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RUMENTATION ASSESSMENTS

EFrecTt OF CHANGING PATIENT POSITION FROM SUPINE
TO PRONE ON THE ACCURACY OF A BROWN-ROBERTS-
WELLS STEREOTACTIC HEAD FRAME SYSTEM

OBJECTIVE: Despite the growing popularity of frameless image-guided surgery systems,
stereotactic frame systems are widely accepted by neurosurgeons and are commonly used
to perform biopsies, functional procedures, and stereotactic radiosurgery. We investigated
the accuracy of the Brown-Roberts-Wells stereotactic frame system when the mechanical
load on the frame changes between preoperative imaging and the intervention because of
different patient position: supine during imaging, prone during intervention.

METHODS: We analyzed computed tomographic images acquired from 14 patients
who underwent stereotactic biopsy, deep brain stimulator implantation, or radiosur-
gery. Two images were acquired for each patient, one with the patient in the supine
position and one in the prone position. The prone images were registered to the
respective supine images by use of an intensity-based registration algorithm, once
using only the frame and once using only the head. The difference between the
transformations produced by these two registrations describes the movement of the

patient’s head with respect to the frame.

RESULTS: The maximum frame-based registration error between the supine and prone
positions was 2.8 mm; it was more than 2 mm in two patients and more than 1.5 mm
in six patients. Anteroposterior translation is the dominant component of the difference
transformation for most patients. In general, the magnitude of the movement increased
with brain volume, which is an index of head weight.

CONCLUSION: To minimize frame-based registration error caused by a change in the
mechanical load on the frame, stereotactic procedures should be performed with the
patient in the identical position during imaging and intervention.

KEY WORDS: Image-guided surgery, Mechanical stress, Prone position, Stereotactic head frame system,
Stereotactive radiosurgery, Stereotactic techniques, Stereotaxy, Supine position
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espite the growing popularity of fra-
Dmeless image-guided surgery sys-

tems, stereotactic head frame systems
are widely accepted by neurosurgeons and are
still commonly used to perform stereotactic
biopsy, functional procedures, and stereotac-
tic radiosurgery (1, 10). Stereotactic frame sys-
tems generally include a stereotactic reference
frame (head ring) that provides rigid cranial
fixation with pins or screws and establishes a
stereotactic coordinate system in physical
space, a method for stereotactic image acqui-
sition, and a stable mechanical platform
(which typically includes an aiming arc as-
sembly) for holding and directing a probe or
other surgical instrument to a defined intra-
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cranial target point (10, 12, 17). Most current
frame systems relate image space to the phys-
ical coordinate space established by the refer-
ence frame by attachment, just before image
acquisition, of a localizing system consisting
of three or more N-shaped fiducials (Fig. 1) (5,
6).

The accuracy of frame-based surgical pro-
cedures depends on many factors, including
image resolution, geometrical fidelity of the
images, localization error of the N-shaped fi-
ducials, and the mechanical construction of
the frame system (23). Substantial effort has
been made to investigate and quantify some of
these sources of error (3, 4, 7-9, 11, 14, 18-20,
24, 25, 29, 33, 34, 36, 37), but very little has

www.neurosurgery-online.com



FIGURE 1. Three-dimensional volume rendering of a CT image from a
patient with an attached stereotactic head frame. A, view from cranial
direction; B, view from left anterior oblique direction. The stereotactic ref-
erence frame or head ring (not visible) is attached to the head by four
posts that are labeled a through d. Registration of the image coordinate
system to the physical coordinate space established by the reference frame
is achieved by attachment, just before image acquisition, of a localizing
system consisting of three N-shaped fiducials. Each of these fiducials, often
referred to as “N-bars,” consists of two parallel and one diagonal rod; they
are labeled 1 through 3.

been reported about the effect of mechanical loading. The
accuracy of a frame system depends on its rigidity and the
perfect immobilization of the patient’s head with respect to the
reference frame or head ring and thus is limited by the con-
struction details of the frame and the mechanical properties of
the materials it is manufactured from. Most current stereotac-
tic frame systems attach a reference frame or head ring to the
head by four vertical posts by use of pins or screws. The
weight of the head mechanically loads the frame, and the
support posts deform. If the mechanical load is identical at the
time of scanning and the time of treatment, then the effect is
unimportant. If the load is different, the head will move
rigidly with respect to the head ring (and the N-shaped fidu-
cials of the localizing system), which defines the stereotactic
coordinate system. Even when the patient’s position is the
same at the time of scanning and the time of treatment, there
can be a different mechanical load if the body is supported
differently in the scanner and the treatment room, as is often
the case (the head can generate different force depending on
how much the neck and shoulders are supported by the table;
also, the head ring support can sit at different vertical heights).
The worst case scenario is a supine position during scanning
and a prone position during treatment, as is the case, for
example, for posterior fossa biopsy and some types of radio-
surgical treatment.

The voluntary standard performance specifications for ce-
rebral stereotactic instruments, as issued by the American
Society for Testing and Materials, state that the mechanical
accuracy of a stereotactic system shall be submillimetric (2).
Nonetheless, two studies using phantoms have reported er-
rors of several millimeters caused by application of mechani-
cal loads similar to the weight of a human head (19, 30). In this
study, we used clinical data—computed tomographic (CT)
images acquired from 14 patients who underwent stereotactic
biopsy, deep brain stimulator implantation, or stereotactic
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radiosurgery—to investigate the accuracy of a common ste-
reotactic head frame system, the Brown-Roberts-Wells frame
system, when the mechanical load on the frame changes be-
cause of a change in patient position from supine to prone.

PATIENTS AND METHODS

The frame-based registration error caused by a change in
patient position from supine to prone is equivalent to the
movement of the head relative to the N-shaped fiducials
caused by the change in mechanical load on the stereotactic
frame. We analyzed CT images acquired from patients in both
the supine and prone positions. Each supine and prone image
was segmented into a head-only and a frame-only image. The
segmented images were registered to produce head-only and
frame-only supine-to-prone transformations. The difference
between these transformations was used to compute the
movement of the head relative to the N-shaped fiducials be-
tween the supine and prone positions.

Image Acquisition

We analyzed CT images acquired from 14 patients who
underwent stereotactic biopsy, deep brain stimulator implan-
tation, or stereotactic radiosurgery. On the morning of the
surgical procedure, a stereotactic reference frame or head ring
(Intubation Head Ring, Model HRA-IM; Radionics, Burling-
ton, MA) was applied. A localizing system consisting of three
N-shaped fiducials (Model BRW-LF; Radionics) was attached
to the stereotactic frame just before image acquisition. Two CT
images were acquired before surgery on the morning of the
surgical procedure. One image was acquired with the patient
in the standard supine position. For this image, the stereotactic
frame was mounted to the scanner table via a special adapter.
A second image was acquired with the patient in the prone
position. Because the frame can mount to the table only in the
supine position, for the prone images, the frame was taped to
the scanner table, and the patient was instructed to remain as
still as possible during the scan. All CT images were acquired
on either a HiSpeed Advantage RP scanner (General Electric
Medical Systems, Milwaukee, WI) or a Picker PQ5000 scanner

FIGURE 2. Separation of original CT image (A) into head-only (B) and
frame-only (C) images. The three N-bars appear as nine circles (the diago-
nal rods are ellipses) in a transverse (cross sectional) image slice such as
the one on the left. The four posts used to attach the reference frame (head
ring) to the head have a T-shaped cross section in a transverse image.
These posts are removed from both the head-only and frame-only images.
Thus, the frame-only image contains only the three N-bars.
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(Philips Medical Sys-
tems, Best, The Nether-
lands) with conven-
tional table advance.
Each image volume
contains between 42
and 53 transverse slices
with 512 X 512 pixels.
The axial field of view
begins just above the
frame and ends at the
top of the head. The
pixel sizes are gener-
ally approximately 0.7
mm; slice thicknesses
are 2 or 3 mm. All CT
image volumes in this
study are stacks of im-
age slices with no inter-
slice gap or slice over-
lap. The gantry tilt
angle was zero.

Image Segmentation

Each original CT
scan was separated
into two distinct im-
ages by manual and
semiautomatic (region
growing) segmentation
implemented in a lo-
cally developed soft-
ware package. One of
the resulting images
contained only the pa-
tient’s head (head-only
image). The other im-
age contained only the three sets of N-shaped fiducials of the
localizing system (frame-only image). The segmentation is
illustrated in Figure 2. The intensities of the remaining voxels
of the segmented images were set to zero. The four posts used
to attach the stereotactic frame (head ring) to the head had a
T-shaped cross section in transverse image slices. These posts
were removed from both the head-only and frame-only im-
ages. This is done because they are the part of the frame
system that bears the mechanical load. Deformation of these
posts is the cause of movement of the head relative to the
stereotactic frame when the patient position changes from
supine to prone. Also, image-to-physical registration is per-
formed in all current stereotactic frame systems that we are
aware of, including in particular the Brown-Roberts-Wells
frame system, using only the N-shaped fiducials (5, 6, 13, 16).
We wanted to compute the frame-based registration error
caused by a change in patient position from supine to prone,
which is equivalent to the movement of the head relative to

Registration
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FIGURE 3. Scheme of image segmentation, registration, and error analysis. The original supine and prone images are sep-
arated into head-only (left branch) and frame-only (right branch) images. The prone head-only image is registered to the
supine head-only image. The same is done independently with the prone and supine frame-only images. The resulting
transformations are then compared, and the error analysis is performed as described in the text.

the N-shaped fiducials caused by the change in mechanical
load.

Image Registration

For the head-only and frame-only image data, the images in
the supine and prone positions were registered to each other
independently. This process is illustrated in Figure 3. We refer
to the registration transformations determined with the head-
only and frame-only images as the head-only and frame-only
transformations, respectively. Registration was performed
with an intensity-based rigid (six-degrees-of-freedom) regis-
tration algorithm. Our technique was based on the normalized
mutual information similarity measure (32). The six parame-
ters of the optimal rigid transformation were determined by a
multiresolution optimization technique. The search algorithm
was an independent and modified implementation of the
method described by Studholme et al. (31). Our implementa-

www.neurosurgery-online.com



tion incorporated several additions designed to improve the
accuracy and computational efficiency of the original algo-
rithm (26-28). Registration was started with an initial rotation
by 180 degrees around the craniocaudal axis to account for the
supine-to-prone relocation of the patient. The registration
transformations were visually inspected by use of subtraction
(difference) and fused (interleaved) images (Figs. 4 and 5).

Frame-based Registration Error Analysis

We calculated the frame-based registration error caused by
a change in patient position from supine to prone, which is
equivalent to the movement of the head relative to the
N-shaped fiducials caused by the change in mechanical load,
by using the head-only transformation as a reference standard.
The head-only transformation was taken as the reference be-
cause we were interested in accurately registering the patient
rather than the frame. Specifically, we calculated the error as
the distance between the position of a point in the supine
image mapped to the prone image by the reference head-only
transformation and its position mapped by the frame-
only transformation. The analysis is similar to the one per-
formed by Maurer et al. (22). Let x be the position of a target
point in the supine image. Let T}, and T; denote the homoge-
neous 4 X 4 matrices representing the head-only and frame-
only transformations, respectively. Then y,, = T}, x and y, = T,
x are the positions of the target point in the prone image
mapped by the head-only and frame-only transformations,
respectively. Because y; = T; x = T; T, ' y,, the error is
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FIGURE 4. Subtraction (difference) image slices of supine-and-prone
study using head-only (A) and frame-only (B) registration transforma-
tions. The lack of artifact inside the head in the head-only registration sub-
traction image suggests that the head-only registration transformation has
subpixel accuracy. The lack of artifact at the N-bar rod cross sections in
the frame-only registration subtraction image suggests that the frame-only
transformation accurately aligns the N-bars. The artifact inside the head in
the frame-only subtraction image indicates that the head moves relative to
the N-bars between the supine and prone positions. The artifact at the
N-bar rod cross sections in the head-only subtraction image consists pri-
marily of horizontal edges and is consistent with a predominant anteropos-
terior translation between the images acquired in the supine and prone
positions. Artifacts are present at the skin surface and T-shaped attach-
ment posts in both subtraction images, which suggests that these struc-
tures move (and deform) with respect to both the cranium and the N-bars.

NEUROSURGERY

Errect OF CHANGING PATIENT POSITION

FIGURE 5. Fused (interleaved) image slices of supine-and-prone study.
Alternating wvertical bars show corresponding areas of the registered
images from both acquisitions. A, head-only registration; B, frame-only
registration. This figure shows a zoomed region of the image slice used to
generate the subtraction images in Figure 4. This figure shows, as does
Figure 4, that the head-only registration accurately aligns the cranium
and its contents; the frame-only registration accurately aligns the N-bars;
the head moves relative to the N-bars between the supine and prone posi-
tions; and the skin, temporalis muscle, ears, and eyes deform.

We computed the mean, minimum, and maximum values
of |Ay|, i.e., the scalar length of the error vector Ay, at all voxels
x inside the patient’s brain in the supine study. To achieve this
restriction to the interior of the cranium, the brains were
segmented in the supine images. This was done to ensure that
the computed errors represented clinically relevant areas. We
also used this segmentation to estimate brain volume, which is
an index of head weight. The brain volume values were used
to investigate whether there was a relationship between the
magnitude of the frame-based error and the (unknown)
weight of the head. Because T; and T,, are both rigid body
transformations, the difference transformation T, T;,” ' is also
a rigid body transformation. It can therefore be decomposed
into the six common canonical parameters: three translations
along the x, y, and z axes and three successive rotations
around these axes. Comparing these parameters with those of
the identity transformation (which all have the value zero)
provides a more specific description of the nature of the
registration error than the mere distribution of differences
over the image volume.

RESULTS

The head-only and frame-only registration transformations
were visually inspected by use of subtraction and fused (ver-
tically interleaved) images (Figs. 4 and 5). The lack of artifact
inside the head in the head-only registration subtraction sug-
gested that the head-only registration transformation had sub-
pixel accuracy. The lack of artifact at the N-bar rod cross
sections in the frame-only registration subtraction suggested
that the frame-only transformation accurately aligned the
N-bars. The artifact inside the head in the frame-only subtrac-
tion indicated that the head moved relative to the N-bars
between the supine and prone positions. The artifact at the
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N-bar rod cross sections in the head-only subtraction con-
sisted primarily of horizontal edges and was consistent with a
predominantly anteroposterior translation between the im-
ages acquired in the supine and prone positions. Artifacts
were present at the skin surface and T-shaped attachment
posts in both subtraction images, which suggests that these
structures move (and deform) with respect to both the cra-
nium and the N-bars. The subtraction artifacts in Figure 4
appear as sawtooth artifacts in Figure 5, which shows fused
images in which vertical bars alternate between the registered
supine and prone images. Both figures show that the head-
only registration accurately aligns the cranium and its con-
tents; the frame-only registration accurately aligns the N-bars;
the head moves relative to the N-bars between the supine and
prone positions; and the skin, temporalis muscle, ears, and
eyes deform.

The results illustrated in Figures 4 and 5 are typical of what
we observed in 13 of the 14 patients. In one patient, however,
we observed substantial misregistration for both the head-
only and the frame-only transformations. The apparent cause
of the misregistration was substantial patient motion during
acquisition of the prone image: visual inspection of the prone
image revealed multiple discontinuities in the N-bar rods.
This patient was therefore excluded from further analysis.

The results of the quantitative analysis of the frame-based
registration error between the supine and prone positions are
listed for each patient in Table 1. The maximum error for all
patients was 2.8 mm. The individual maximum error for each
patient’s brain was greater than 2 mm in two patients and
greater than 1.5 mm in six patients. In nine patients, that is, in
almost two out of three in our study, the individual maximum
error was greater than 1 mm. In Figure 6, the mean and
maximum errors for each patient are plotted versus the pa-
tient’s brain volume, which we use as an index for the (un-
known) head weight. There is a slight (the correlation coeffi-
cients of the mean and maximum error linear regressions are
0.61 and 0.64, respectively) but significant (¢ test on slopes of
regression lines, P < 0.05) increase in registration error with
brain volume.

The difference transformation T,T;, ' between the frame-
only and head-only registrations was computed and decom-
posed into the six common canonical parameters: three trans-
lations along the x, y, and z axes and three successive rotations
about these axes. Figure 7 is a box-and-whisker plot of the six
difference transformation parameters over all patients (Fig. 8
shows the orientation of the image coordinate system relative
to the patient). Anteroposterior translation (“Translation Y” in
Fig. 7) is the dominant component of the difference transfor-

TABLE 1. Frame-based registration error between supine and prone positions?
Patient no. Brain Registration error (mm)
volume (ml) Minimum Maximum Mean
1 1373 0.22 0.44 0.30
2 1582 1.07 1.53 1.27
3 1723 0.68 2.76 1.44
4 1570 0.93 1.18 1.05
5 1110 0.49 1.16 0.75
7 1285 1.11 1.58 1.34
8 1687 0.87 2.03 1.38
9 1094 0.57 0.81 0.69
10 1412 0.42 0.51 0.45
11 1398 0.42 1.52 0.94
12 1492 1.15 1.46 1.30
13 1282 0.61 0.67 0.63
14 1480 0.61 1.67 1.12
Mean = SD 1411 = 193 0.70 = 0.30 1.33 = 0.65 0.97 £ 0.38
Median 1405 0.61 1.46 1.05
9 Patient 6 was excluded because the patient moved during the prone image acquisition. SD, standard deviation.
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FIGURE 6. Relationship between frame-based registration error (caused
by a change in position from supine to prone) and brain volume. The rela-
tionship is approximately linear. The correlation coefficients of the mean
and maximum error linear regressions are 0.61 and 0.64, respectively.
Brain volume is used as an index of head weight.
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FIGURE 7. Box-and-whisker plot of the parameters of the difference
transformations between frame-only and head-only registrations. The x, y,
and z axes are oriented in the right-left, anteroposterior, and craniocaudal
directions, respectively (Fig. 8). The diamond denotes the median value of
the respective parameter over all patients, the lower and upper edges of the
box are the 25th and 75th percentile values, and the ends of the solid line
are the minimum and maximum values over all patients. Anteroposterior
translation is the dominant component of the difference transformation
between the frame-only and head-only registrations for most of these
patients.

FIGURE 8. Orientation of the image coordinate system relative to the
patient. Axial planes are spanned by the x and y axes, sagittal slices are
spanned by y and z, and coronal slices are spanned by x and z.

mation between the frame-only and head-only registrations
for most of these patients. This finding is statistically signifi-
cant (two-sided paired t tests, P < 107°) and is not unex-
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pected, because it corresponds to the direction of gravity. For
one patient, there was a substantial rotation around the x axis,
equivalent to a tilting of the head toward the anterior direc-
tion. Other translations and rotations showed a somewhat
random distribution of relatively minor magnitude.

DISCUSSION

To assess the validity of our results, it is necessary to
understand how accurately the intensity-based registration
algorithm we used registers the frame-only and head-only
images. Our registration algorithm was previously validated
by use of the Vanderbilt data sets (26, 35). The median target
registration error for CT-magnetic resonance (MR) registration
is approximately 0.6 to 0.9 mm (the range covers different
types of MR images). The head-only and frame-only registra-
tions in this study are serial registrations of monomodality
images rather than of multimodal images. An intensity-based
registration algorithm similar to the one we used in this study
was found to produce less than 0.2 mm error, which is ap-
proximately the threshold of visually detectable change in the
difference images for serial MR registration (15). The error,
which is really registration consistency, was evaluated as the
difference between a composition of three transformations
forming a cyclic closed loop around three images, T3, T55T5,
and the identity transformation, which is what the composi-
tion would produce if there were no registration error in each
step. Another intensity-based algorithm, also similar to the
one we used in this study, was found to achieve 0.4 mm error
for registration of preoperative and postoperative CT images
(our unpublished results). The error was evaluated by using as
a reference standard the point-based registration transforma-
tion obtained with five bone-implanted markers (21). The
ability of similar intensity-based registration algorithms to
align serial CT and MR images very accurately and the lack of
artifact observed in visual inspection of subtraction images
such as those illustrated in Figure 4 suggest that the head-only
and frame-only registration errors are substantially smaller
than the amount of measured movement of the head relative
to the N-shaped fiducials. Furthermore, the difference trans-
formations between the frame-only and head-only registra-
tions are consistent with what one expects physically: antero-
posterior translation, which corresponds to the direction of
gravity, is for most patients the dominant component of the
difference transformation. The mechanical load, and thus the
magnitude of the error, should and does increase with head
weight. Finally, errors in the z direction are of an order of
magnitude of 0.15 mm and thus are substantially smaller than
the resolution of the image data in this direction (slice thick-
ness is 2 or 3 mm). This indicates that no relevant computa-
tional errors were induced by between-slice interpolation.

Thus, we think that the observed effect of changing patient
position from supine to prone is real and that the values of the
frame-based registration error between supine and prone that
we measured in this study are valid. The error is presumably
a result of the change in mechanical load that accompanies a

VOLUME 52 | NUMBER 3 | MARCH 2003 | 615



ROHLFING ET AL.

change in patient position from supine to prone. The maxi-
mum frame-based registration error between the supine and
prone positions was 2.8 mm; it was greater than 2 mm in two
patients and greater than 1.5 mm in six patients. Errors of this
magnitude are sufficiently large to potentially cause clinically
relevant targeting errors during stereotactic procedures that
require submillimetric accuracy. We note that these errors are
independent of, and thus potentially in addition to, other
sources of error such as image resolution, geometrical fidelity
of the images, localization error of the N-shaped fiducials, and
the mechanical construction of the frame system (23).

CONCLUSIONS

We conclude that to minimize frame-based registration er-
ror caused by a change in the mechanical load on the frame
that can accompany a change in patient position, frame-based
stereotactic procedures should be performed with the patient
in the identical position during imaging and treatment.

REFERENCES

1. Alexander E III, Maciunas R]: Advanced Neurosurgical Navigation. New York,
Thieme Medical Publishers, 1999.

2. American Society for Testing and Materials Committee F-4.05: Standard
performance specification for cerebral stereotactic instruments, in Annual
Book of ASTM Standards, F 1266-89. Philadelphia, American Society for
Testing and Materials, 1990, pp 1-6.

3. Bednarz G, Downes MB, Corn BW, Curran WJ, Goldman HW: Evaluation of
the spatial accuracy of magnetic resonance imaging-based stereotactic target
localization for gamma knife radiosurgery of functional disorders. Neuro-
surgery 45:1156-1163, 1999.

4. Bhagwandien R: Object induced geometry and intensity distortions in mag-
netic resonance imaging. Utrecht, Utrecht University, 1994 (dissertation).

5. Brown RA: A stereotactic head frame for use with CT body scanners. Invest
Radiol 14:300-304, 1979.

6. Brown RA, Roberts TS, Osborn AG: Stereotaxic frame and computer soft-
ware for CT-directed neurosurgical localization. Invest Radiol 15:308-312,
1980.

7. Dean D, Kamath J, Duerk JL, Ganz E: Validation of object-induced MR
distortion correction for frameless stereotactic neurosurgery. IEEE Trans
Med Imaging 17:810-816, 1998.

8. Dong S, Fitzpatrick JM, Maciunas R]J: Rectification of distortion in MRI for
stereotaxy, in Proceedings of the Fifth Annual IEEE Symposium on Computer-
Based Medical Systems. Los Alamitos, IEEE Computer Society Press, 1992, pp
181-189.

9. Fitzpatrick JM, Maurer CR Jr, McCrory JJ: Phantom Testing of Acustar I with
Comparison to Stereotaxy. Nashville, Vanderbilt University, Department of
Computer Science, 1993, Technical Report CS-94-04.

10. Gildenberg PL, Tasker RR (eds): Textbook of Stereotactic and Functional Neu-
rosurgery. New York, McGraw-Hill, Inc., 1998.

11. Hardy PA, Barnett GH: Spatial distortion in magnetic resonance imaging:
Impact on stereotactic localization, in Gildenberg PL, Tasker RR (eds):
Textbook of Stereotactic and Functional Neurosurgery. New York, McGraw-Hill,
Inc., 1998, pp 271-280.

12. Heilbrun MP (ed): Stereotactic Neurosurgery. Baltimore, Williams & Wilkins,
1988.

13. Heilbrun MP, Koehler S, MacDonald P, Siemionow V, Peters W: Preliminary
experience using an optimized three-point transformation algorithm for
spatial registration of coordinate systems: A method of noninvasive local-
ization using frame-based stereotactic guidance systems. ] Neurosurg 81:
676682, 1994.

616 | VOLUME 52 | NUMBER 3 | MARCH 2003

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Hill DLG, Maurer CR Jr, Studholme C, Fitzpatrick JM, Hawkes DJ: Correct-
ing scaling errors in tomographic images using a nine degree of freedom
registration algorithm. J] Comput Assist Tomogr 22:317-323, 1998.

Holden M, Hill DLG, Denton ERE, Jarosz JM, Cox TCS, Rohlfing T, Goodey
J, Hawkes DJ: Voxel similarity measures for 3-D serial MR brain image
registration. IEEE Trans Med Imaging 19:94-102, 2000.

Kall BA, Kelly PJ, Goerss SJ: Interactive stereotactic surgical system for the
removal of intracranial tumors utilizing the CO, laser and CT-derived
database. IEEE Trans Biomed Eng 32:112-116, 1985.

Kelly PJ: Tumor Stereotaxis. Philadelphia, W.B. Saunders Co., 1991.
Maciunas RJ, Fitzpatrick JM, Gadamsetty S, Maurer CR Jr: A universal
method for geometric correction of magnetic resonance images for stereo-
tactic neurosurgery. Stereotact Funct Neurosurg 66:137-140, 1996.
Maciunas R], Galloway RL Jr, Latimer JW: The application accuracy of
stereotactic frames. Neurosurgery 35:682-694, 1994.

Maurer CR Jr, Aboutanos GB, Dawant BM, Gadamsetty S, Margolin RA,
Maciunas R], Fitzpatrick J]M: Effect of geometrical distortion correction in
MR on image registration accuracy. ] Comput Assist Tomogr 20:666-679,
1996.

Maurer CR Jr, Fitzpatrick J]M, Wang MY, Galloway RL Jr, Maciunas R],
Allen GS: Registration of head volume images using implantable fiducial
markers. IEEE Trans Med Imaging 16:447-462, 1997.

Maurer CR Jr, Maciunas R], Fitzpatrick JM: Registration of head CT images
to physical space using a weighted combination of points and surfaces. IEEE
Trans Med Imaging 17:753-761, 1998.

Maurer CR Jr, Rohlfing T, Dean D, West JB, Rueckert D, Mori K, Shahidi R,
Martin DP, Heilbrun MP, Maciunas R]: Sources of error in image registra-
tion for cranial image-guided surgery, in Germano IM (ed): Advanced Tech-
niques in Image-Guided Brain and Spine Surgery. New York, Thieme, 2002, pp
10-36.

Meuli RA, Verdun FR, Bochud FO, Emsley L, Fankhauser H: Assessment of
MR image deformation for stereotactic neurosurgery using a tagging se-
quence. AJNR Am ] Neuroradiol 15:45-49, 1994.

Michiels J, Bosmans H, Pelgrims P, Vandermeulen D, Gybels ], Marchal G,
Suetens P: On the problem of geometric distortion in magnetic resonance
images for stereotactic neurosurgery. Magn Reson Imaging 12:749-765, 1994.
Rohlfing T: Multimodale Datenfusion fiir die bildgesteuerte Neurochirurgie
und Strahlentherapie. Berlin, Technische Universitit, 2000 (dissertation).
Rohlfing T: Efficient voxel lookup in non-uniformly spaced images using
virtual uniform axes, in Sonka M, Hanson KM (eds): Medical Imaging: Image
Processing. Bellingham, SPIE, 2001, pp 986-994.

Rohlfing T, Beier J: Improving reliability and performance of voxel-based
registration by coincidence thresholding and volume clipping, in Hawkes
DJ, Hill DLG, Gaston R (eds): Proceedings of Medical Image Understanding and
Analysis. London, King’s College, 1999, pp 165-168.

Schad LR, Ehricke HH, Wowra B, Layer G, Engenhart R, Kauczor HU, Zabel
H]J, Brix G, Lorenz W]J: Correction of spatial distortion in magnetic resonance
angiography for radiosurgical treatment planning of cerebral arteriovenous
malformations. Magn Reson Imaging 10:609-621, 1992.

Schell MC, Perec A, Rosenzweig D, Maurer CR Jr, Soni AB, Barry T,
Matloubieh A, Beranek G: Tumor position displacement as a function of
patient orientation for stereotactic frames. Presented at the World Congress
on Medical Physics and Biomedical Engineering, Chicago, July 23-28, 2000.
Studholme C, Hill DLG, Hawkes DJ: Automated three-dimensional regis-
tration of magnetic resonance and positron emission tomography brain
images by multiresolution optimization of voxel similarity measures. Med
Phys 24:25-35, 1997.

Studholme C, Hill DLG, Hawkes DJ: An overlap invariant entropy measure
of 3D medical image alignment. Pattern Recognition 32:71-86, 1999.
Sumanaweera TS, Adler JR Jr, Napel S, Glover GH: Characterization of
spatial distortion in magnetic resonance imaging and its implications for
stereotactic surgery. Neurosurgery 35:696-704, 1994.

Sumanaweera TS, Glover GH, Hemler PF, van den Elsen PA, Martin D,
Adler JR Jr, Napel S: MR geometric distortion correction for improved
frame-based stereotaxic target localization accuracy. Magn Reson Med 34:
106-113, 1995.

www.neu rosurgery—online.com



35. West JB, Fitzpatrick J]M, Wang MY, Dawant BM, Maurer CR Jr, Kessler RM,
Maciunas RJ, Barillot C, Lemoine D, Collignon A, Maes F, Suetens P,
Vandermeulen D, van den Elsen PA, Napel S, Sumanaweera TS, Harkness
B, Hemler PF, Hill DLG, Hawkes DJ, Studholme C, Maintz JBA, Viergever
MA, Malandain G, Pennec X, Noz ME, Maguire GQ Jr, Pollack M, Pelizzari
CA, Robb RA, Hanson D, Woods RP: Comparison and evaluation of retro-
spective intermodality brain image registration techniques. ] Comput Assist
Tomogr 21:554-566, 1997.

36. Wyper DJ, Turner JW, Patterson J, Condon BR, Grossart KWM, Jenkins A,
Hadley DM, Rowan JO: Accuracy of stereotaxic localisation using MRI and
CT. J Neurol Neurosurg Psychiatry 49:1445-1448, 1986.

37. Yu C, Apuzzo ML]J, Zee CS, Petrovich Z: A phantom study of the geometric
accuracy of computed tomographic and magnetic resonance imaging ste-
reotactic localization with the Leksell stereotactic system. Neurosurgery
48:1092-1098, 2001.

Acknowledgments

TR was supported by the National Science Foundation (Grant EIA-0104114).
DD and RJM acknowledge support from the Research Foundation of the De-
partment of Neurological Surgery, University Hospitals of Cleveland. We thank
Lisa Tansey in the Department of Neurological Surgery at the University Hos-
pitals of Cleveland for assistance with the image acquisition and transfer. The
authors did not receive any financial support in conjunction with the generation
of this article. The authors have no personal or institutional financial interest in
any drugs, materials, or devices described in this article.

COMMENTS

he list of potential pitfalls in stereotactic and functional neu-

rosurgery is long. Prominent among these is the error intro-
duced by stereotactic image acquisition used in operative plan-
ning. Aside from the intrinsic problems and the inaccuracies and
distortions associated with imaging, this information is acquired
with the patient in a specific posture and in an environment in
which the frame and other attributes may introduce distortions
and errors in the image. Another important source of error is the
position of the patient during magnetic resonance imaging and
the position during the surgical procedure. Rohlfing et al. have
performed a well-designed study regarding the movements of
the head with respect to the Brown-Roberts-Wells (BRW) frame
during various stereotactic procedures. They have found that
anteroposterior translation is a major source of error, particularly
because of the differences in mechanical loading in different
positions. This type of work emphasizes that those who rely on
historical images acquired under a certain condition must use
intraoperative physiological means, either stimulation or record-
ing, to confirm that where they are in the operating room corre-
sponds to where they think they are on an image acquired before
surgery. Those who do not take into account these types of
errors, so well exposed by these authors, do so at the peril of their
patients.

Andres M. Lozano
Toronto, Ontario, Canada

he authors point out and measure what most of us who use
a stereotactic frame have observed in the operating room:
there is a shift in the position of the head relative to the frame
imposed by the weight of the head (or other stresses) as the
position of the patient is changed. Although their study in-
volves the BRW system, the same caveat can be extended to

NEUROSURGERY

Errect OF CHANGING PATIENT POSITION

any stereotactic frame, but the effect on each system would
have to be evaluated individually, because it would be influ-
enced by mechanical factors inherent in each system design.
Indeed, their Figure 5 shows the shift of soft tissue surface,
which would have an adverse effect on frameless systems that
rely on surface fiducials. The shift that is important in that
figure, however, is the shift of bony structures relative to the
head ring, because there does not seem to be a significant shift
of intracranial targets relative to the intact cranium.

Unfortunately, the authors have expressed the potential
error as “maximum frame-based registration error,” whereas
the mean error should have been stressed. Perhaps to empha-
size their point more dramatically, mean error was not men-
tioned, although it appears in Figure 7 to be consistently less
than 1 mm, that is, in the range of one pixel, with the shift
most subject to gravitational stress the greatest.

Although one must be aware of the potential for such me-
chanical error, which may provide a significant problem in
targeting a nucleus that is perhaps 2 to 3 mm wide, the
adverse effect would be inconsequential if one were to biopsy
a 4-cm glioma. The surgeon must ask how much accuracy is
demanded by each individual procedure and how much error
might be introduced by all influences combined.

Although the frame can be used to secure the patient in the
scanner in the prone position by applying the frontal part of
the ring to the patient’s occiput (care being taken to interpret
the coordinates in relation to the frame and not to the patient’s
head), scanning the patient in such a position is so uncomfort-
able that it could require general anesthesia, which might
otherwise not be necessary or desirable.

Although the American Society for Testing and Materials
standards state that the mechanical accuracy of a stereotactic
system should be submillimetric, it refers to the unstressed
frame itself, and the effect of mechanical stress from gravity is
not addressed. I must take exception to the statement that
“stereotactic procedures should be performed with the patient
in the identical position during imaging and intervention,”
because that is often not possible and should not be expressed
as standard procedure. Often, surgery requires the patient to
be sitting or semireclining, positions that are not possible to
maintain during imaging. The authors remind us once again
that great care must be taken to be aware of and to compensate
for inaccuracies that are introduced by the application of any
image-guided or stereotactic technique.

Philip L. Gildenberg
Houston, Texas

It is interesting to me that this study has not been done
previously (to the best of my knowledge). Nonetheless, it is
a logical concern: when a prone frame-based stereotactic pro-
cedure is planned, can we depend on a database acquired in
the supine position? The authors have shown an average error
of 2.8 mm between prone and supine databases acquired with
the Brown-Roberts-Wells system. This is most likely a result of
gravity-induced mechanical loads of the vertical supports of
the cranial fixation system so that, in the supine position, the
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head drifts posteriorly with respect to the fiducial reference
system attached to the base ring of the frame: the authors have
assumed that its position should be constant irrespective of
position (I agree). A 2.8-mm error would be very significant in
posterior fossa biopsies, particularly in the brainstem.

Perhaps one problem in this study is that the base ring of the
BRW frame is attached to the computed tomography table
with the patient in the supine position and that the patient’s
head settles back on the posterior pins, whereas in the prone
position with “the frame taped to the scanner table and the
patient instructed to remain as still as possible during the
scan,” the head may not be settling on the anterior posts in a
similar fashion. If it did, the error could theoretically be
greater than measured here.

Are the authors’ data relevant to other frame systems? They
may be relevant to the Cosman-Roberts-Wells system, which
uses a fixation system similar to that of the BRW. Could we
have a similar problem with the Compass stereotactic system,
which uses a different kind of head fixation? I do not know,
but we will surely try to find out as soon as possible. With the
Compass system, the base ring can be attached to the table in
any position throughout 360 degrees of rotation.

Patrick J. Kelly
New York, New York

Il neuronavigational systems based on preoperative imaging

for stereotaxy are subject to error derived from differences in
the spatial position of the brain during imaging and in the
operating room. The problem most commonly manifests itself as
brain shift after cyst decompression or large-volume tumor re-
moval and can mislead surgeons by falsely indicating the intra-
cranial location. In addition, framed-based systems must take
into account the physical properties of the frame as they relate to
image accuracy. Intimate familiarity with both the stereotactic
frame and the imaging modality can separate a successful oper-
ation from an unsuccessful one by allowing the surgeon to adapt
to situations as they arise.

Rohlfing et al. present an interesting analysis of the mechanical
properties of the BRW frame. Their imaging analysis shows that
there is a small but significant deformation of the frame when the
patient’s position is changed from supine to prone. The maxi-
mum difference was 2.8 mm. Most helpful was the breakdown of
the planes in which the majority of deviation occurred and to
what degree. As expected, the most significant change in position
occurred in the anteroposterior plane. Although the series is
small, the ability to judge how to change trajectory to trouble-
shoot suboptimal results in the operating room is invaluable. A
larger series along these lines would help standardize this devi-
ation and provide an important contribution to the stereotactic
surgeon’s armamentarium.

Kim J. Burchiel
Joseph C. Christiano
Portland, Oregon
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mage-guided surgical techniques, whether frame-based or

frameless, rely critically on the ability to relate preoperative
images to the surgical field. Any mobility of the fiducials with
respect to the targeted structure will lead to localization inac-
curacies. As the authors have demonstrated, a major limitation
of stereotactic frame systems is the decoupling of the fiducials
from the patient’s head. Theoretically, a perfectly rigid frame
fixated so as to allow no movement would maintain a perfect
relationship between the fiducials and the targeted structure,
and registration error would be eliminated. However, as the
authors have shown, the BRW system exhibits significant
flexibility, as demonstrated by the relatively large displace-
ment of the head in the anteroposterior direction when the
patient’s position is changed from prone to supine. It is logical
to assume that gravity is the culprit, and the small but signif-
icant correlation demonstrated between the magnitude of an-
teroposterior registration error and brain volume supports
this assumption.

Registration errors in other planes are perhaps more inter-
esting to consider than the obvious case of anteroposterior
error because of gravity. It makes sense that rotation about the
z axis should be the smallest error, because this rotation occurs
in the plane of all four pins. Rotations about the x axis repre-
sent head flexion and extension and are highest in the negative
(flexion) direction, as might be expected. Rotation about the x
axis, which represents side tilting of the head, seems surpris-
ingly large but again makes sense because it occurs in a place
perpendicular to the plane of the pins. It would be interesting
to repeat this experiment with the head placed in flexion and
extension, supported by the frame. From a personal view-
point, having watched frames flex as patients are repositioned,
we would not be surprised to see rotational errors even larger
than the translational errors reported in this article.

Frame manufacturers can take this valuable information
and use it to design systems using different geometrics and
materials that are not so prone to deformation resulting from
patient weight. The ultimate solution to the problem of frame
deformation would be to do away with the frame completely,
applying the fiducials directly to the cranium. As Maciunas et
al. (1) and Maurer et al. (2) have shown, extreme levels of
accuracy are obtainable by this method. The present study
lends further evidence to the concept that frames may not be
the most accurate intracranial targeting method after all.

Ali R. Rezai
Jaimie M. Henderson
Cleveland, Ohio
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