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Insertion | Slice | Detected | Error [mm)] | Error [°]
1 comect 2.2

1 2 correct 16 8.2
3 correct 05
1 correct 1.2

2 2 correct 1.0 16.3
3 correct 28
1 correct 15

3 2 correct 1.1 50
3 correct 09
1 correct 2.7

4 2 corect 24 114
3 correct 29
1 correct 20

5 2 correct 28 8.3
3 correct 22
1 correct 3.7

6 2 corect 42 23
3 correct 37
1 corect 2.7

7 2 correct 44 92
3 correct 39
1 comect 2.2

8 2 correct 3.1 59
3 correct 28
1 missed N/A

9 2 correct 52 94
3 correct 6.0
1 false 3BT

10 2 correct 26 59
3 correct 19
1 correct 24

11 2 corect 23 58
3 correct 18
1 correct 14

12 2 correct 1.9 44
3 correct 2.1
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Insertion | Angle Bo[°] | Slice | Detected | Error [mm] | Error [°]

1 correct 1.0

1 9.2 2 | comect 0.2 28
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2 99.6 2 | comect 0.6 53
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1 correct 37

3 56.2 2 | correct 2.8 13.1
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4 328 2 | missed N/A 19.0
3 | comect 5.8
1 missed N/A

5 215 2 | missed N/A N/A
3 | missed N/A
1 correct 08

6 100.0 2 | correct 2.0 16.1
3 | correct 31
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Timestep | Needle [mm] | Model [mm] | lterations | Error [mm] | Error []
1 0.0 N/A

2 96 N/A

3 13.1 N/A

4 19.1 N/A

5 245 174 17 14 07
6 25.2 231 3 25 1.8
7 303 329 24 0.7 2.3
8 36.4 37 24 11 2.2
9 399 427 32 15 29
10 441 465 19 2.3 33
11 546 5.6 26 2.3 16
12 60.7 622 21 2.0 1.2
13 65.2 67.0 25 1.9 1.3
14 66.8 69.6 25 25 1.8
15 69.4 725 20 3.8 24
16 73.5 743 23 59 05
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SYSTEM AND METHOD FOR PASSIVE
MEDICAL DEVICE NAVIGATION UNDER
REAL-TIME MRI GUIDANCE

CROSS REFERENCE TO RELATED UNITED
STATES APPLICATIONS

[0001] This application claims priority from ‘“Passive
Medical Device Navigation Under Real-Time MR Imaging”,
U.S. Provisional Application No. 61/352,854 of Strehl, et al.,
filed Jun. 9, 2010, the contents of which are herein incorpo-
rated by reference in their entirety.

TECHNICAL FIELD

[0002] This disclosure is directed to methods for passive
needle guidance during MRI guided procedures, using only
image intensity information.

DISCUSSION OF THE RELATED ART

[0003] Interventional procedures often require accurate
placement of medical devices, e.g. to acquire a tissue sample
with a biopsy needle or to place radioactive seeds for brachy-
therapy. Magnetic Resonance Imaging (MRI) provides excel-
lent soft-tissue contrast and multiplanar imaging capabilities
while not exposing the patient and physician to ionizing
radiation. It is therefore an ideal modality for monitoring and
guiding interventional procedures such as biopsies, drain-
ages, and ablations. The primary motivations for performing
these procedures under image guidance are needle visualiza-
tion and navigation. Due to recent technological advances
real-time Magnetic Resonance Imaging (MRI) became fea-
sible and its usage grows for guiding interventional proce-
dures, particularly those involving needle placements. For
general adoption in clinical practice new tools and methods
are required to make these procedures safe, effective and
efficient. The successful outcome depends on precise naviga-
tion of the needle to a target location while avoiding damage
to surrounding anatomical structures. To ensure optimal visu-
alization for the physician it is desirable to utilize the multi-
planar imaging capabilities of MRI and realign the imaging
slices with respect to the current device position during the
procedure. This can be accomplished by automated needle
localization and has the potential to shorten the time required
to perform interventional procedures and provide the physi-
cian with additional information. The known position of the
needle makes it possible to dynamically align the imaging
slices and clearly visualize the device as well as surrounding
anatomy. Current techniques for automated needle tracking
under MRI require additional hardware and/or modifications
of'the existing system and therefore increase the overall com-
plexity of the procedure and cause additional costs.

[0004] Methods for medical device tracking under MRI can
be divided into two basic strategies, namely active and pas-
sive techniques. The difference between those two techniques
is the information that is used to localize the medical instru-
ment. Active approaches calculate the device position inde-
pendently of the acquired MR images by using additional
sensors and hardware. Active techniques for instrument
tracking can yield high accuracy at frame rates suitable for
real-time localization but require additional dedicated hard-
ware, modifications to the existing system, and calibration. In
contrast, passive methods only use the signal intensities in the
MR image to localize the medical device. However, com-
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pared to the active tracking techniques, there are only few
reported approaches for passive device localization under
MRI so far.

SUMMARY OF THE INVENTION

[0005] Exemplary embodiments of the invention as
described herein generally include methods and systems for
needle navigation under real-time MR image guidance that
can be readily integrated into the standard process of an
MR -guided interventional procedure for improving the work-
flow. A system according to an embodiment of the invention
can be integrated into commercially available front ends.
Before starting a procedure, a needle trajectory can be inter-
actively defined using high resolution diagnostic MRI data.
During the procedure, a detection module can register the
initial needle position by identifying candidates for the needle
artifact in real-time MR images and deciding for the most
likely candidate. Continuous tracking of the needle position
can be achieved by applying a 3-D parametric model-fitting
approach, based on a regular cylinder needle model. The
needle position can found by minimizing a cost function that
weighs image intensities depending on their relative position
to the needle artifact.

[0006] A detection module according to an embodiment of
the invention combines the prior knowledge, an intelligent
strategy for image acquisition, and an algorithm to detect the
artifact of the needle as it is introduced along the proximity of
the trajectory path, and provides an initial needle position to
the image-based needle tracking in the third step. Needle
tracking is accomplished using a 3-D model fitting approach
based on the void signal caused by the needle and involves
real-time imaging with dynamic slice control.

[0007] A detection module according to an embodiment of
the invention was evaluated in a real-time MR1I setting. Track-
ing is simulated using multiple 3-dimensional (3D) MRI
datasets acquired during needle insertion in a pork sample.
The results are promising with a detection rate of 87% and a
mean accuracy better than 2.3 mm for the detection algo-
rithm. Needle tracking was achieved with an average distance
to the true needle tip of 2.3 mm and a mean 1.8 deviation for
reconstructing the needle direction.

[0008] According to an aspect of the invention, there is
provided a method for tracking a needle along a path under
real-time magnetic resonance imaging (MRI) guidance,
including extracting a candidate needle artifact region from a
plurality of incoming MR images of a needle inside biologi-
cal tissue, determining an initial needle direction vector from
the candidate needle artifact region in each of the plurality of
incoming needle images, determining an initial needle base
point from an intersection of the needle direction vector with
a first incoming needle image, and an initial needle tip point
from an intersection of the needle direction vector with a last
incoming needle image, and tracking the needle by minimiz-
ing a cost function of the initial base point and initial direction
vector to calculate an updated base point and updated direc-
tion vector, where the updated base point and direction vector
are used to visualize the advance of the needle along the path
through the biological tissue.

[0009] According to a further aspect of the invention,
extracting candidate needle artifact regions includes receiv-
ing a current MR needle image defined as an MR image
containing the needle artifact, extracting a plurality of pixel
regions from the current MR needle image having a lower
image intensity than surrounding pixels, calculating a plural-
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ity of features for each pixel region, and selecting one or more
pixel regions, based on the features of each region, that are
likely to represent a needle artifact, as candidate needle arti-
fact regions, where, if more than one pixel region is selected,
choosing a region closest to the path as the candidate needle
artifact region.

[0010] According to a further aspect of the invention, the
plurality of pixel regions are extracted from the current MR
needle image by subtracting the current MR needle image
from a background model, extracting those pixels whose
intensity difference with respect to corresponding pixels in
the background model is greater than a predetermined thresh-
old, and using connected-component analysis to form pixel
regions from the extracted pixels.

[0011] According to a further aspect of the invention, a
pixel i is extracted if the intensity difference E,(x,)-1,(x,)
Zd,;,,esn014- Where E, is the background model, 1, is the current
image, and x, is the position of pixel i.

[0012] According to a further aspect of the invention, the
method includes, if no region is selected as a candidate needle
artifact region, updating the background model with the cur-
rent image.

[0013] According to a further aspect of the invention, fea-
tures calculated for the extracted pixel regions include an
area, a perimeter, a circularity, a centroid, and a distance from
the centroid to the planned path, where regions whose cen-
troid is less than a predetermined distance from the planned
path, whose circularity is less than a predetermined maxi-
mum, and whose area is within a predetermined range, are
selected as candidate needle artifact regions.

[0014] According to a further aspect of the invention, the
cost function of the base point and direction vector is given by

N
I, d)= )" Iwlk(, b, dwilixi, b, d) € R,
i=0

where base point b=(b,, b,, b,)%eR?, direction vector d=(d,,
d,, d_)eR?, %, is the position of pixel i, I, is the image intensity
for pixel i, N is the number of pixels, w, is given by w,(k(x,
b,d))=H(k(x,b,d))H(1=k(x,b,d)), where H is the Heaviside
step function and k is given by

x-b'd

k(x, b, d) = T

E€R,
w, is given by
1
willlx, b, d)) = N(lix, b, d), ju, 1) = 5 NU, b, d), 2, 02),
where 1 is given by

1
lix. b.d)= —llp(x, b. d) ~ x|l € R,

p(x,b,d)=b+k(x,b,d)deR?R>, and N(x, 11, o) denotes the prob-
ability density function for a univariate normal distribution
with the mean 1 and standard deviation o.
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[0015] According to a further aspect of the invention, mini-
mizing the cost function comprises acquiring at least three
images with respect to a current needle position, where at
least two images are parallel to the needle and perpendicular
to each other, and the third image is perpendicular to longi-
tudinal axis ofthe needle, and minimizing the cost function in
the images to obtain a new needle position.

[0016] According to a further aspect of the invention, mini-
mizing the cost function comprises updating a parameter
vector p=(b, d) according to

piv1 = argmin/(p)
peN;

where N, is a neighborhood about p generated for each itera-
tion i by varying the vector p by a stepsize +ygz,, in each
dimension.

[0017] According to a further aspect of the invention, mini-
mizing the cost function comprises updating a parameter
vector p=(b, d) according to p,,,=p,~YeprVJ (p;), Where v5p
denotes a step size.

[0018] According to another aspect of the invention, there
is provided a program storage device readable by a computer,
tangibly embodying a program of instructions executable by
the computer to perform the method steps for tracking a
needle along a path under real-time magnetic resonance
imaging (MRI) guidance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG.13.2:is a block diagram MR scanner network
for real-time acquisition using the IFE, according to an
embodiment of the invention.

[0020] FIGS. 1(a)-(b) depict MR images showing a needle
artifact, according to an embodiment of the invention.
[0021] FIG. 3 3.5 depicts section of a needle artifact in an
with a 3-D FLASH sequence, according to an embodiment of
the invention.

[0022] FIG. 4 3.6 shows a longitudinal section of a needle
artifact in MR images acquired with a 3-D FLLASH sequence,
according to an embodiment of the invention.

[0023] FIG. 2 is a flowchart of an algorithm for detecting a
needle and tracking the needle along a planned path, accord-
ing to an embodiment of the invention.

[0024] FIGS. 3(a)-(b) shows a planned path in a 3-D view
and the layout of the three image slices during real-time
imaging, according to an embodiment of the invention.
[0025] FIG. 4 illustrates directions of the Freeman chain-
code, according to an embodiment of the invention.

[0026] FIGS. 5(a)-(b) illustrates contour extraction and
perimeter estimation for artificially generated regions in a
binary image, according to an embodiment of the invention.
[0027] FIG. 6 is a table showing area, perimeter, and circu-
larity for the regions shown in FIGS. 5(a)-(b), according to an
embodiment of the invention.

[0028] FIG. 7 is a plot of the weighting function, given in
EQ. (19), according to an embodiment of the invention.
[0029] FIGS. 8(a)-(b) illustrates the weighting of image
intensities with both w, and w, applied, according to EQ. (16)
for an image acquired perpendicular to a needle artifact and
an image acquired along a needle artifact centerline, accord-
ing to an embodiment of the invention.



US 2012/0089008 Al

[0030] FIG. 9 depicts the experimental setup for a distance
accuracy test to validate needle detection, according to an
embodiment of the invention.

[0031] FIG. 10 depicts an MR-compatible 18 Gauge (diam-
eter 1.2 mm) titanium alloy needle with a length of 100 mm
that was used for a distance accuracy test, according to an
embodiment of the invention.

[0032] FIG. 11 is a table of detailed results for the distance
accuracy test of needle detection, according to an embodi-
ment of the invention.

[0033] FIG. 12 shows a bounding box overlay used to visu-
alize an identified needle position, and the visible needle
artifact, according to an embodiment of the invention.
[0034] FIG. 13 is a table of detailed results of a needle
detection experiment testing various trajectories with difter-
ent angles to the main magnetic field direction B, according
to an embodiment of the invention.

[0035] FIGS. 14(a)-(c) depicts three MR images acquired
with a barely visible needle artifact, according to an embodi-
ment of the invention.

[0036] FIG. 15 shows identified artifact cross sections for a
needle tracking simulation, according to an embodiment of
the invention.

[0037] FIG. 16 illustrates an imaging strategy for testing
needle tracking, according to an embodiment of the inven-
tion.

[0038] FIG. 17 is a table of detailed results for a needle
tracking simulation, according to an embodiment of the
invention.

[0039] FIG. 18 shows the final position of a needle model
together with the image slices acquired for this iteration,
according to an embodiment of the invention.

[0040] FIG. 19 is a block diagram of an exemplary com-
puter system for implementing a method for passive needle
guidance during MRI guided procedures using only image
intensity information, according to an embodiment of the
invention.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0041] Exemplary embodiments of the invention as
described herein generally include systems and methods for
passive needle guidance during MRI guided procedures using
only image intensity information. Accordingly, while the
invention is susceptible to various modifications and alterna-
tive forms, specific embodiments thereofare shown by way of
example in the drawings and will herein be described in
detail. It should be understood, however, that there is no intent
to limit the invention to the particular forms disclosed, but on
the contrary, the invention is to cover all modifications,
equivalents, and alternatives falling within the spirit and
scope of the invention.

[0042] As used herein, the term “image” refers to multi-
dimensional data composed of discrete image elements (e.g.,
pixels for 2-dimensional images and voxels for 3-dimen-
sional images). The image may be, for example, a medical
image of a subject collected by computer tomography, mag-
netic resonance imaging, ultrasound, or any other medical
imaging system known to one of skill in the art. The image
may also be provided from non-medical contexts, such as, for
example, remote sensing systems, electron microscopy, etc.
Although an image can be thought of as a function from R> to
R or R7, the methods of the inventions are not limited to such
images, and can be applied to images of any dimension, e.g.,
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a 2-dimensional picture or a 3-dimensional volume. For a 2-
or 3-dimensional image, the domain of the image is typically
a2- or 3-dimensional rectangular array, wherein each pixel or
voxel can be addressed with reference to a set of 2 or 3
mutually orthogonal axes. The terms “digital” and “digitized”
as used herein will refer to images or volumes, as appropriate,
in a digital or digitized format acquired via a digital acquisi-
tion system or via conversion from an analog image.

MRI Basics

[0043] MRI possesses several unique characteristics that
differentiate it from other imaging modalities. The underly-
ing physics and design of MRI enables image acquisition as
2-D slices oriented in any arbitrary position or as 3-D vol-
umes. This is contrary to other imaging modalities such as CT
whose image acquisition is dependent on the orientation of
the detection hardware with respect to the patient or object.
Unlike CT, X-ray, positron emission tomography (PET), and
single photon emission tomography (SPECT), MRI does not
require exposure of the patient and/or the physician/technical
staff to ionizing radiation during the scan. Another feature of
MRI is its ability to acquire images with high soft tissue
contrast which is valuable for neurological, intravascular,
musculoskeletal, and oncological imaging where clear depic-
tion of abnormal tissue is crucial. Some lesions, e.g. in the
liver or breast, are not visible with other imaging modalities
making MRI indispensable for diagnosis and treatment.
[0044] Interventional Radiology (IR) is a subfield of radi-
ology, where minimally invasive procedures are performed
under image guidance. Compared to open surgery, minimally
invasive procedures cause less patient trauma and generally
require shorter recovery times. Consequently, these proce-
dures can often be performed in an outpatient setting resulting
in reduced overall procedure cost. There is growing interest in
using MRI for IR procedures primarily because of the reasons
outlined above. However, besides scanner availability and
cost, the use of MRI for interventional procedures has other
hurdles to overcome, including limited access to patients
within the scanner, long image acquisition times, and the need
for special MR-compatible instruments, all of which have
hindered the adoption of MRI in interventional radiology.
[0045] MRI has traditionally been a purely diagnostic
imaging modality with a corresponding static workflow for a
conventional MR exam. Imaging is performed by selecting a
particular pulse sequence, fixing the imaging parameters and
prescribing specific image slice locations. The image acqui-
sition for each pulse sequence is therefore defined explicitly
by the fixed imaging parameters. For IR procedures, real-time
imaging with real-time manipulation of slice positions is
needed. Conventional product functionality for real-time
imaging is limited to single slice acquisition with limited
modification of imaging parameters during imaging. Further-
more, visualization capabilities are restrictive.

Needle Artifacts Under MRI

[0046] Most medical devices used for interventions are
made out of metal and generate artifacts in MR images. The
magnetization of the needle generates a local signal drop in
the MR images, referred to as a susceptibility artifact. This
artifact is due to a magnetic susceptibility mismatch between
the metallic needle and its surrounding tissue. Magnetic sus-
ceptibility is the degree of magnetization incurred by a mate-
rial in response to an applied magnetic field. The susceptibil-
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ity mismatch causes the needle to induce a local field
inhomogeneity, in turn disturbing the coherent MR signal and
producing a loss of signal or signal void. The susceptibility
artifact often appears significantly larger than the physical
size of the needle. The size of the artifact has been shown to
be dependent on the pulse sequence used, the material and
shape of the metallic object, the magnetic field strength, and
the orientation of the object with respect to the main magnetic
field.

[0047] To detect and track the needle artifact, it is beneficial
to accurately predict the appearance of the needle artifact.
However, this is challenging, because the size and shape of
the artifact are dependent on so many factors. Experiments
have found that the needle artifact can be described as a
cylindrical signal void as shown in FIG. 1. For images
acquired perpendicular to the needle axis, the artifact cross
section appeared circular, as shown in FIG. 1(a). For slices
acquired parallel to the needle axis, the artifact generated an
elongated signal void along the centerline of the needle, as
shown in FIG. 1(b). These MR images clearly depict the
symmetry of the needle artifact and the size of the generated
artifact.

[0048] The orientation of the needle with respect to the
main magnetic field direction B, significantly influences the
size of the needle artifact. In a MR scanner with a cylindrical
bore, B, is parallel to the scanner table. The magnetic field
disturbance and thus the size of the artifact is maximal if the
needle axis is perpendicular to B, and decreases rapidly for
smaller angles. Furthermore, the shape of the needle artifact
changes for needle directions approximately parallel to B,
with a bell-like contour observed at the needle tip.

Overview

[0049] MR-guided interventions can be divided into two
steps, namely a preoperative step and an intraoperative step.
Before the procedure, in the preoperative step, diagnostic
images are acquired to localize the lesion and plan a needle
trajectory. During the intervention, in the intraoperative step,
real-time imaging is used to monitor the position of the instru-
ment and navigate it to the target location. To support these
steps, a planning tool can be used to visualize a 3-D high
resolution dataset and define the needle trajectory and a track-
ing tool can be used for needle localization using real-time
images acquired during the intervention.

[0050] Once a trajectory is defined, a computer system can
be used to control the scanner, run the needle tracking tool,
and to visualize the acquired images. A needle tracking tool
according to an embodiment of the invention includes two
modules. A needle detection module can identify cross-sec-
tions of the needle artifact during insertion at the beginning of
the procedure. Based on the position of the needle artifact in
the MR images, the initial needle position can be recon-
structed and used to initialize the tracking module. A needle
tracking module uses a model-fitting approach based on a
parametric cylinder model of the needle artifact.

[0051] According to an embodiment of the invention, the
following assumptions were made in the development of the
needle detection and tracking modules. First, it is assumed
that no respiratory or cardiac motion is present and that the
patient position does not change between the acquisition of
the planning dataset and the intervention. This means the
coordinate system is the same for planning and real-time
imaging. Second, the needle is assumed to be rigid, i.e. does
not bend during the insertion. Although this is the case during
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most procedures, there can be interventions where the needle
is flexed on purpose, for example to steer the needle tip in a
certain direction that is not reachable with a straight trajec-
tory.

[0052] FIG. 2 is a flowchart of an algorithm for detecting a
needle and tracking the needle along a planned path, accord-
ing to an embodiment of the invention. Referring now to the
figure, a needle detection and tracking algorithm begins at
step 201 by acquiring a current image perpendicular to the
planned needle path of the needle inserted into biological
tissue, such as a patient. Although for simplicity the foregoing
description is in terms of scalar valued 2D images, methods
according to other embodiments of the invention are appli-
cable to scalar valued images of 3- or more dimensions. This
current image is compared with a background model at step
203 to extract regions of pixels whose intensity is lower than
the surrounding pixels. A plurality of features are calculated
for the extracted pixel regions at step 205, and based on these
features, one region is sought as a candidate needle artifact
region. If, at step 207, a region is found, steps 201, 203, and
205 are repeated from step 211 to provide a plurality of
images having a candidate needle artifact region. If no can-
didate needle artifact region is found in the current image, the
background model is updated with the current image at step
209, and steps 201, 203, and 205 are repeated. After a needle
artifact has been identified in at least two images, at step 213,
an initial needle direction vector can be determined from an
artifact centroid in at least two images, an initial needle base
point is determined from an intersection of the needle direc-
tion vector with a first acquired image, and an initial needle tip
point s determined from an intersection of the needle direc-
tion vector with a second acquired image. Alternatively, the
initial needle base and tip points can be determined from the
artifact centroids in the respective first and last images, and
the initial needle direction can be determined from the initial
needle base and tip points. Next, at step 215, at least three
images are acquired, of which two are parallel to the planned
path and perpendicular to each other, and the third is perpen-
dicular to the planned path. The needle direction vector and
base point are used to initialize a needle model, and a cost
function of the needle model is optimized in the acquired
images at step 217 to obtain new values for the needle base
pint and direction vector. If, at step 219, these new values are
not sufficiently close to the planned path, the needle model
can be modified at step 221. Otherwise, these new values are
used to update and realign the images of the needle as it is
inserted further into the biological tissue, at step 223. Steps
215, 217, and 219 are repeated from step 225 until the needle
reaches its target. These steps will be described in greater
detail below.

Needle Detection

[0053] A needle detection module according to an embodi-
ment of the invention can recognize the artifact of the needle
during insertion. MR images are acquired during needle
insertion using a real-time imaging sequence with the scan
planes automatically aligned perpendicular to the planned
trajectory. By detecting the needle artifact cross-section in at
least two image slices, the position and orientation of the
needle can be reconstructed.

[0054] FIG. 3(a) depicts a planned path 31 in the 3-D view,
and FIG. 3(b) depicts the layout of three image slices 32
during real-time imaging. For detection, the slices are aligned
perpendicular to the planned trajectory with a predetermined
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default spacing to detect the circular cross-section of the
needle artifact. An exemplary, non-limiting spacing is 7 mm.
[0055] The needle detection process includes three steps
and is performed independently for each of a plurality of
image slices. In an exemplary, non-limiting embodiment,
three image slices are used. First, an incoming image is com-
pared to a background model to identify regions showing a
drop in image intensity which may therefore contain the
needle artifact. Next, features are computed for those candi-
date regions, e.g., the area, circularity, and distance to the
planned path. Finally, these features are used to filter the
candidate regions, discarding those that are not matching the
expected shape of the needle artifact or are further away from
the planned trajectory than a user-defined maximum distance.
In the case of more than one remaining candidate, the one
closer to the planned trajectory is chosen. These steps are
described in greater detail below.

[0056] There are inherent tradeoffs between spatial resolu-
tion, temporal resolution and signal in MRI. For adequate
visualization of the needle cross-section or diameter, a suffi-
cient spatial resolution should be maintained. For example, if
the needle artifact appears with a diameter of 6 mm, an
in-plane spatial resolution of 1.5 mm would depict the needle
diameter with 4 pixels. A tracking algorithm according to an
embodiment of the invention benefits from a higher spatial
resolution as it would result in a less sparse 3-D data set for
model fitting and would likely yield a more robust optimiza-
tion with better convergence. Therefore, a careful consider-
ation of imaging parameters can achieve a sufficient spatial
resolution to resolve the needle artifact while providing an
acceptable temporal resolution for tracking the needle during
insertion and a sufficient signal for depicting the target
anatomy.

Background Subtraction

[0057] Background subtraction is used in computer vision
to identify moving objects in images acquired with a static
camera. For detecting a needle artifact, the background is
defined to be the anatomical structure in the MR image at a
specific location.

[0058] A background subtraction model for needle detec-
tion according to an embodiment of the invention is based on
an exponential moving average (EMA). The EMA has the
same size as the acquired MR image and is used to approxi-
mate the average intensity independently for every pixel loca-
tion (u,v)eR>. With the first image I, acquired perpendicular
to the planned path, the EMA F, is initialized and updated
iteratively for every image I, at time step t according to

E, (uv)=(1-a)E(u,v)+al(u,v). (€8]

The factor ce[0,1] is called the learning rate and determines
the weighting of I, relative to the current E,. Thus, the contri-
bution of previous images to E decreases exponentially.
[0059] To extract the pixels in the incoming image frame
that exhibit a significantly lower image intensity as compared
to the background model, a binary difference image D, may
be defined as

ift By, v) = 1w, v) 2 dyyreshs @

otherwise.

L,
Di(u, v) = 0
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Exemplary, non-limiting values of threshold d,,,., and o
were heuristically set to 50 and 0.25, respectively.

Feature Extraction and Filtering

[0060] In a next step according to an embodiment of the
invention, connected component labeling is used to extract
regions in the binary difference image D, and several features
are calculated for each region. Depending on these features, a
region is either classified as a needle artifact cross-section or
discarded.

[0061] An algorithm according to an embodiment of the
invention for connected component labeling processes the
image in a row-wise fashion, requiring two passes over the
entire image and identifies 4-connected regions, i.e. a pixel is
assigned to a region if it has at least one pixel in its direct
vertical or horizontal neighborhood that is part of the region.
The output is an image containing a region label number for
each pixel. In addition, the bounding box for each extracted
region is calculated and used for the following computations.
[0062] Based on the labeled image, several features are
calculated for eachregion. The area and circularity are used to
discard regions that do not match with the expected circular
shape of the needle artifact cross-section. Furthermore, to
filter candidate regions that are unlikely to represent the
needle artifact, the distance of the centroid to the planned path
is calculated.

[0063] The area A of aregion R is obtained by summation
over all pixels it includes as described by

A= 1, 3)

and the region’s centroid c:(a,;)TeR2 is computed as the
arithmetic mean of the pixel coordinates according to

1 @

U= — u.
(#,v)eR
1 ®
V= V.
(#,v)eR
[0064] To calculate the distance L ofa region’s centroid ¢ to

the planned trajectory, defined by an entry point eeR> and a
target point teR>, ¢ first has to be projected onto the planned
trajectory. The projection peR> can be calculated as

- T 6
=) t-0) ®)
lle= el

where || || denotes the Euclidean distance and ¢ is the trans-
formation from the image to the scanner coordinate system.
Consequently, L reads as

L=lp-¢(o)ll
[0065] Various techniques can be used to estimate the
perimeter of a shape in a digital image. According to an
embodiment of the invention, a Freeman chaincode algo-

rithm, illustrated in FIG. 4, can be used. Here, the 8-con-
nected boundary pixels of a region are extracted and an arbi-
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trary pixel of this contour is chosen as the starting point. From
the starting point, the entire contour is traversed and every
transition from a pixel to its neighbor is encoded with the
corresponding chaincode direction. Based on the chaincode
representation of the contour, the perimeter P of a region can
then be estimated as

P=n_+V 2n,, (®)

where n, is the number of odd and n, is the number of even
chaincodes. This estimation is derived from the distance
between neighboring pixel centers being 1 for vertical or
horizontal steps and V2 for diagonal steps.

[0066] Using the perimeter, it is also possible to estimate
the circularity of a region. Circularity C is a dimensionless
quantity that can characterize the compactness of a shape.
One way according to an embodiment of the invention to
estimate C is by comparing the area of a region to the area
enclosed by a circle with equal perimeter as described by

P2 )

This definition results in a minimal circularity value of 1 for
a circle and larger values for less compact, e.g. elongated
shapes, but only holds true for shape measurements in a
continuous space. In the discrete case of binary images,
square and circular shapes have minimal circularity values
smaller than 1, due to discretization and the fact that the
perimeter tends to be under-estimated when using the chain-
code approach. However, this estimation is sufficient for char-
acterizing the compactness of regions in digital images for the
purpose of comparing different shapes. FIGS. 5(a)-(b) show
the extraction of boundary pixels and the approximated
perimeter for three artificially generated regions in a binary
image. FIG. 85(a) depicts a raw binary image showing the
three different regions 51a, 524, and 53a, while FIG. 5(b)
depicts the extracted 8-connected contours and perimeters
51b, 525, and 53b. The regions are, from left to right, (1) a
circular region 514, (2) an arrowhead-like region 52a, and (3)
an elongated region 53a. The table in FIG. 6 contains the area,
perimeter, and circularity calculation results for these three
examples.

[0067] Experiments using different filter settings to filter
the candidate regions have shown that a maximum circularity
C of 1.5 is suitable for discarding intensity changes caused by
motion or noise. Although embodiments of the invention
assume no respiratory and cardiac motion, needle insertion
can cause a displacement of tissue, often resulting in elon-
gated regions showing a signal drop.

[0068] According to an embodiment of the invention, a
window filter was applied to the expected area of the needle
artifact cross section, discarding regions that are either too
small or too large. Those candidates satisfying

[0.75m02 | = 42 1.2577° (10)

may be retained, where r is the approximate needle artifact
radius. Experiments of an embodiment of the invention
showed that the coefficients 0.75 for the lower and 1.25 for the
upper bound generate a suitable window size.

[0069] Another aspect that first showed up as a system
according to an embodiment of the invention was tested on a
MR scanner is that a physician’s hand as well as its corre-
sponding motion can appear in the acquired images, generat-
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ing undesirable changes in the image signal intensity. To
minimize the effect of these undesirable signal changes, a
region of interest is defined around the planned trajectory and
used to discard candidates based on their distance L from the
trajectory. This maximum distance can be set by a user.
Exemplary, non-limiting values of the maximum distance are
about 30-40 mm.

Needle Tracking

[0070] Most common object recognition and tracking
approaches employed in computer vision are based on iden-
tifying local features of an object in a projection image, e.g. a
photograph or video frame. These features are used as
descriptors to characterize the visual appearance of the object
and may include information about edges, texture, or color
distribution. Tracking can then be accomplished by retrieving
the same features in subsequent observations and matching
them with their initial position.
[0071] However, the needle artifact in an MR image does
not exhibit any explicit features or characteristic keypoints
suitable for tracking. It is merely defined by the surrounding
tissue. If the neighboring tissue shows high image intensities,
the artifact has well defined boundaries, whereas in image
regions with lower signal values, it may blur with the back-
ground. Therefore, to localize a needle only using the inten-
sity and spatial information ofthe MR image slices, a suitable
approach must be developed based on the appearance of the
needle artifact as a cylindrical signal drop.
[0072] Another factor is the nature of the available infor-
mation, namely in the form of 2-D image slices. Most 3-D
pose estimation applications in the medical field employ
either 3-D datasets, e.g. such as CT volumes, or multiple 2-D
images that are acquired using a projective geometry, such as
fluoroscopy. According to an embodiment of the invention,
the 3-D position of the needle is estimated from the MR image
slices and two general strategies are applicable:

[0073] 1. Processing the images separately and combin-

ing the results to estimate the 3-D pose; or
[0074] 2. Combining the image slices into a sparse 3-D
dataset.

[0075] The first approach leads to a ‘Bottom Up’ technique,
which uses standard image processing algorithms, to identify
cross or longitudinal sections in the single images, and
merges the observations to obtain an estimate for the 3-D
position. However, these techniques require assumptions
about the relative position of the needle with respect to the
imaging plane.
[0076] In contrast, the second approach leads to a ‘Top
Down’ technique, in which the single images are combined
into a sparse volume dataset, and the position of the needle is
estimated, e.g. by fitting a 3-D model. Top down approaches
require no assumptions concerning the relative position of the
needle with respect to the image slices. Images acquired with
arbitrary orientations can be utilized, but of course various
acquisition strategies yield different information content.
[0077] According to an embodiment of the invention, a
parametric rigid cylinder is used to model the needle artifact
and a cost function is derived by weighting the image inten-
sities depending on their position relative to the needle arti-
fact. Based on an initialization, the needle position is esti-
mated by finding the best fit of the model to the available
images. This results in a non-linear optimization task, and
according to embodiments of the invention, either a best
neighbor or a gradient descent algorithm can be applied to
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iteratively update the needle position until the cost function
yields a local minimum. Tracking is accomplished by con-
tinuously repeating this model-fitting algorithm for newly
acquired MR images.

Needle Model

[0078] According to an embodiment of the invention, the
needle artifact is modeled as a regular cylinder, assuming a
rigid needle. The model is parameterized in a scanner coor-
dinate system by a base point b=(b,, b , b_)?€R?, a direction
vector d=(d,, dy, dZ)T €R?, and radius r. As d is not normalized
it encodes both the direction and the length of the needle
artifact ||d]|.

[0079] Due to the symmetry of this parameterization, the
relative position of a pixel x=(x, y, z)“eR> to the needle arti-
fact can be described by the orthogonal projection

plx, b, d)=b+kx, b, d)d e R, (11
where
x=-b)Td (12)
k(x, b, d) = >
(]

describes the position of the projection of x onto the line
segment from b to the needle tip b+d, with the following
meanings:

k(x,b,d)<0: projection of x is on the backward exten-
sion of the line segment;

k(x,b,d)=0: projection of x is b;

0<k(x,b,d)<1: projection of x is interior to the line
segment; (13)

k(x,b,d)=1: projection of x is b+d;

k(x,b,d)>1: projection of x is on the forward extension
of the line segment.

The Euclidean distance 1(x,b,d) of x from the needle center-
line, scaled by the radius r, can be calculated from

1 14
lx. b.d)= —llp(x, b. d) — x|l € R.

Two cases can be differentiated:

U(x,b,d)=1:x lies inside the cylinder of radius 7;

I(x,b,d)>1:x lies outside the cylinder of radius # (15)

Cost Function

[0080] A cost function J according to an embodiment of the
invention for determining the needle artifact parameters b and
d and for optimally resolving the true needle position weighs
the image intensity I, of each pixel x, by its relative position to
the needle artifact k(x,b,d) using EQS. (13) and the Euclidean
distance to the needle centerline 1(x,b,d) using EQS. (15). Jis
minimal for the needle position and is given by
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N (16)
Jb,d) = Z Lw, (k(x;, b, d)wil(x;, b, d)) € R,
i=0

[0081] where N denotes the number of pixels x, inthe image
slices. The term w,(k(x, b, d)), including the relative position
of'x to the cost function, is given by

wi(k(x,b,d))=H (k(x,b,d))H(1-k(x,b,d)), [eW)]

where H is the Heaviside function, defined by

0, ifx=<0, (18)
Hx) = .
1, otherwise.

Thus w,(k(x, b, d)) results in a value of 1 only for the pixel
locations whose projection are interior to the line segment
defined by b and d.

[0082] The term w, in the cost function weights image
intensities, depending on their distance to the centerline given
by I(x, b, d). According to embodiments of the invention,
different functions can be used for this task and effect the
resulting shape of the cost function. For example, to weigh all
pixels inside the cylinder uniformly, the Heaviside function
can be used, thus resulting in the term H(1-1(x, b, d)). The
resulting cost function exhibits a low value at a position of the
needle model, where low image intensities occur in a cylin-
drical shape, but this weighting also yields a minimum for two
degenerate cases. First, the needle length correlates with the
number of contributing image intensities, thus decreasing the
overall cost for a decreasing needle length. Second, because
of'the sparsity of image information, the cost function exhib-
its a minimum for needle positions that lie outside of the MR
image planes due to the fact that, no intensity information is
available for these locations.

[0083] According to an embodiment of the invention, to
resolve these issues, a weighting function is formulated to
take into account the intensity difference of the needle artifact
and its neighborhood. This can be achieved by assigning a
positive weighting factor to pixels with low intensities inside
the artifact and a negative weighting factor for pixels with
higher intensities in the surrounding tissue. Furthermore, the
weighting function should converge to zero for high values of
1(x, b, d) to discard intensities that do not contribute to the
appearance of the needle artifact due to a large distance from
the needle centerline. A suitable weighting function is based
on the difference of two normal distributions and can be
described by

1 19
Wil b, d) = NG, b, d), o, 71 = N b, ), o, 7).

where N(x, 1, 0) denotes the probability density function for
aunivariate normal distribution with the mean p and standard
deviation o.

[0084] According to an embodiment of the invention, p,=0
and 0,~0,=0.50 were fixed, and 1,~1.808 was calculated so
that the weighting function yields a maximum for intensities
close to the needle centerline, a zero crossing for I(x, b, d)=1,
and a minimum for intensities located outside of the cylindri-
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cal needle artifact. FIG. 7 depicts a plot of the weighting
function w, as a function of 1, given in EQ. (19), used to
weight pixels depending on their distance from the needle
artifact centerline given by 1. FIGS. 8(a)-(b) depicts the
weighting of image intensities with both w, and w, applied,
according to EQ. (16) for an image acquired perpendicular to
the needle artifact in FIG. 8(a) and an image acquired along
the needle artifact centerline in FIG. 8(5).

Optimization

[0085] Estimation of the needle artifact position can be
accomplished by minimizing the cost function given in EQ.
(16) with respect to the parameters b and d. According to
embodiments of the invention, two iterative algorithms are
implemented for this non-linear optimization task, namely a
best neighbor and a gradient descent optimizer. For ease of
notation, the parameters of the needle model are combined in
p=(b, d)eR® for the following sections.

Best Neighbor Optimization

[0086] The best neighbor optimizer is a simple, local opti-
mization algorithm that does not require the calculation of
derivatives. It is based on a sub-sampling of the cost function
on an equidistant grid, the so called neighborhood in the
parameter space. For an n-dimensional parameter vector
peR”, the neighborhood has 2n vectors, generated by varying
the parameter vector by %y, in each dimension. yz,; deter-
mines the step size used to generate the neighborhood N and
is initialized at the beginning of the optimization.

[0087] Thecostfunction ] is optimized by iteratively updat-
ing the parameter vector p according to

Ppis1 = argmin/(p) 20
peN;
[0088] Thus, for each iteration, 12 evaluations of the cost

function for the 6-dimensional parameterization of the needle
artifact position are required. If no parameter vector in the
neighborhood of p, yields a lower cost, the step size vz, is
halved and p; is retained, i.e. p,,,_p,. This results in a finer
local sampling in the next iteration and indicates a local
minimum in the proximity of the current parameter vector.
The algorithm terminates when the step size drops below a
user-defined minimum. Exemplary, non-limiting of the initial
and minimum step size are 4 mm and 0.1 mm, respectively.

Gradient Descent Optimization

[0089] The gradient descent optimizer is a first-order local
optimization algorithm and therefore requires the partial
derivatives of the cost function J with respect to the parameter
vector p. It is based on the fact that the gradient of a function
gives the direction of steepest ascent and therefore taking a
step in the opposite, i.e. negative direction of the gradient
results in the steepest descent. For the purpose of minimiza-
tion, the parameter vector is therefore updated according to

Din1=Pi Ve VAP, 21

where v, denotes the step size. The optimal choice of v,
requires an additional 1-dimensional optimization for every
iteration, often called a line search. According to an embodi-
ment of the invention, a simple heuristic was used for needle
localization. The step size is set to yzp=1 and the initial
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gradient is likewise scaled to a length of 1. If p,,, yields a
lower cost, Y5, is doubled and the cost function is evaluated
again until either a maximum step size is reached or the cost
does not decrease any further. On the other hand, if p,, | does
not yield a lower cost, Y, is halved until either a lower cost
is reached or the step size drops below a minimum and the
optimization is terminated. Exemplary, non-limiting values
for the maximum and minimum step size Yy, are 4 mm and
0.1 mm, respectively.

[0090] To use a gradient descent algorithm, the partial
derivatives of J with respect to p have to be calculated. As J is
a sum over all image pixels, the gradient is the sum of all
individual gradients described by

3p) 8 @2
T ZO Ty Wk by il b, ),
which expands to
23)

H(l - k(x;, b, d)yw(l(x;, b, d))%ﬂ(k(x;, b, d)) +

M = Z IL| Hk(x;, b, d)wl(x;, b, d))iH(l —k(x;, b, d) + |
ap ap

Hk(xi, b, dDH(L - k(x;, b, d))%w(l(x;, b, d)
In this form the partial derivatives regarding b and d can be

calculated by repeatedly applying the chain rule and inserting
the derivatives of k(x, b, d) and 1(x, b, d):

okt bod) -1 o
" ad®
ke, b, d) 1 e b
—ga - @g¥ b % b dad)
alix, b, d) 1 N
36 Ak b dd—a Otk b did =),
alix, b, d) k(e b d)
S = ke b
[0091] As the analytical derivative of the Heaviside func-

tion is by definition the Dirac delta function, the derivative has
to be approximated. An exemplary, non-limiting approxima-
tion is the normal distribution N(x, 0, 0.1).

Experimental Evaluation

[0092] Experiments were performed to evaluate needle
guidance systems according to embodiments of the invention.
All experiments were conducted on a Siemens Magnetom
Espree 1.5T MR scanner with a head coil and a pork sample.

Needle Detection

[0093] Two experiments were conducted to evaluate the
recognition rate and accuracy of needle detection according
to an embodiment of the invention. A grid accuracy test was
performed to determine distance accuracy by measuring the
distance between the detected needle position and the ground
truth position. Angular accuracy was also measured in terms
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of the angular deviation of the reconstructed direction of the
needle from the actual needle angle.

Distance Accuracy Test: Experiment Setup

[0094] In this experiment, a transparent foil with an
imprinted 5 mm grid was attached to a pork sample, and
several entry points were marked for needle insertions. FIGS.
9(a)-(b) depict the experimental setup for the grid accuracy
test to validate the detection module. FIG. 9(a) shows a pork
sample 91 positioned inside a head coil, and FIG. 9(b) shows
the grid 92 with a width of 5 mm attached to the upside of the
sample with 12 marked insertion points. A laser used for
landmarking the object to be imaged in the MR scanner was
utilized for calibration. Landmarking with a laser defines a
given position on the object that when moved into the magnet
is coincident with the isocenter of the magnet with respect to
the scanner coordinate system. Therefore, it is possible to
convert the position of the entry points on the grid into the
scanner coordinate system by defining a point on the grid
using the laser marker. FIG. 10 shows an MR-compatible 18
Gauge (diameter 1.2 mm) titanium alloy needle 100 with a
length of 100 mm that was used for the grid accuracy test. The
expected needle position for a vertically downward insertion
was used as ground truth and was compared to the results of
a detection algorithm according to an embodiment of the
invention. The needle trajectories for this experiment were
perpendicular to the main magnetic field direction, and the
needle generated an artifact with a radius of approximately 3
mm. Overall, 12 insertions were performed during real-time
image acquisition.

Distance Accuracy Results

[0095] The detailed results for this experiment are listed in
the table of FIG. 11. The distance of the detected cross section
to the ground truth needle position is given as the error in mm
and the angular deviation for the reconstructed needle direc-
tion is denoted by the error in degrees.

[0096] All insertions were performed with the three image
slices aligned perpendicular to the planned trajectory with a
spacing of 7, 14 and 21 mm from the entry point, located on
the top of the sample. Detection was visually classified as
‘correct’ if the bounding box overlay 120 that is used to
visualize the identified needle position, as shown in FIG. 12,
lies within the visible needle artifact 121, and false otherwise.
[0097] The needle artifact was detected correctly in all
three image slices for 10 out of 12 insertions. For insertion 9,
two cross sections were identified correctly while the artifact
was not detected in the first slice. For insertion 10, the artifact
was detected correctly in two image slices and incorrectly
detected in the first slice. Overall, 34 out of 36 cross-sections
were identified correctly, thus resulting in a detection rate of
94%.

[0098] To assess the accuracy of the detection module, the
distance of the detected needle artifact to the ground truth
needle centerline was calculated. For the 34 successful detec-
tions, the mean distance was 2.5 mm (median 2.4 mm) with a
standard deviation of 1.2 mm. An overview of the detection
accuracy for each insertion is given in the “Error [mm]”
column of the table of FIG. 11.

[0099] Furthermore, as detection will be used to determine
an initial needle position, the ground truth needle direction
was compared to the reconstructed needle direction. Two
approaches were taken based on the number of planes in
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which the needle artifact was detected. For successful detec-
tion of the needle artifact in two out of three image planes, the
needle direction was calculated as the direction vector
between both positions. When the needle artifact was
detected in all three image slices, linear regression was used
to fit a straight line through the positions. The residual error
was minimized by means ofthe sum of squared distances. For
insertion 10, the ‘* in the table of FIG. 11 indicates that the
wrong detection was discarded and the orientation was cal-
culated from the two correct detections. For all insertions, the
reconstructed needle direction resulted in a mean angular
deviation of 7.7° (median 7.1°) with a standard deviation of
3.7°. The detailed direction results are given in the “Error [°]”
column of the table of FIG. 11.

[0100] The experiment setup itself introduced certain inac-
curacies that should be considered when reviewing these
results. First, the transparent foil used to mark the entry points
could not be attached perfectly planar due to the curved
surface of the sample. Second, the manual insertion of the
needle by an operator can cause an error regarding the angle
ofiinsertion. This is due to the fact that the operator is standing
in front of the MR scanner during the experiment and has to
reach inside the scanner bore to place the needle. Therefore, it
is possible that the true insertion direction has a certain devia-
tion from the ground truth needle direction, which is assumed
to have a perfect 90° insertion angle with respect to the grid.

Angular Accuracy Test

[0101] As discussed above, the orientation of the needle
with respect to the main magnetic field B, affects the size of
the resulting needle artifact. Therefore, in the second experi-
ment, the needle was inserted at different angles to evaluate
the detection robustness for different trajectories with respect
to the main magnetic field direction.

Experiment Setup

[0102] To set up the needle trajectory, a 3-D dataset was
acquired prior to the tests and imported into the planning tool.
The position of the sample was not changed throughout the
entire experiment. The planned trajectory in the 3-D view of
the planning tool was displayed for the operator to see while
inserting the needle during real-time scanning. Similar to the
grid accuracy experiment, the insertions were performed
manually, and image slices were acquired perpendicular to
the planned trajectory with a spacing of 7, 14 and 21 mm from
the entry point. After each insertion, the needle was left in the
sample and an additional 3-D dataset was acquired. This
dataset was used to extract the ground truth position of the
needle artifact by segmenting the needle centerline manually,
using the MITK 1 (The Medical Imaging Interaction Toolkit
http://www.mitk.org/).

Angular Accuracy Results

[0103] Overall, 6 insertions were recorded, and the detailed
results of the various trajectories with different angles to the
main magnetic field direction B, are given in the table of FIG.
13. The distance of the detected cross section to the ground
truth needle position is given in mm and the angular deviation
for the reconstructed needle direction is denoted in degrees.
[0104] The needle artifact was correctly detected in all
three image slices during 3 insertions. For 2 insertions, the
artifact was identified in two slices and not detected in the
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third slice. During one insertion with the trajectory nearly
parallel to the main magnetic field, the needle artifact was not
detected at all.

[0105] The 13 successful detections of the total 18 detec-
tion events resulted in an overall detection rate of 72%. The
mean distances of the cross section centroids to the ground
truth needle positions are shown in the table of FIG. 13
(reported as “Error [mm]” in the table) with a mean of 1.70
mm (median 0.79 mm) with a standard deviation of 1.71 mm.

[0106] To determine the accuracy for detecting the needle
direction, the grid test approach was used to reconstruct the
needle direction. For the 5 insertions with two or more cor-
rectly detected cross sections, the angular deviation of the
estimated to the ground truth needle direction was calculated
(reported as “Error [°]” in the table) and resulted in a mean of
11.2° (median 13.1°) with a standard deviation of 7.0°.

[0107] The missed detections during insertion 5 are due to
the small angle between the needle trajectory and the main
magnetic field direction. As explained above, the artifact size
decreases rapidly as the needle axis approaches the main
magnetic field direction. FIGS. 14(a)-(c) shows an example
with three slice images and the needle inserted. The needle
artifact 141 is still visible in the first image but is barely
visible in the two remaining slices. The needle was inserted at
a27.5° angle to the main magnetic field direction and no cross
section could be detected due to the small artifact size, shown
in FIG. 14(a) as well as the low intensity in surrounding
tissue, shown in FIGS. 14(5) and (¢). The images are acquired
perpendicular to the planned trajectory with distances of 7, 14
and 21 mm from the entry point.

[0108] It was observed during this experiment that the
operator’s hand and corresponding motion artifacts can cause
false detections. To resolve this issue and avoid false detec-
tions, filtering of candidates based on their distance to the
planned trajectory was shown to be effective. Throughout the
experiment, the maximum distance for candidate regions to
the planned trajectory was set to 30 mm. This value was
shown to be suitable for filtering changes in the image caused
by the operator’s hand, as they are usually further away from
the planned path. In addition, the threshold proved to be
tolerant enough for smaller deviations occurring during a
normal needle insertion.

[0109] Another issue that arose during this experiment is
that the tissue displacement at the beginning of the insertion
can cause false detections. Before the needle penetrates the
surface, it compresses the tissue resulting in increased signal
intensities near the entry point. This effect was clearly visible
in the real-time images, especially in the slice acquired clos-
est to the entry point. In contrast to the needle artifact causing
an immediate intensity change, this effect exhibited a gradual
increase in the image intensities. The background subtraction
algorithm in combination with the applied thresholding has
proven to be adequate for compensating this effect.

Needle Tracking

[0110] In the following, an evaluation of needle tracking
according to an embodiment of the invention is presented.
Real-time image acquisition was simulated using a 4-D MRI
dataset acquired during needle insertion into a sample. Track-
ing was achieved by iteratively applying a model fitting algo-
rithm according to an embodiment of the invention for every
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time step in the 4-D dataset where the image slices were
automatically realigned with respect to the current needle
position.

Data Acquisition and Simulation

[0111] The 4-D dataset comprised 16 3-D datasets that
were acquired during needle insertion into a pork sample
using a 3-D-FLASH sequence. The sample was positioned in
the scanner and the first dataset was acquired without the
needle inserted. For the subsequent acquisitions the sample
remained in the same position and the needle was inserted
approximately 5 mm between the scans, until an insertion
depth of about 75 mm was reached. Each dataset included 52
images with 2 mm thickness, an in-plane resolution of 192x
156 pixels and an equidistant pixel spacing of 1.6 mm. These
individual datasets were merged into one 4-D dataset and
used to simulate real-time imaging. An application that simu-
lates image acquisition with a real MR scanner using a BEAT
sequence was used to generate three image slices for every
time step of the 4-D dataset.

[0112] To simulate needle tracking during a real procedure,
aneedle trajectory was planned using the 3-D dataset without
the needle inserted and the initial needle position was recon-
structed using a detection module according to an embodi-
ment of the invention. FIG. 15 shows the trajectory 150 and
the successfully detected artifact cross sections 151. The
slices were aligned perpendicular to the planned trajectory
with a spacing of 7, 14 and 21 mm from the entry point. In the
fifth time step the needle artifact was identified in all three
image slices and linear regression was used to reconstruct the
needle direction based on the three detected needle artifact
positions. The base point of the needle was set to the inter-
section ofthe reconstructed centerline with the image plane at
distance 7 mm from the entry point. A needle tip modeled by
the direction vector was set to the intersection of the center-
line with the third image plane at distance 21 mm. This needle
position was used to initialize a tracking algorithm according
to an embodiment of the invention.

[0113] According to an embodiment of the invention,
needle tracking was simulated in a two-step process. First, the
three image slices were acquired with respect to the current
needle position. An imaging strategy used to dynamically
realign the image slices is shown in FIG. 16. After each time
step, the slices are positioned with respect to the current
needle position, visualized as a cylinder 160. Two images
161, 162 were acquired parallel to the needle and perpendicu-
lar to each other, showing a longitudinal section. The third
slice 163 was positioned perpendicular to the needle axis at
the needle center, exhibiting an artifact cross section. The
images were reconstructed during the simulation from the
4-D dataset with a resolution of 156x156 pixels. Next, this
image information was used to perform a best neighbor opti-
mization and obtain a new estimate for the needle position.
The needle artifact radius was set to 2.75 mm and the stepsize
of'the best neighbor optimizer was initialized to 4 mm with a
minimum of 0.1 mm to terminate the optimization.

Needle Tracking Results

[0114] The detailed results for this experiment are pre-
sented in the table of FIG. 17. The needle tracking was started
in the 5th time step after the detection was finished and an
initial needle position was available. The distance of the
model tip to the true needle tip position is given in mm and the
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angular deviation of the model direction to the true needle
direction is denoted in degrees. For every time step the ground
truth position of the needle was extracted by manual segmen-
tation of the needle centerline in the corresponding 3-D
dataset.

[0115] The insertion depth of the needle (reported as
“Needle [mm]”) and the length of the needle model (reported
as “Model [mm]”) are given in mm for every time step in the
table of FIG. 17. The number in the “Iterations” column
indicates the number of steps needed until no lower value of
the cost function could be found using the best neighbor
optimization strategy. This can be employed to assess the
performance of the needle tracking. Every iteration during
optimization required 12 evaluations of the cost function and
took approximately 140 ms on a Dual Corel.66 Ghz system
with 1024 MB RAM running Windows XP (SP3). For the 12
individual optimizations, an average of 24.6 iterations was
required, resulting in a mean computation time of 3.4 sec-
onds.

[0116] To evaluate the accuracy of a model fitting approach
according to an embodiment of the invention, the Euclidean
distance of the ground truth needle to the model tip position
was calculated for every time step. These distances are
reported as “Error [mm]” in the table of FIG. 17. The mean
Error over the 12 time steps was 2.3 mm (median 2.2 mm)
with a standard deviation of 1.4 mm. Similarly, the angular
deviation was calculated using the estimated direction of the
needle model and the ground truth needle direction for every
time step. These deviations are reported as “Error [°]” in the
table of FIG. 17. The mean angular deviation over the 12 time
steps was 1.8° (median)1.8° and a standard deviation of 0.8°.

[0117] During development and testing, two issues
emerged concerning an image-based tracking approach
according to an embodiment of the invention. One issue con-
cerns the robustness of the model fitting, as the estimated
needle position is used to dynamically align the image slices.
Therefore, an incorrect localization of the needle propagates
and leads to consecutive errors and false needle localization.
Approaches for enhancing robustness are based on either
adding constraints for the needle location or incorporating
additional image characteristic information. These con-
straints can apply to the general needle position, as well as the
motion of a needle during the insertion. With the planned
trajectory available, it is possible to validate the location of
the needle during the procedure and therefore identify
unlikely needle positions. In addition, the motion of the
needle during a procedure can be modeled, for example by
constraining the possible locations of the needle tip and angu-
lar movement over time, i.e. between subsequent image
frames. It can also be taken into consideration that the needle
entry point is subject to considerably less movement during
the intervention than the needle tip. Combining these con-
straints has the potential to reduce the search space and
improve the accuracy and robustness of a tracking module
according to an embodiment of the invention. In addition,
assuming that no motion occurs between the planning and the
actual procedure, the pre-acquired high resolution 3-D data
set used in the planning tool could also be used to aid tracking
or just provide additional information to the physician. MPR
images can be extracted from the 3-D dataset corresponding
to the same slice positions as the real-time images. Although
image contrast and spatial resolution differ between the two
images, strategies could be developed to use an image com-
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parison to support needle tracking. Such strategies may
include 2-D/3-D image registration, signal normalization,
and edge detection.

[0118] A second issue involves the convergence of the
model towards the needle tip. In several tests, amodel accord-
ing to an embodiment of the invention converged to the true
needle position but did not extend to the full length of the
artifact. This effect occurred during the time steps 13-16 of
the simulation and is indicated by the distance of the model tip
position to the ground truth needle tip location given in the
“Error [mm]” column of the table of FIG. 17. Beginning from
time frame 13, this error increased until it reached 5.9 mm
after the last iteration. In FIG. 18, the final position of the
needle model 180 is shown after the 16 timestep together
with the image slices 181, 182, 183, acquired for this itera-
tion. The screenshot shows that the needle model converged
to the correct needle artifact 185 but did not extend to its full
length. This shortcoming occurs as a result of the parameter-
ization of the needle model. A possible solution is to employ
a different parameterization corresponding to a more suitable
shape of the cost function to be optimized. For example,
instead of using a base point and a no normalized direction
vector, the needle direction and length could be represented in
spherical coordinates with the base point as the origin. That s,
the needle direction is given by the azimuth angle and the
elevation angle, whereas the needle length is encoded by the
radial distance. Thus, the needle model still has six degrees of
freedom. Moreover, since length is encoded independent of
direction, this parameter space might be more adequate for
representing the movement of the needle during insertion.

System Implementation

[0119] It is to be understood that embodiments of the
present invention can be implemented in various forms of
hardware, software, firmware, special purpose processes, or a
combination thereof. In one embodiment, the present inven-
tion can be implemented in software as an application pro-
gram tangible embodied on a computer readable program
storage device. The application program can be uploaded to,
and executed by, a machine comprising any suitable architec-
ture.

[0120] FIG. 19 is a block diagram of an exemplary com-
puter system for implementing a method for passive needle
guidance during MRI guided procedures using only image
intensity information, according to an embodiment of the
invention. Referring now to FIG. 19, a computer system 191
for implementing the present invention can comprise, inter
alia, a central processing unit (CPU) 192, a memory 193 and
an input/output (I/O) interface 194. The computer system 191
is generally coupled through the I/O interface 194 to a display
195 and various input devices 196 such as a mouse and a
keyboard. The support circuits can include circuits such as
cache, power supplies, clock circuits, and a communication
bus. The memory 193 can include random access memory
(RAM), read only memory (ROM), disk drive, tape drive,
etc., or a combinations thereof. The present invention can be
implemented as a routine 197 that is stored in memory 193
and executed by the CPU 192 to process the signal from the
signal source 198. As such, the computer system 191 is a
general purpose computer system that becomes a specific
purpose computer system when executing the routine 197 of
the present invention.

[0121] Thecomputer system 191 also includes an operating
system and micro instruction code. The various processes and
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functions described herein can either be part of the micro
instruction code or part of the application program (or com-
bination thereof) which is executed via the operating system.
Inaddition, various other peripheral devices can be connected
to the computer platform such as an additional data storage
device and a printing device.

[0122] It is to be further understood that, because some of
the constituent system components and method steps
depicted in the accompanying figures can be implemented in
software, the actual connections between the systems com-
ponents (or the process steps) may differ depending upon the
manner in which the present invention is programmed. Given
the teachings of'the present invention provided herein, one of
ordinary skill in the related art will be able to contemplate
these and similar implementations or configurations of the
present invention.

[0123] While the present invention has been described in
detail with reference to exemplary embodiments, those
skilled in the art will appreciate that various modifications
and substitutions can be made thereto without departing from
the spirit and scope of the invention as set forth in the
appended claims.

What is claimed is:

1. A method for tracking a needle along a path under
real-time magnetic resonance imaging (MRI) guidance, com-
prising the steps of:

extracting a candidate needle artifact region from a plural-

ity of incoming MR images of a needle inside biological
tissue;

determining an initial needle direction vector from the

candidate needle artifact region in each of the plurality
of incoming needle images;

determining an initial needle base point from an intersec-

tion of the needle direction vector with a first incoming
needle image, and an initial needle tip point from an
intersection of the needle direction vector with a last
incoming needle image; and

tracking said needle by minimizing a cost function of the

initial base point and initial direction vector to calculate
an updated base point and updated direction vector,
wherein the updated base point and direction vector are
used to visualize the advance of the needle along the path
through the biological tissue.

2. The method of claim 1, wherein extracting candidate
needle artifact regions comprises:

receiving a current MR needle image defined as an MR

image containing the needle artifact;

extracting a plurality of pixel regions from the current MR

needle image having a lower image intensity than sur-
rounding pixels;

calculating a plurality of features for each pixel region; and

selecting one or more pixel regions, based on the features

of each region, that are likely to represent a needle arti-
fact, as candidate needle artifact regions,

wherein, if more than one pixel region is selected, choosing

a region closest to the path as the candidate needle arti-
fact region.

3. The method of claim 2, wherein the plurality of pixel
regions are extracted from the current MR needle image by
subtracting the current MR needle image from a background
model, extracting those pixels whose intensity difference
with respect to corresponding pixels in the background model
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is greater than a predetermined threshold, and using con-
nected-component analysis to form pixel regions from the
extracted pixels.

4. The method of claim 3, wherein a pixel i is extracted if
the intensity difference E(x,)-1,(x,)Zd,,, .04, Wherein E, is
the background model, 1, is the current image, and X, is the
position of pixel i.

5. The method of claim 3, further comprising, if no region
is selected as a candidate needle artifact region, updating the
background model with the current image.

6. The method of claim 2, wherein features calculated for
the extracted pixel regions include an area, a perimeter, a
circularity, a centroid, and a distance from the centroid to the
planned path, wherein regions whose centroid is less than a
predetermined distance from the planned path, whose circu-
larity is less than a predetermined maximum, and whose area
is within a predetermined range, are selected as candidate
needle artifact regions.

7. The method of claim 1, wherein said cost function of the
base point and direction vector is given by

N
Ib, dy =y Tiwe ki, b, dywilllx;, b, d) € R,
i=0

wherein base point b=(b,, b, b,)"€R?, direction vector d=(d,,
d, d)"eR?, x, is the position of pixel i, I, is the image intensity
for pixel 1, N is the number of pixels, w, is given by

wilk(x,b,d))=H (k(x,b,d)) H(1-k(x,b,d)),

where H is the Heaviside step function and k is given by

x-b'd

k(x, b, d) = T

€R,
w, is given by

1
willx, b, d)) = N(l(x, b. d), py. 07y) = sNU. b, d). 2. ).

wherein 1 is given by

1
lix,b,d)= ;llp(x, b,d)—x|| €R,

p(x, b, d)=b+k(x,b,d)deR>, and N(x, 1, o) denotes the prob-
ability density function for a univariate normal distribution
with the mean 1 and standard deviation o.

8. The method of claim 7, wherein minimizing said cost
function comprises acquiring at least three images with
respect to a current needle position, wherein at least two
images are parallel to the needle and perpendicular to each
other, and the third image is perpendicular to longitudinal axis
of the needle, and minimizing said cost function in said
images to obtain a new needle position.

9. The method of claim 7, wherein minimizing said cost
function comprises updating a parameter vector p=(b, d)
according to
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piv1 = argmin/(p)
peN;

wherein N, is a neighborhood about p generated for each
iteration i by varying the vector p by a stepsize %y, in each
dimension.

10. The method of claim 7, wherein minimizing said cost
function comprises updating a parameter vector p=(b, d)
according to p,,;=p,~YapVJI(p;), Where vy, denotes a step
size.

11. A method for tracking a needle along a path under
real-time magnetic resonance imaging (MRI) guidance, com-
prising the steps of:

determining an initial base point and an initial direction

vector of a needle during an MRI guided intervention by
analyzing a needle artifact region in each of a plurality of
incoming MR images; and

tracking said needle during said intervention by minimiz-

ing a cost function of the initial base point and initial
direction vector to calculate an updated base point and
updated direction vector, wherein said cost function of
the base point and direction vector is given by

N
(b, d)= ) Iwilk(xi, b, d)willix, b, d)) € R,
i=0

wherein base point b=(b,, b,,, b,)%eR?, direction vector d=(d,,

d, d,)%eR?, x, is the position of pixel i, I, is the image intensity
for pixel 1, N is the number of pixels, w, is given by

wilk(x,b,d))=H(k(x,b,d) H(1-k(x,b,d)),

where H is the Heaviside step function and k is given by

x=-bTd

k(x, b, d) = T

E€R,
w, is given by
1
willx, b, d)) = N(l(x, b, d), py, 01) = EN(Z(X, b, d), pz, 02).

wherein 1 is given by

1
lix,b,d)= ;llp(x, b,d)—x|| R,

p(x,b,d)=b+k(x,b,d)deR?, and N(x, p, o) denotes the prob-
ability density function for a univariate normal distribution
with the mean p and standard deviation o, wherein the
updated base point and direction vector are used to advance
the needle along the path through biological tissue.

12. The method of claim 11, wherein determining an initial
base point and an initial direction vector of a needle com-
prises:
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receiving a current MR needle image;

extracting a plurality of pixel regions from the current MR
needle image having a lower image intensity than sur-
rounding pixels;

calculating a plurality of features for each pixel region; and

selecting one or more pixel regions, based on the features

of each region, that are likely to represent a needle arti-
fact, as needle artifact regions,

wherein, if more than one pixel region is selected, choosing

a region closest to the path as the needle artifact region.
13. The method of claim 12, wherein determining a base
point and a direction vector of a needle comprises:
determining an initial needle direction vector from the
needle artifact region in each of the plurality of incoming
MR images; and

determining an initial needle base point from an intersec-
tion of the needle direction vector with a first incoming
MR image, and an initial needle tip point from an inter-
section of the needle direction vector with a last incom-
ing MR image.

14. A program storage device readable by a computer,
tangibly embodying a program of instructions executable by
the computer to perform the method steps for tracking a
needle along a path under real-time magnetic resonance
imaging (MRI) guidance, the method comprising the steps of:

extracting a candidate needle artifact region from a plural-

ity of incoming MR images of a needle inside biological
tissue;

determining an initial needle direction vector from the

candidate needle artifact region in each of the plurality
of incoming needle images;

determining an initial needle base point from an intersec-

tion of the needle direction vector with a first incoming
needle image, and an initial needle tip point from an
intersection of the needle direction vector with a last
incoming needle image; and

tracking said needle by minimizing a cost function of the

initial base point and initial direction vector to calculate
an updated base point and updated direction vector,
wherein the updated base point and direction vector are
used to visualize the advance of the needle along the path
through the biological tissue.

15. The computer readable program storage device of
claim 14, wherein extracting candidate needle artifact regions
comprises:

receiving a current MR needle image defined as an MR

image containing the needle artifact;

extracting a plurality of pixel regions from the current MR

needle image having a lower image intensity than sur-
rounding pixels;

calculating a plurality of features for each pixel region; and

selecting one or more pixel regions, based on the features

of each region, that are likely to represent a needle arti-
fact, as candidate needle artifact regions,

wherein, if more than one pixel region is selected, choosing

a region closest to the path as the candidate needle arti-
fact region.

16. The computer readable program storage device of
claim 15, wherein the plurality of pixel regions are extracted
from the current MR needle image by subtracting the current
MR needle image from a background model, extracting those
pixels whose intensity difference with respect to correspond-
ing pixels in the background model is greater than a prede-
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termined threshold, and using connected-component analysis
to form pixel regions from the extracted pixels.

17. The computer readable program storage device of
claim 16, wherein a pixel i is extracted if the intensity differ-
ence E,(x,)-1,(X,)2d,,0sn0:» Wherein E, is the background
model, 1, is the current image, and X, is the position of pixel i.

18. The computer readable program storage device of
claim 16, the method further comprising, if no region is
selected as a candidate needle artifact region, updating the
background model with the current image.

19. The computer readable program storage device of
claim 15, wherein features calculated for the extracted pixel
regions include an area, a perimeter, a circularity, a centroid,
and a distance from the centroid to the planned path, wherein
regions whose centroid is less than a predetermined distance
from the planned path, whose circularity is less than a prede-
termined maximum, and whose area is within a predeter-
mined range, are selected as candidate needle artifact regions.

20. The computer readable program storage device of
claim 14, wherein said cost function of the base point and
direction vector is given by

N
J(b,d) = Z Lwp(k(x;, b, D)w(l(x;, b, d)) € R,
=0

wherein base point b=(b,, b,,, b,)%eR?, direction vector d=(d,,

d, d,)%eR?, x, is the position of pixel i, I, is the image intensity
for pixel 1, N is the number of pixels, w, is given by

wilk(x,b,d))=H(k(x,b,d) H(1-k(x,b,d)),

where H is the Heaviside step function and k is given by

x-b'd

k(x, b, d) = T

ER,
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w, is given by

1
willx, b, d)) = N(lx, b, d), pu, ) = 5NWUx, b, d), p2, 02),

wherein 1 is given by

1
lix,b,d)= ;llp(x, b,d)—x|| €R,

p(x,b,d)=b+k(x,b,d)deR?, and N(x, p, o) denotes the prob-
ability density function for a univariate normal distribution
with the mean 1 and standard deviation o.

21. The computer readable program storage device of
claim 20, wherein minimizing said cost function comprises
acquiring at least three images with respectto a current needle
position, wherein at least two images are parallel to the needle
and perpendicular to each other, and the third image is per-
pendicular to longitudinal axis of the needle, and minimizing
said cost function in said images to obtain a new needle
position.

22. The computer readable program storage device of
claim 20, wherein minimizing said cost function comprises
updating a parameter vector p=(b, d) according to

piv1 = argmin/(p)
peN;

wherein N, is a neighborhood about p generated for each
iteration 1 by varying the vector p by a stepsize +yz, in each
dimension.

23. The computer readable program storage device of
claim 20, wherein minimizing said cost function comprises
updating a parameter vector p=(b, d) according to p,, ,=p,~
Yap VI (p,) where y,, denotes a step size.
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