from the differ-
ence imaging are shown in Fig. 6, with dashed lines connecting

80
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40 |

30

80

Horizontal position (pixels)

Fig. 6. The positions of the peak locations of the wire (obtained from
the difference image data in Fig. 4), with the dotted line indicating the
sequential progression of the wire down the tube. The circle denotes the
perimeter of the tube.

consecutive measurement locations along the tube. As the wire
comes into full view at CO, there is evidence that it is making
a corkscrew (clockwise in Fig. 6) as it progresses further down
the tube. The wire is located at its highest spot in the tube at
position UOQ, corresponding to the largest peak height in Fig. 5b.
This is understood to result from reflections at the top of the tube.
The peak height is lower at U1, which is deeper in the phantom.
Though it is further from the surface, it is approaching regions of
high reflection at the bottom of the tube. The intensity decreases
at U2 relative to U1 because the wire is farther from the top and
bottom of the tube, which create strong reflections.

Visual inspection and difference imaging make it possible to
identify the wire location from maximum intensities. Employ-
ing a neural network makes it possible to obtain quantifiable
statements of identifiability. Results obtained from application
of the CNN to the two data sets are reported in Table I. The
accuracy of the method is the ratio of the correct predictions to
the total number of images in the data set. The overall accuracy
achieved in each of the data sets is 95.19% and 96.47%. The
resulting neural networks have sensitivity, specificity, positive
predictive value, and negative predictive value greater than 92%.
The results from the difference image analysis are improved
relative to the regular images, with respect to higher accuracy
and narrower confidence intervals for accuracy, sensitivity, and
positive predictive value.

There were 7 false negatives in the regular image data set and
5 false negatives in the difference image set. Three examples of
each are shown in Fig. 7 (with all cases shown in Supplementary
Material). For the regular image set, there were no false negatives
for images taken at 10 MHz. The false negatives appear to
correspond to situations in which the wire is located close to
either the top or bottom strong reflection from the tubes. Even
in the difference images, the overlap of the signals from the wire
and strong top and bottom tube reflections seems to adversely
affect the correct classification.
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TABLE |
SUMMARY OF RESULTS FROM VGG-16 CNN MODEL

REGULAR 95% CI DIFFERENCE 95% CI
IMAGES IMAGES
True 95 97
Positive
False 2 1
Positive
False 7 5
Negative
True 83 67
Negative
Accuracy 95.19% 0.9106- 96.47% 0.9248-
0.9778 0.9869
Sensitivity 93.14% 0.8823- 95.10% 0.90908-
0.9814 0.99288
Specificity 97.94% 0.9511- 98.53% 0.95668-
1.00766 1.0139
Positive 97.94% 0.9511- 98.98% 0.9699-
Prediction 1.00766 1.00969
Value
Negative 92.22% 0.86689- 93.06% 0.87184-
Prediction 0.97755 0.98927
Value

5 MHz 150 pm U2 7.5 MHz 150 pm U2

5 MHz 150 pm U2 7.5 MHz 50 um C1

7.5 MHz 150 pm Ul

Fig. 7. Three examples of false negatives in the CNN analysis of
(a) regular images and (b) difference images.

V. CONCLUSION

In this work, Nitinol wires in a water-filled tube in a gelatin
phantom were localized successfully through analysis of ultra-
sound images. These diameters, ranging from 250 pym down
to 50 pm, are sub-wavelength for ultrasonic frequencies in the
water-based medium. Localization of sub-wavelength objects

was achieved using ultrasound and enhanced by difference imag-
ing. By subtracting the reference image with the wire furthest
from the probe, the signal from the wire began to emerge from
the noise while the wire tip was still as far as 4 cm away from
the probe. Training and applying a CNN to both regular and
difference images, 95.19% and 96.47% accuracy was achieved,
respectively.

As we extend this work to include additional scattering
sources, including blood cells, small bones, or other structures
in tissue (cadaver or in vivo), the wire to be localized may
not generate the maximum intensity in the image. The neural
network, which would be newly trained for the more com-
plex/in vivo environment, can help to identify the noise-shape
envelope from the wire scatter and distinguish it from objects
with higher noise fluctuations that we do not wish to identify,
increasing the impact of this method. A real-time difference
imaging GUI will be written easily with conventional software,
leading to straightforward implementation in a surgical setting
when compared to existing subwavelength imaging techniques
that involve more complicated mathematical routines for image
resolution. While the difference imaging gains reported here
may appear to be relatively modest in the simple gelatin phan-
tom, the benefit in vivo is anticipated to be more substantial
when locating the wire in a system with more complex tissue
structures.

Application of ultrasound and the corresponding analysis
using difference imaging and neural networks for robust iden-
tification of wire location is an important first step toward a
system useful to neurosurgeons and other medical professionals
who rely on endovascular navigation techniques for diagnosis
and treatment. Following an initial CT scan to generate a blood
vessel roadmap, the surgical team would select various locations
in the patient at which to verify the wire location en route to the
target organ. During the surgery, the wire’s exact location could
be found using ultrasound as the wire is moved into view at
every stage point, tracking the path of the wire to the surgical
destination. Initially we would expect that the imaging would be
done for mainly soft tissue (e.g., through neck soft tissue to detect
the wire tip in the carotid artery). Depths will vary depending on
the frequency being used and the target organ. Once the wire
reaches the surgical target, a single confirmation X-ray may
be taken to verify the final location of the wire tip. After fully
establishing this technique, this ultrasound localization system
can be used in a battlefield or other remote settings, including
underdeveloped regions.

V. SUPPLEMENTARY MATERIALS

Additional figures supporting the experimental setup as well
asimage data are included in supplementary materials. There is a
discussion of background theory of sub-wavelength localization
and background discussion of machine learning, deep learning,
and neural networks along with additional details about the
VGG-16 algorithm.
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