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Computer Aided Surgery 2:264-275 (1997) 

Biomedical PaPer 

Feasibility Study of Magnetic Resonance 
Imaging-Guided Intranasal Flexible Microendoscopy 

Derek L.G. Hill, Ph.D., Line A. Langsaeter, M.Sc., Paul N. Poynter-Smith, B.Sc., 
Claire L. Emery, B.Sc., Paul E. Summers, B.Sc., Stephen F. Keevil, Ph.D., 
J. Paul M. Pracy, F.R.C.S., Rory Walsh, F.R.C.S., David J. Hawkes, Ph.D., 

and Michael J. Gleeson, M.D., F.R.C.S. 
Divisions of Radiological Sciences (D.L.G.H., L.A.L., P.N.P.-S., C.L.E., P.E.S., S.F.K., D.J.H.) 

and Surgery V.P.M.P., R. W., M.Y.G.), UMDS, Guy's and St. Thomas's Hospitals, 
London SEl 9RT, United Kingdom 

ABSTRACT Interventional magnetic resonance imaging (MRI) offers potential advantages over 
conventional interventional modalities such as X-ray fluoroscopy, ultrasonography, and computed 
tomography (CT). In particular, it does not use ionizing radiation, can provide high-quality images, 
and allows acquisition of oblique sections. We have carried out a feasibility study on the use of 
interventional MRI to track a flexible microendoscope in the paranasal sinuses. In this cadaver study, 
high-speed MRI was used to track a passive marker attached to the end of the endoscope. 

Automatic image registration algorithms were used to transfer the coordinates of the endo- 
scope tip into the preoperative MRI and CT images, enabling us to display the position of the 
endoscope in reformatted orthogonal views or in a rendered view of the preoperative images. The 
endoscope video images were digitized and could be displayed alongside an approximately aligned, 
rendered preoperative image. Intraoperative display was provided in the scanner room by means of 
an liquid crystal display (LCD) projector. We estimate the accuracy of the endoscope tracking to be 
approximately 2 mm. Comp Aid Surg 2:264-275 (1997). 81998 Wiey-Liss, hc. 

~~ ~~~~~~~-~~~~~~ ~~~~~~~~~~~ 

Key wordc interventional MRI, endoscope, nasal sinuses, paranasal sinuses, tracking, registration, 
distortion 

INTRODUCTION 
The ability of MRI to provide both anatomical and 
functional information without exposure of patients 
and staff to ionizing radiation makes interventional 
MRI an attractive goal. The superior soft tissue 
resolution of MRI, along with its multiplanar im- 
aging capability, make it an interesting alternative to 
CT, X-ray fluoroscopy and ultrasonography . Recent 
advances in MRI hardware, and alternative k-space 

algo,+~s,l.6,8Z8,29.31 have allowed much 
faster scanning times. The speed of scanning has 
now reached the stage where nearly real-time im- 
aging is a possibility. 

Proposed uses for interventional MRI in- 
clude percutaneous breast bi~psies ,~ aspiration 
cytology, therm~therapy,'~*~~,"*~~,~~ intravascular 
procedures, 1 1% 15.1 6 , 1 9 3  interstitial focused ultra- 

Received original May 28, 1997; accepted August 19, 1997. 
This paper is based on a presentation at the Visualization in Biomedical Computing International Conference held in 
Hamburg, Germany, September, 1996. 
Address correspondenceheprint requests to: Dr. Derek L.G. Hill, Radiological Sciences, UMDS, Guy's Hospital Campus, 
St. Thomas' Street, London SE1 9RT, U.K. E-mail: d.hill@umds.ac.uk. 
0 1998 Wiley-Liss, Inc. 



Hill et ul.: MRI-Guided Intrunusul Flexible Microendoscopy 265 

sound,22 and needle p l a ~ e m e n t , ' ~ " ~ " ~  as well as 
endoscopic imaging.' Many of these capabilities 
have been demonstrated only ex vivo. 

Conventional endoscopic sinus surgery uses 
rigid endoscopes to view the sinuses and 0s- 
teomeatal complex. There is a small but signifi- 
cant risk of damage to structures that are in close 
relation to the sinuses. At particular risk are the 
orbital contents (including the optic nerve), the 
cribiform plate, the skull base, and the internal 
carotid arteries, which indent the roof of the sphe- 
noid sinus. Access to the sinuses can be limited 
by the use of rigid endoscopes in such a confined 
space, and it is sometimes necessary to use 30"- 
and 70"-angled lenses to look into the maxillary and 
frontal sinuses. The use of angled lenses requires 
considerable experience and expertise, because the 
view afforded is disorienting. Access and safety 
could be improved by the use of a flexible endo- 
scope, but in this case tracking would be helpful to 
provide orientation within the sinuses. A conven- 
tional localizer (e.g., mechanical arm) cannot be 
used to track a flexible tool, and CT, fluoroscopy, 
and ultrasound are all unsatisfactory for real-time 
tracking of a tool that can move in three dimensions 
(3-D) through air and tissue. The objective of the 
work described herein was to demonstrate the feasi- 
bility of tracking a flexible microendoscope using 
an MRI scanner and using image registration tech- 
niques to relate video images acquired with the 
endoscope to high-quality CT and MRI images ac- 
quired before the intervention. 

MRI Compatibility 

Ferromagnetic materials should be kept well 
away from MRI systems; they are attracted to the 
bore of the magnet and can be dangerous to both 
patient and clinician. Other materials are charac- 
terized by their magnetic susceptibility, related to 
their inherent magnetic properties. Any material 
that has magnetic susceptibility different from 
that of the tissues being imaged will create a local 
geometric and intensity distortion within the im- 
age (especially when using gradient echo im- 
aging). Surgical instruments introduced into the 
patient should, therefore, have a susceptibility as 
close as possible to that of tissue. The image 
degradation caused by susceptibility differences 
is dependent on the imaging sequence being used. 
This degradation is minimized using spin-echo 
sequences, in which spin dephasing caused by 
susceptibility differences is rephased using a 180" 
radiofrequency (RF) pulse. 

MRI Visibility 
The instruments must be visible in the MRI scan. 
Solid objects made of metal alloys (e.g., most 
surgical instruments) normally appear as dark sig- 
nal voids in MRI and are often surrounded by a 
wider area of signal loss resulting from suscepti- 
bility differences. When introduced into a tissue 
that appears bright on MRI, they can be clearly 
seen. However, the size and shape of signal voids 
caused by magnetic susceptibility can change 
with orientation with respect to the magnetic 
field. In addition, not all of the structures within 
a patient are bright on MRI, for example, the air 
sinuses, bone, and some fluids are dark in certain 
MRI sequences. A signal void would in these 
cases be indistinguishable from its surroundings. 
Adding a bright marker, for example, one con- 
taining an appropriate concentration of the para- 
magnetic contrast material gadolinium DTPA 
(Magnevist; Schering AB, Berlin, Germany), to 
the instrument can make it visible when sur- 
rounded by low-intensity tissue or air," but the 
instrument can cease to be visible if moved into 
a region where the surrounding tissue produces 
an MRI signal similar to that of the marker. These 
problems can be overcome by using an active 
marker that incorporates a small RF receive or 
send/receive coil surrounded by MRI-visible ma- 
teria1.2,6.1 2.1 3.20.21 Very simple imaging sequences, 
made up of a small number of projections, can be 
used to identify the 3-D position of these active 
markers. Metal RF coils can, however, cause local 
heating, which can in turn cause additional as yet 
unquantified trauma to the patient. Maier et al." 
have assessed the increase in tissue temperature that 
coils of this sort generate. Heating is caused primar- 
ily by the RF field, with a doubling of the RF field 
amplitude leading to a fourfold increase in tissue 
temperature. It is also dependent on magnetic field 
strength and the sequence used, with the greatest 
effects seen with turbo spin echo sequences, with 
high-field magnets, and with the catheter oriented 
in the plane perpendicular to the direction of the 
static magnetic field. In the work described herein, 
we have chosen to use a passive, high-intensity 
marker owing to concerns about the clinical safety 
of active RF coils inserted into the tissues of the 
patient. 

MATERIALS AND METHODS 

Design of Passive Endoscope Marker 
To track a bright passive marker, it is necessary 
to select the optimal concentration of the marker 
material. We use gadolinium DTPA (Gd-DTPA) 
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with the fast MRI sequence that is run during the 
intervention. Concentrations of between 0 and 30 
mmol liter-’ Gd-DTPA were placed in 20 ml 
plastic vials, and imaged using a turbo spin echo 
(TSE) pulse sequence [TR = 106 msec, TE = 11 
msec, turbo factor (TF) = 81. The TF describes 
the number of lines in k-space that are acquired 
following a single excitation pulse using multiple 
phase encoding gradients. The marker concentra- 
tion providing the best signal intensity depends 
on the sequence. We chose the concentration that 
gave the highest intensity for the fast MRI se- 
quence used for this preliminary “interven- 
tional” scan. The degradation in signal intensity 
caused by partial volume effect and susceptibility 
artifacts was then assessed by placing the optimal 
concentration of marker fluid into plastic tubing 
and then reimaging. Several types of biocompati- 
ble, clinically used tubing materials with different 
diameters and wall thicknesses were used for this 
purpose. The intensity of the marker relative to 
surrounding tissue for the selected pulse sequence 
was then assessed using a fresh porcine cadaver. 

Modification of the Microendoscope 
for MRI Compatibility 
We constructed a modified microendoscope, us- 
ing the 6,000-pixel imaging fibers and the illumi- 
nation fibers of an Omegascope OM2/070 flexible 
microendoscope (Omega Universal Technologies 
Ltd., London, U.K.). This was made MRI com- 
patible by encasing it in a biocompatible poly- 
thene catheter with an outer diameter of 2.3 mm. 
The final 2 cm of the catheter had the guidewire 
and working channels filled with Gd-DTPA con- 
trast agent, at the concentration determined from 
the experiments described below, and the ends 
were sealed with wax.’ A single-chip color 
charge-coupled device (CCD) camera was 
attached to the endoscope eyepiece and could op- 
erate satisfactorily in the bore of a 1.5 T MRI 
scanner. The video output was connected, via a 
long video lead, to a SunVideo (Sun Microsys- 
tems, Mountain View, CA) frame grabber in a 
workstation in the scanner control room. 

Construction of the MRI-Compatible 
Light Source 
An MRI-compatible endoscope light source was 
constructed. The light source was housed in an 
aluminum alloy box, with a DC rather than an 
AC power input, avoiding the need for the light 
source to contain a transformer. Long power ca- 
bles were used to keep the power supply trans- 
former outside the RF shield. A 150 W, 15 V 

reflective xenon bulb was used to supply light 
onto the ends of the illumination fibers. A small 
6 V fan was attached to the side of the box to 
cool the bulb. Although the fan contained a small 
amount of ferromagnetic material, the light 
source could be attached to the scanner couch, 
approximately 50 cm away from the magnet bore, 
without being attracted into the scanner or de- 
grading the images. The endoscope was con- 
nected to the light source using a machined poly- 
vinyl chloride (PVC) socket and was protected 
from the heat of the bulb by heat-absorbing glass. 

Display of Images in the Scanner Room 
A 1,024 X 768-pixel, active color LCD projector 
panel was used to project video from the endo- 
scope and processed images displayed on a Sun 
workstation into the scanner room, where it could 
be seen by the clinician. The projector could be 
placed in a field strength of less than 1 mT, with 
the images projected onto a screen placed in an 
arbitrary field strength. 

Cadaver Experiments 
The expected clinical protocol for the use of the 
system is described below. This protocol was 
tested using a primate cadaver head. This primate 
had been sacrificed for a separate research project 
involving removal of the temporal bones. 

“Preoperative ” Zmaging 
CT scanning is the modality of choice for visual- 
izing the paranasal sinuses and osteomeatal com- 
plex. Preoperative imaging was carried out using 
a Philips SR7000 spiral CT scanner (Philips Med- 
ical Systems, Best, The Netherlands). Sixty-one 
slices, 1.5 mm thick, with a field of view of 200 
mm and a 512’ matrix, were acquired. A high- 
resolution preoperative TI-weighted spin echo 
(SE) MRI scan was also acquired using the 1.5 
T Philips Gyroscan ACS-I1 (Philips Medical Sys- 
tems). This scan was registered to the CT scan 
using the fully automatic voxel similarity measure 
algorithm based on the mutual information of the 
joint probability di~tribution.~~ 

“Znterventional” Zmaging 
Prior to the interventional scan, some dissection 
of the primate cadaver was performed by a sur- 
geon to allow access to the maxillary sinus. This 
is the same procedure as is carried out in conven- 
tional sinus surgery, and we envision that, in clini- 
cal use, this would be done while the patient is 
lying on the scanner couch. The cadaver head 
was then placed in the scanner, and the endoscope 
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was inserted into the nasal sinus. The orientation 
of the endoscope was ascertained before insertion 
so that the operator could orient himself while 
entering the sinus system. The marker attached 
to the flexible microendoscope was visualized 
within the sinus system using the TSE sequence 
(TR = 106 msec, TE = 11 msec, TF = 8) for 
which the marker concentration had been opti- 
mized. These ‘‘interventional” images were reg- 
istered to the preoperative MRI, and hence to 
the preoperative CT images, by optimizing the 
correlation coefficient of the joint probability dis- 
tribution.26 Initial experimentation indicated that, 
for our data, the correlation coefficient is more 
robust with regard to variation in the starting esti- 
mate of the registration than the mutual informa- 
tion. This registration took approximately l min 
on a SunSparc Ultra 1/140 workstation with a 
starting estimate of approximately 10 mm transla- 
tion and 10” rotation from the registration solu- 
tion. 

Accuracy Considerations 
System performance is an important consider- 
ation in these experiments. To test the reliability 
of the techniques used, the various sources of 
error had to be identified and quantified. The ac- 
curacy with which one can determine the position 
of the endoscope tip depends on 1) the delineation 
of the marker, 2) the registration accuracy for 
both MRI to CT and interventional MRI to preop- 
erative MRI, and 3) the distortion of both MRI 
and endoscope images. These issues will be dealt 
with in the subsequent sections. 

Acquisition of High-speed MRI 
We acquired two further MR data sets: first, a 
high-resolution T1-weighted TSE scan (TR = 235 
msec, TE = 40 msec, TF = 5 )  with a 256’ matrix 
and 2-mm-thick slices, with a time of approxi- 
mately 19 minutes for 73 slices, and, second, 21 
slices of a low-resolution TSE sequence (TR = 
200 msec, TE = 21 msec, TF = lo), with a slice 
thickness of 5 mm, a one-half scan factor of 
0.625, a k-space reduction factor of 50%, and a 
rectangular field of view (FOV) of 70% in the 
phase-encoding direction; the scan time for this 
sequence was approximately 2 min. 

Delineation of the Marker 
The identification of the marker tip coordinates 
depends on the pixel size of the image. If the 
diameter of the marker is less than the pixel diam- 
eter, the localization accuracy is no better than 
?a/2, where a is the pixel dimension. If, on the 

other hand, the marker diameter is greater than 
the pixel diameter, and we can assume a symmet- 
ric point spread function (PSF), the position of 
the marker may be found to an accuracy better 
than 2 4 2  by using a center of gravity operator. 
However, the center of gravity operator is sensi- 
tive to image intensity modulations, which are 
likely to be present in the vicinity of the marker. 
This modulation can be due to susceptibility arti- 
facts from the endoscope tip and noise from the 
rapid sequence used as well as signal from under- 
lying and overlying structures. 

Preoperative Registration 
There are two stages in the registration method de- 
scribed above, registration of the preoperative CT 
to preoperative MRI and registration of the interven- 
tional MRI to preoperative MRI. We have not car- 
ried out an assessment of the registration of the 
preoperative MRI to the preoperative CT for this 
paper. However, our group participated in a 
multicenter trial evaluating the accuracy of our 
automated registration algorithm (described by 
West et al.32). In this blinded multicenter trial, the 
median registration error when registering a CT 
image to a TI-weighted MRI scan using this algo- 
rithm was found to be 1.2 mm. We can expect to 
achieve a similar level of accuracy in our registra- 
tion procedure using the MRI and CT scans de- 
scribed herein. 

Intraoperative Registration 
One way to ensure that ‘‘interventional” imaging 
sequences are rapid enough for clinical use is to 
reduce the FOV, updating only the information 
contained within a small volume of the object. 
This technique is used in the near-real-time se- 
quence ‘  LOL LO,"'^ which combines a rectangular 
FOV with turbo spin echo acquisition, one-half 
scan, and k-space reduction. This type of rapid 
sequence seems appropriate for tracking a small 
object in a restricted area. 

To test the accuracy and robustness of the 
registration algorithm when registering a re- 
stricted volume, low-resolution data set to a high- 
resolution, full-head data set from the same image 
modality, we applied the following protocol. We 
truncated the “interventional” low-resolution 
data set along the slice select axis into increas- 
ingly smaller units (multiples of the slice thick- 
ness) and also reduced the matrix in the x and y 
directions from 256’ to 128’. Each of these trun- 
cated subvolumes was then registered to the pre- 
operative high-resolution MRI data set by opti- 
mizing the correlation coefficient of the two 
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Fig. 1. One of the subvolumes from the “interven- 
tional” scan: 128’ matrix with 10 slices each of 5 mm 
thickness (90 X 90 X 50 mm). The image shows sagittal 
(the plane of the acquired slice) in the top left comer, 
axial (top right), and coronal (bottom left) views. The 
subvolume is taken from the middle of the volume, show- 
ing the upper spinal cord and oral cavities. The slices 
were interpolated by linear interpolation for display pur- 
poses. 

images, producing a “subvolume registration 
transformation.” A sample subvolume is pre- 
sented in Figure 1.  A registration of the entire 
low-resolution MRI data set to the high-resolution 
MRI data set was used as a pseudo-“gold stan- 
dard” registration transformation for this experi- 
ment. The subvolumes of the low-resolution MRI 
sequence were each registered to the high-resolu- 
tion MRI scan, with a starting estimate given by 
the gold standard transform incorporating a trans- 
lation error of up to 5 mm in the x, y, and z 
directions. 

Registration errors were assessed at nine 
points distributed around the high-resolution MRI 
volume. The points were chosen in the frontal 
lobe, on the postcentral gyms, cerebellum, middle 
nasal region, left maxillary sinus, right maxillary 
sinus, lower jaw, and lower nasal region, and in 
the medulla oblongata. The precise anatomical 
position of these points is not critical, but it is 
important that they are spread throughout the vol- 
ume of interest in order to characterize the rota- 
tional as well as the translational registration er- 
rors. 

We calculated a 3-D displacement for each 
of the nine selected points during the registra- 
tions. This was done by comparing the coordi- 
nates for each point from the subvolume registra- 
tion and the gold standard registration. The dis- 
placement was used as a measure of registration 

error at that point. Each point has coordinates 
(x, y, z) in the high-resolution MRI scan to which 
the other scans were registered. This point first 
underwent the rotation and then the translation of 
the gold standard transformation, giving it the 
new coordinates (x’, y‘, z’) by 

where R, is the gold standard rotation matrix and 
T, is the gold standard translation vector. This 
calculation was also performed on the same point 
(x, y, z) in the reference image using the subvo- 
lume registration transformation. This gives the 
new point coordinates (x”, y“, z”) from 

(x”, y”, z”) = RJx, y, Z) + T, 

where R,, is the subvolume rotation and T, is the 
subvolume translation. The displacement be- 
tween the point transformed using the subvolume 
transformation and the same point transformed 
with the gold standard transformation is thus 
given by the length of the vector separating points 
(x’, y‘, z’) and (x”, y”, z”). This displacement, 
which is the error at that point, was calculated 
for all nine points for each subvolume registration 
transformation. 

Distortion 
There are two main sources of image distortion 
in this system, namely MRI distortion and video 
(or endoscope) distortion. The first is due to sev- 
eral phenomena, including gradient nonlinearit- 
ies, chemical shift, and pixel scaling errors in 
the MRI system. In our experience, pixel scaling 
errors can dominate in sequences with strong 
readout gradients, with mean errors greater than 
1% and sometimes as much as 7%. MRI scaling 
errors, unlike other forms of MRI distortion, can 
be relatively easily corrected using phantom mea- 
surements. The video distortion can be evaluated 
by a calibration of the optical characteristics of 
the lens. With its wide viewing angle, the endo- 
scope lens presents quite large distortions. The 
barrel distortion was characterized by imaging a 
test object consisting of straight lines separated 
by 2 mm in a grid pattern. The coordinates of 
the intersections between lines on the grid seen 
through the endoscope image are measured. The 
radial distance to the observed intersection from 
an estimated center of distortion is calculated us- 
ing Pythagoras’ theorem. The corrected radial 
distance can then be given as a polynomial of 
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Fig. 2. Endoscope light source with lid removed (left) and attached to endoscope (right). 

the distorted radial distance. By optimizing the 
polynomial coefficients and estimating the center 
of distortion, the correction factors that character- 
ize the system can be detem~ined.~ These correc- 
tion factors can then easily be applied to any 
image taken with the same system. By system we 
mean a specific configuration of lens and optics 
in the endoscope system. New calibrations must 
be performed for any change in the configuration, 
such as movement of individual optics with rela- 
tion to each other. This 2-D distortion correction 
of a 3-D object assumes circular symmetry, and 
precautions should be taken when interpreting 
structures, especially in the periphery of the 
image. 

RESULTS 

Design of Endoscope 
The concentration of Gd-DTPA that produced the 
highest intensity signal when imaged with the 
TSE sequence described above was 7.5 mmol 
liter-’. The intensity was reduced dramatically if 
the tube encasing the marker had a diameter less 
than 1 mm or if the marker volume dropped below 
5 ml. The MRI-compatible light source is shown 
in Figure 2. 

Cadaver Experiment 
Orthogonal views from the “preoperative” CT 
of the primate head are shown in Figure 3. The 
nasal sinuses are seen very clearly. Figure 4 
shows the preoperative MRI, described above, 
with the thresholded bone boundary from CT 
overlaid. 

Figure 5 shows a composite view compris- 
ing orthogonal views, along with a rendered im- 
age showing the relationship between the endo- 

scope localized in the high-speed TSE (TR = 106 
msec, TE = 11 msec, TF = 8) imaging sequence 
and the preoperative CT scan (Fig. 6). In the or- 
thogonal views, the endoscope marker is shown 
as a thresholded boundary overlaid on the CT 
image. In the perspective-rendered scene, the en- 
doscope is shown as a dark cylinder protruding 
from the nasal cavity. 

Although the image quality of the fast se- 
quence was much reduced, the endoscope tip 
could be clearly seen. The contrast to noise ratio 
was not always sufficient to locate the marker 
by thresholding alone, so user interaction was 
required to identify the endoscope tip and orienta- 
tion. 

After calculation of the registration trans- 
form relating the interventional MRI to the preop- 
erative CT and MRI, the position of the endo- 
scope tip could be displayed in orthogonal slices. 
With knowledge of the position of the endoscope 
tip relative to the preoperative CT, it is also possi- 
ble to produce a rendered scene of the CT data 
along the axis of the endoscope. A frame of the 
video endoscope image shown alongside a CT 
image (rendered using the Vislan software3) ob- 
tained from the same anatomical position is pre- 
sented in Figure 7. However, it should be stressed 
that this initial endoscope image was not distor- 
tion corrected. To align a rendered image with an 
endoscope image accurately, it is necessary to 
calibrate the video perspective geometry and cor- 
rect for distortion as discussed above. 

Accuracy Measurements 

The results presented in Figure 8 show a decrease 
in registration errors of low-resolution MRI to 
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high-resolution MRI for an increasing number of 
slices in the subvolume. The error bars represent 
the spread in point transformation for the different 
points expressed as 1 standard deviation (SD). 
There is also an overall reduction in spread of 
the registration errors when the number of slices 
increases. For all the studies performed, the sub- 
volume registration transformations have a maxi- 
mal error of 1.61 2 0.56 mm (1 SD). We per- 
formed a single-tailed t-test in order to determine 
whether this number was significantly different to 
the overall registration error. Using a confidence 
interval of 95%, we found the result to be nonsig- 
nificant. The results suggest that a small intraopera- 
tive MRI data set of image quality and size equiva- 
lent to those of the TSE subvolume considered here 
can be registered to a high-resolution preinterven- 
tional MRI by using this registration algorithm with 
an accuracy between 1 mm and 2 mm. 

From our results, there seems to be only 
slight improvement in the registration accuracy 
of low-resolution MRI to high-resolution MRI for 
an increasing number of slices (Fig. 8). Even for 
a single 5 mm slice in a 12g2 matrix, which en- 
compasses much of the head in two directions 
(about 60 %), but limited information in the third 
direction, the mean registration error for nine 

points chosen in the data set, all from different 
structures, is 1.52 mm, with a standard deviation 
of 20.25 mm. 

Figure 9 shows 1) an uncorrected and 2) a 
distortion-corrected endoscope view of a calibra- 
tion grid. During conventional endoscopy, the im- 
age errors introduced by imperfections in the en- 
doscope optics do not seem to have a great deal 
of influence on the accurate diagnosis and treat- 
ment of infections and/or lesions within the si- 
nuses, because surgeons (at least those at our in- 
stitution) are used to the degraded image quality 
from endoscopes, especially in the periphery of 
the lens, and it is standard practice to take care 
to avoid any complications that might be intro- 
duced due to these problems. 

DISCUSSION 
The results show that it is possible to locate the 
tip of a flexible endoscope in a fast SE sequence 
with an accuracy of approximately 2 mm and to 
obtain video pictures from the same location via 
the endoscope itself. Current surgical guidance 
systems, using mechanical arms, ultrasound, or 
optical tracking, are capable of localizing the po- 
sition of a rigid pointer or rigid surgical instru- 
ment with respect to preoperative images. These 

Fig. 3.  Orthogonal views from the CT scan of a primate cadaver described in the text. 
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Fig. 4. 
described in the text. 

Orthogonal views from the MR, with the thresholded bone boundary from CT overlaid. Scan sequences 

guidance systems are not appropriate for use with 
flexible instruments or when significant tissue de- 
formation is expected during the course of the 
procedure. 

Interventional radiology is also usually un- 
satisfactory for tracking flexible instruments. 
Conventional X-rays provide poor contrast and, 
even with a biplane system, only limited 3-D in- 
formation. Interventional CT or conventional ul- 
trasound provides only a single plane, which is 
insufficient for tracking flexible tools. Three-di- 
mensional ultrasound might have applications in 
some parts of the body, but the mixture of air, 
bone, and soft tissue in the paranasal sinuses 
makes ultrasound unsuitable for tracking flexible 
tools in this application. 

We have shown that interventional MRI can 
be used to track flexible instruments, in a manner 
analogous to the use of a conventional guidance 
system. By means of voxel-based registration al- 
gorithms, one can display the position of the in- 
strument in the context of the preoperative im- 
ages. The accuracy with which the interventional 
scans can be registered to the preoperative scans 
suggests that near-real-time scan sequences using 
“zooming” techniques such as LOLO*’ can be 

used without introducing large registration errors. 
In our application, it would be advantageous to 
automate the tracking of the endoscope. This 
might be done by tracking the passive marker in 
a series of fast images or by means of safe active 
markers. 

Further studies on the accuracy of position 
measurements in the MRI will support the choice 
of a minimal “interventional” volume that is 
clinically acceptable. These measurements were 
performed using a fast sequence scan with 5-mm- 
thick slices as described above. The truncated 
volumes are generated by cutting off pixels in 
two directions and reducing the number of slices 
in the sagittal direction. The low-resolution se- 
quence used for these experiments was designed 
to provide resolution and contrast similar to those 
of a one-shot single bulk volume acquisition such 
as LoLo while providing us with the flexibility 
to change the volume used for registration. Our 
results might not be directly applicable to these 
interventional sequences in all situations. The me- 
dian error for the CT to MRI registration can be 
estimated to be on the order of 1.2 mm with refer- 
ence from accuracy discussed above. When consid- 
ering all the different sources of positioning error, 
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Fig. 5. Orthogonal views and rendered scene from the C T  scan. The thresholded boundary of the endoscope marker 
from the registered MR is overlaid in the orthogonal CT views, and the endoscope is displayed as a dark cylinder 
protruding from the nose in the perspective rendered view (arrow). The images are from the scans described in the text. 

the possible influence of imperfect pixel scaling in 
the scanner must also be taken into account. 

The endoscope image can be displayed 
alongside preoperative images, indicating the po- 
sition of the endoscope tip at all times during 

Fig. 6. Turbo spin echo image (TR = 106 msec, TE = 
11 msec, T F  = 8) showing endoscope marker visible 
with high intensity entering the nasal cavity of a porcine 
cadaver. 

the intervention. The preoperative images can be 
displayed either as reformatted axial, coronal, and 
sagittal planes or as perspective rendered views. 
The projection of these images on the LCD screen 
in a suitable position in the scanning room per- 
mits effective guidance for the surgeon without 
having to move from the working position. 

To relate more accurately the rendered 
views of the preoperative images to the endo- 
scope images, it is also important to calibrate the 
endoscope optics and either correct for the optical 
distortion in the endoscope images as described 
above or alternatively apply the optical distortion 
to the rendered images. The second approach is 
more straightforward in computation but could 
give confusing and, indeed, incorrect views. Rela- 
tively powerful computational equipment makes 
the first approach feasible. 

In this paper, we have described the use of 
fast MRI for tracking a flexible endoscope in the 
paranasal sinuses and the use of an image registra- 
tion algorithm to make it possible to display the 
position of the tracked endoscope overlaid on preop- 
erative images of the same patient. This technique 
would potentially be applicable to the tracking of 
flexible instruments in many other procedures, for 
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example, endoscopes in other regions of the body, 
catheters in endovascular interventions, and flexible 

sary for the instruments to be modified so that they 
are MRI compatible and MRI visible as described 
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Fig. 8. Mean point transformation for nine selected points is presented here for the different low-resolution MR 
subvolumes registered to the high-resolution MR scan. The errors are given as 21 SD. Points were chosen from fat, 
white matter, grey matter, air, and bony areas. The smallest volume measures 5 X 90 X 90 mm. 
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Fig. 9. Views of a calibration grid through the endo- 
scope. The barrel distortion is quite significant (left) for 
this small-diameter lens. A distortion-corrected image of 
the grid is shown on the right. 
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