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THE PURPOSE OF incorporating stereotactic methodology into neurosurgical operations is to achieve a consistently
high degree of accuracy in localizing intracranial targets. Therefore, the limits of resolution for the operation are
function of the accuracy of the particular stereotactic frame system. The total clinically relevant error (application
accuracy) comprisés errors associated with each procedural step, including imaging, target selection, vector calcu-
lations, and the mechanical errors of stereotactic frames. To evaluate these parameters, a systematic error analysis
was carried out with four commonly used stereotactic devices: the Brown-Roberts-Wells, the Cosman-Roberts-Wells,
the Kelly-Goerss COMPASS (modified Todd-Wells), and the Leksell frames. Over 21,500 independent accuracy test
measurements were made with 11,000 computed tomograms. The results suggest a potentially significant degree of
error in the application accuracy of all stereotactic instruments, which is accentuated by but not entirely due to
imaging-associated errors. Clinically encountered levels of weightbearing by stereotactic frames may have a pro-
nounced effect on their mechanical accuracy. Both the reapplication of aiming arc assemblies and the use of phantom
base units introduce independent sources of mechanical inaccuracy into stereotactic procedures. The scope of
individual error values and their determining factors must be considered with every clinical use of stereotactic frame

systems. (Neurosurgery 35:682-695, 1994}
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neurosurgical procedures is to access targets accurately

with a minimum of spatial error (i.e., low bias) and a high
degree of reproducibility (i.e., high precision). The use of a
stereotactic frame on a patient requires increased surgeon and
staff training, increases the technical complexity of the surgical
intervention, and may expose the patient to complications due
to the application of a frame per se (11). The benefit gained by
accepting these drawbacks is that of improved target localiza-
tion. Clinical reliance on stereotactic instrumentation to pro-
vide accurate target localization requires that a quantitative
basis exist for this degree of trust. Previous evaluations of
stereotactic instruments, however, have not dealt with this
issue conclusively. The limitations of previous reports include
inadequate sample sizes for statistically valid analyses, failure
to control for variables introduced by the imaging techniques
used, artificially constrained testing conditions that minimize
the mechanical errors of the instruments such as the use of
target points clustered only at the center of the imaging field
or the use of optimized approach trajectories, systematic fail-
ure to distinguish between mechanical “unbiasedness,” me-
chanical precision, mechanical and application accuracy, and
reliance on purely clinical criteria for a subjective judgment as
to the success of localization (2, 5, 11, 14, 17, 18, 22, 31, 33). By

The rationale for applying stereotactic methodology to
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reporting a careful analysis of the application accuracy of ste-
reotactic frame systems, we hope to provide both the precedent
and the framework to establish a format for the reporting and
discussion of application accuracy claims for all neurosurgical
localization systems, whether or not they use stereotactic
frames.

TERMINOLOGY

Although the terms “stereotactic” and “submillimetric ac-
curacy” are usually closely associated in the literature, the
neurpsurgeon must exercise considerable caution when deal-
ing with such assumptions. To begin a considered approachto
the subject of stereotactic accuracy, then, attention to the deft-
nition of terms is in order. _

First, a clear distinction must be drawn between three con-
monly misused terms: “unbiasedness” or lack of skew, “pre-
cision,” and “accuracy” (Fig. I}. A series of observations that
tend to the true value are “unbiased” or without skew. If thes¢
observations have considerable spread, however, they lack
“precision.” A series of observations with little spread among
them indicates precision, although they are biased or skewed
if the observations tend to center at a value displaced from the
true value. The term “accuracy” encompasses both unbiased”
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fIGURE 1. Unbiasedness, precision, and accuracy. Top, the
wide scatter of localization attempts is imprecise. Here, their
werage tends fo the true value; this is unbiased. This unbi-
sed but imprecise series of localizations is inaccurate.

viddle, the tightly clustered series of localization attempts
does not tend to the true value. This is precise, with high re-
auatability, but there is bias to the mean. This precise hut
iiased series of localizations is inaccurate. Bottom, this

tightly clustered series repeatedly tends to the frue value,

ihis unbiased and precise series of localizations is accurate.

wsand precision: accurate measurements are both unbiased
s« precise, whereas inaccurate measu rements may be biased,
wprecise, or both (13).

2 stereotactic frame demonstrates a tendency to arrive
wistently at a wrong answer, this skew is the result of
“whanical bias in a precise systemn. Because the mechanical
wtision of a stereotactic frame system determines how well
anreturn to a point, it may be thought of as, in effect, being
measure of its repeatability of localization, Finer increments
‘the verniers or better machining tolerances can be expected
mprove mechanical precision. It is often this number, in-
ﬁentally, that is advertised for sterectactic devices. The me-
“nical accuracy of a stereotactic apparatus is the accuracy
hwhich it can bring the tip of a straight probe to a given
'rdinate within the stereotactic coordinate system. This re-
s both mechanical unbiasedness and mechanical preci-
but does not include the effects of imaging technologies
“ocalization. The voluntarily adopted standard perform-
“specifications for cerebral stereotactic instruments, issued
the American Society for Testing and Materials, state that
‘mechanical accuracy of a stereotactic system will be submil-
ric (1),

faddition to the mechanical limitations of the stereotactic

| ™ the errors associated with the many steps of stereotaxis

'f'Uding imaging techniques, point selection, vector calcu-
B, Vernjer settings, mechanical couplings and adjustments,
_ 'dlcontribute to the final clinically relevant error (9, 12, 27).
“Purpose of this study is to go beyond the assessment of the
Manical unbiasedness, precision, and accuracy of these de-
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vices in order fo assess what may be termed the “application
accuracy” of various stereotactic frames. This is a measure of
the accuracy of these devices when used in their real-world
setting. Human operator error is outside the realm of this
discussion, although tedious calculations or taxing calibrations
tmposed by a system will make these errors more likely.

When measuring the application accuracy of stereotactic
frames, a distinction must be drawn between the “mean error”
and the “mean position” of localization. The application ac-
curacy should be expressed in terms of the “mean error of
localization” in order to avoid an erroneously favorable meas-
urement from being reported. To define the mean position of
localization, consider that, when a stereotactic device is used
to attempt the localization of a known target, the series of such
attempted localizations could be shown as a collection of
points in a gaussian distribution around the true target. The
mean of the positions of these points could be determined by
calculating the vector sum of the displacements between the
target and these points. If the stereotactic frame system was
imprecise but without bias, then the location of any single
attempt could be unacceptably distant from the true target,
although the mean of these positions could turn out to be very
close to the true target. Therefore, by overlooking the lack of
precision in these localization attempts, one could erroneously
conclude that the stereotactic frame was accurate because the
mean position of localization was close to the true target. The
mean error of localization is determined by calculating the
mean of the sum of the sealar distances between the true target
and the points achieved by the system. This number is based
on how far from the target each attempt was, irrespective of
directionality. The mean error of localization takes into account
the precision of each individual localization attempt, whereas
the mean position is insensitive to Pprecision.

The fundamental flaw of defining application accuracy in
terms of the mean position of localization might appear to be
a “straw man proposal” because neurosurgeons would use the
appropriate measurement of mean error of localization. How-
ever, that flawed definition of application accuracy has in fact
been used in reporting results for surgical localization systems
(D. Deckel, ISG Technologies, personal communication).

The clinical importance of recognizing this error is illus-
trated by this example. In attempting to target the ventral
intermediate nucleus of the thalamus for the relief of parkin-
sonian unilateral tremor, a heurosurgeon chooses to use a
stereotactic frame for surgical guidance. No REurosurgeon is
interested in knowing that, if he or she were to pass the probe
and make radiofrequency lesions 1000 times, the average de-
rived from a lifetime’s series of lesion positions might clogely
approach the ventral intermediate nucleus. On the contrary,
what any neurosurgeon needs to know as he or she passes the
probe is: “What is the greatest distance that this particular pass
could be from the target?” This information is expressed by the
mean error of localization at a confidence interval of 99.9% (a
certainty of 999 cases out of 1000). In this clinical setting, a 1%
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risk to the patient is sufficiently significant that it routinely
requires explicit discussion during preoperative informed con-
sent counseling. In order to be considered negligible, the risk
associated with erroneous information due to the stereotactic
frame should be therefore at least an order of magnitude better
than 0.1%, or 1 in 1800. :

" MATERIALS AND METHODS

Stereotactic frames

Application accuracy was assessed in the four most com-
monly used stereotactic frame systems by the use of methods
paralleling those used for stereotactic surgery (4, 14, 24}, The
frame systems tested were the Brown-Roberts-Wells {BRW;
Radionics, Burlington, MA), the Cosman-Roberts-Wells (CRW;
Radionics), the COMPASS (Kelly-Goerss modification of the
Todd-Wells; Stereotactic Medical Systems, Seneca, NY), and
the Leksell (D and G frames; Elekta Instruments, Tucker, GA).
Five complete individual sets of instruments were tested for
each frame type: All frames were new and were certified as
being within industry standards by their respective manufac-
turers. Individual frames were selected to be from different
manufacturing run numbers, as confirmed by their respective
manufacturers. Five sets of new BRW and of CRW Phantom
Base assemblies were also tested for their mechanical accuracy.

Test phantoms

Test phantorns were developed that consisted of radiodense
carbon fiber targets embedded in one end of rigid acrylic
plastic rods of different lengths; the nontarget ends of the rods
were embedded orthogonally into a base of acrylic plastic. The
carbon fiber targets were cylinders, 2 mm in diameter and 2
mm in length, conically tapering over 2 mm to a point. This tip
was the target selected for this study. Twelve such target points
were distributed widely throughout the entire imaging target
volume enclosed by the stereotactic frame, and not just at the
center of the coordinate space, where mechanical precision is
likely to be optimal for a given frame. The pharitom was an-
chored rigidly to the sterectactic frames. The weight of this
type of phantom was under 1 kg (Fig. 2). For trials to assess the
effects of clinically comparable levels of weightbearing on ac-
curacy, test phantoms were developed that incorporated at-
tached weights of 10 and of 25 kg.

Imaging protecols

The test phantom was affixed to the sterectactic frame, and

the apparatus was imaged via Siemens Somatom DR-H-type

computed tomographic (CT) scanners (Siemens, Inc., Iselin,
ND. To minimize machine-dependent biases, two individual
CT scanners of this type were used for each series of tests. Both
CT scanners were fested and found to be in compliance with
industry standards by the manufacturer and factory service
representatives before data acquisition for this study. For each
stereotactic apparatus, four types of independent imaging
trials were performed, each with different slice thicknesses and
slice planes. Bach trial was repeated for the five individual
specimens of each frame system; each example was tested with

FIGURE 2. A lucite rod/carbon fiber target test phantom
used in this study. This test phantom weighed 1 kg; 10- and
25-kg weighted phantoms were also used.

five independent scan trials for each of the four different slice
thickness/slice plane settings. As a result, a total of 11,000 CT
scan slices (275 independent CT scan sets) were required to
accomplish this study. For all images, the matrix of the image
was 512 X 512 pixels. The field of view was selected to be one
that was the smallest one possible that allowed the visualiza-
tion of the targets and N-bar fiducials for all types of {rames
{magnification factor = 1.53). As a result, the inplane pixel
dimensions were 0.6533 X 0.6533 mm. Standard Siemens So-
matom DR-H CT software was used for data acquisition, ster-
age, and retrieval (Fig. 3).

The first set of images provided an optimized situation of
ideal target localization. The stereotactic frame was sécured in
a customized headholder such that the base ring or “zero
latitudinal plane” was precisely parallel with the CT scan slices
when the CT gantry tilt was zero degrees. A series of 1-mm-
thick CT slices was obtained in this orientation. Each slice was
hand calibrated with its respective table position carefully
selected so as to cut precisely through the tip of 1 of the 12

FIGURE 3. CT scan slice image of a test phantom as
mounted within a BRW stereotactic frame system.
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sargets. This represents an optimal case in that it attempts to
imit contributions by imaging-derived errors and thereby to
isolate any frame-dependent errors. No other scans with
thicker slice thickness were performed at these hand-calibrated
table positions. Because the positioning of any thicker slice
would be in effect prelocalized in the z direction by the opti-
mized T-mm slice and because the inplane pixel dimensions for
rand y directions do not change when the slice thickness is
varied, to do so would in fact be specious. The thickness of the
slices would simply be distributed symmetrically about the
same center of table positiohing as defined by the I-mm slices.
such prearranged constraints on the data acquisition would in
fact minimize any effects of increasing the thickness of scans
obtained in this way.

The second set of images assessed the effects of frame an-
gulation upon localization in an otherwise optimized situation
for ideal target localization. The sterectactic frame was posi-
tioned by varying its yaw, pitch, and roll in increments of up
t0 30 degrees in relation to the CT gantry. A series of 1-mm CT
slices was obtgined; each slice was again hand calibrated with
its respective fable position carefully selected so as to cut pre-
dsely through the tip of each of the 12 targets. This series was
an effort to isolate the angular sensitivity of the N-bar fiducial
localization algorithm from other contributions of imaging-
dependent variables, in order to test the robustness of the
localization algorithms provided with respect to frame orien-
tation (6, 14, 26). This trial was not performed for the Leksell
stereotactic frame system because no commercially supported
software for this purpose was available at the time.

The first two sets of images, then, assumed 1) a priori knowl-
edge of true target localization and 2) subsequent optimization
by the hand calibration of selected slice acquisitions. Because
this would not be possible in the clinical setting for a given
patient undergoing stereotactic neurosurgery, the next two
sets of images were carried out in a manner that was more
directly relevant to clinical practice. The stereotactic frame was
mounted in its normal position, coaxial to the bore of the CT
scantter and with the base ring parallel to the orientation of the
(Tseries, The apparatus was then scanned in the conventional
manner, with slices obtained successively from the base
fwough the highest target. Scan slices were thus generated
without a priori knowledge for centering on the target tips.
instead, the third and fourth sets of images were obtained by
the use of standard clinical imaging protocols with 4- and
8-mm slice thicknesses, respectively. There were no gaps be-
tween slices. There was no overlapping of slices.

The spatial locations of the fiducial marks and target points
were extracted from the CT images by the use of the standard
Protocols supplied for each frame system. The mean of the
application accuracy was plotted against the spatial position of
Phantom targets relative to the center of each stereotactic
frame. The mean of the application accuracy is more influenced
by imaging effects on target localization, whereas the standard
deviation of the application accuracy is related to the repeat-
ability as a function of the stereotactic frame’s mechanical
Precision. The graphs were analyzed for the presence of pat-
*erns of deviation from a flat or random distribution of local-
zation error throughout the stereotactic space.

Stereotactic Frame Accuracy 685

Measurement of error

In order to control for any individual stereotactic frame’s
deviations from the population mean with respect to mechani-
cal unbiasedness, precision, and accuracy, five individual
specimens of each of the four frame types were tested. Inad-
equacies of aiming arc assembly design might be overlooked
by artificially constraining the approach trajectory selected for
a given target point. In order to identify any path-dependent
errors, three separate entry points, and, therefore, three sepa-
rate frame settings for three approach trajectories were caleu-
lated by the use of the localization algorithms supplied by the
frame manufacturers. The stereotactic localization aiming arc
assembly was then attached to the frame system, and a mea-
suring probe was introduced to the calculated depth to ap-
proach each target on the test phantom. The distance resulting
from the tip of the probe to the tip of the target was measured
as the localization error, which defined the application accu-
racy. This distance was measured with digital electronic mi-
crocalipers (Mitutoyo Electronic Corporation, Tokyo, Japan)
and was confirmed by two independent observers before being
recorded as a result.

In summary, five CT scan sets for five trials for each of five
specimens of each of four types of stereotactic frame systems
were carried out with three different approach trajectories to
each of 12 target points; thus, 900 measurements were made for
each of the 15 imaging-defined categories (hereafter referred to
as the “data cells” for Table 1). A total of 13,500 independent
error measurements were carried out for image-guided ster-
eotactic application accuracy tests.

Application of aiming arc assemblies

The aiming arc assembly of a stereotactic frame holds and
directs the probe as it is directed to the target point. In order
to assess the contribution of arc application to.mechanical
accuracy, the stereotactic frame system was set up so as to
direct the measuring probe to touch a phantom target point.
The aiming arc assembly was then uncoupled, removed, and
applied again without any settings being changed. The dis-
tance from the tip of the probe to the tip of the target was
measured as the error in mechanical accuracy for that ster-
eotactic frame. The aiming arc application effects on mechani-
cal accuracy were measured 100 times for each of the five
examples of the four frame types studied; therefore, a total of
2000 independent accuracy tests were performed for this as-
sessment.

Phantom base units

The phantorn base units provided for the BRW and CRW
stereotactic frame systems are only a check on the mechanical
accuracy of setting up the system. With the advent of linear
accelerator based radiosurgery, however, the phantom base
unit has been used for adjusting the linear accelerator (19, 36).
Because of this expanded role in radiosurgery, the accuracy of
BRW and CRW base units was tested in relation to a calibration
jig- Five phantom base units of each type were evaluated. The
CRW phantom base unit is configured slightly differently than
is the BRW unit, especially with regard to the support posts

Neurosurgery, Vol. 35, No. 4, October 1994
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TABLE 1. The Application Accuracy of Four Stereotactic
Frame Systems by the Use of Four Independent
Imaging Protocols®

CT Slice

Thickness Measurement BRW  CRW Compass  teksell
(mm)  {mm} (mm} (mm}
{mmj}
1 Mean 1.9 1.8 1.2 1.7
sD 1.0 1.1 0.6 1.0
Min value 0.1 0.0 03 0.2
Max value 50 49 3.2 4.9
95% Ci 3.6 3.6 2.2 3.4
v 99.9% Ci 5.0 5.2 3.1 4.8
1 canted (AE)  Mean 2.5 2.2 2.1 N/A
sD ) 1.1 14 1.0
Min value 0.1 0.1 0.3
Max value 6.9 6.1 5.5
95% CI 43 4.0 38
99.9% CI 5.9 5.7 5.2
4 Mean 27 26 2.5 2.6
- SD 1.3 1.5 1.2 1.4
Min value 0.0 0.0 0.4 1.0
Max value 7.0 7.1 6.4 7.2
95% Ci 4.8 5.1 4.5 4.9
99.9% CI 6.7 7.2 6.2 6.9
8 Mean 6.6 6.6 5.1 5.4
sSD 3.1 3.0 2.3 2.4
Min value 0.0 0.3 0.6 0.6
Max vafue  11.2 12.0 10.9 10.2
95% (I 11.7 - 116 8.9 9.4
99.9% CJ 16.2 159 12.2 12.8

*n = 13,500 independent accuracy measurements, CT, computed
tomography; SD, standard deviation; Min, mirimum; Max, maximum;
N/A, not available; BRW, Brown-Roberts-Wells; CRW, Cosman-
Roberts-Wells; Cl, confidence interval; AE, angulation effect.

and the runners for the slide holding the target pointer. Since
its introduction, this base unit has served for use with both
BRW and CRW systems. Two hundred points were assessed
per phantom base unit, distributed throughout the stereotactic
imaging volume. A total of 2000 independent accuracy test
measurements were performed.

Weightbearing

In clinical use, the stereotactic frame is called on not only to
serve as the basis for fiducial registration and aiming arc as-
sembly fixation, but also to serve as the infraoperative head
~ support for the patient. This introduces another source of error:
the weight of the patient causes sag and torque forces to be
applied to the coordinate system. These effects cannot be as-
sessed by the use of light test phantoms. Given that the weight
of a patient’s head and neck is approximately 10 to 20 kg and
that the weight supported by a stereotactic frame in the op-
erating room may also include some percentage of the shoul-
der girdle, weighted trials between 10 and: 25 kg would be
expected to assess adequately the effects on the application
accuracy of clinically relevant load bearing by stereotactic
frames. Accordingly, two similar series of experiments were

performed with phantoms with 10- and 25-kg lead Weight
attached. The variance between target localizations obtained in
five different orientations was determined with both welghteq
phantoms. These distances, measured as described previously’
defined the effect of clinically relevant levels of weightbearing
on the mechanical accuracy of stereotactic frames. Measure.
mernts were recorded 20 times for each of these five Orientationg
at each of the two weightings, with each of the five eXampleg
of the four frame types studied; therefore, a total of 4000 iy.
dependent accuracy tests were performed for this assessmen

Statistical analysis

The Iocalization errors can be considered as distributed ng;.
mally in each of the individual x, Y, and z dimensions. The rogt
mean square sum representing the euclidean localization error,
[x* + ¥* + 22, cannot be absolutely normally distributeq
because no negative error values can oceur. Therefore, the
distribution of error is bounded on the left by zero but also oy
the right by the excursion of the stereotactic arc system. The
distributions of these bounded error measurements were
evaluated by individual histograms of camulative distribution
function and probability density function; analyzed for mean,
median, symmetry, skew, and kurtosis; and studied with box
plots and KS testing. The distribution of localization errors is
sufficiently well described as quasinormal to be reliably pre-
dictable when analyzed in terms of a gaussian distribution. A
right-tailed test was applied to determine the 95 and %9.9%
confidence intervals for the data. Results were reported in
terms of their mean value, standard deviation, maximum value
encountered, and values for 99.9% confidence intervals,

For each cell of data reported in Table 1, the accuracy of each
of the sample means was evaluated as an estimate of that
population mean. The standard error of the mean was calcu-
lated as: SEy; = SD / (n)V% where M = mean, SD = standard
deviation, and n = number of sample observations. The re-
sulting 99% confidence interval for the accuracy of the sample
means was expressed as: 99% CI = M + 3 5E,,, and the range
for the confidence interval of the mean was expressed as: [(M
— 3 SEnp to (M + 3 SEy)]; both are reported in Table 2.

To assess whether the individual cells of data in Tables 1, 4,
> and 6 and in Figure 5 were different from each other to a
statistically significant degree, the individual cells of data were
compared with each other by the two-sample (unpaired) t-test.
In all instances, the sample sizes were sufficiently large that
statistically significant differences were confirmed between the
groups compared (P < 0.001).

For ezch data cell in Table 1, the breadth of distribution was
assessed by calculating the coefficient of variation, defined as:
COV = 85D/M, where SD = standard deviation and M = mean.
Theseresults are shown in Table 3. A coefficient of variation less
than 1 indicated less variation around the mean and a greater
central tendency for the distribution.

When these results are plotted graphically, as in Figures 3, 4.
5, and 7, the correlation coefficient, r, was calculated for the
regression line of the data and the coefficient of determination.
%, was calculated as a descriptor of the linearity of the rela-
tionship between the two variables (7). The spatial distribution
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TABLE 2. Accuracy of the Sample Means as an Estimate of the True (Population) Means for Stereotactic Frame

Application Accuracies?

CT Slice BRW CRW COMPASS Leksell
Thickness Measurement (ram) (mmi (mm) {mm}
{mm)
| Mean £ 3 SE, 1.9 % 0.10 1.8 01N 1.2 £0.06 1.7 £ 0.10
99% Cl for the mean 1.80 to 2.00 1.69 to 1.91 1.04 to 1.26 1.60 to 1.80
| canted Mean * 3 SE, 25+ 001 2.2 =01 2.1 =010 N/A
99% Cl for the mean 2.39to 2.61 2.09 to 2.31 2.00 to 2.20 N/A
1 Mean £ 3 SEy, 2.7+0.13 2.6 £0.15 2.5 012 2.6 +0.14
99% Ci for the mean 2.57tc 2.83 2.451t0 2.75 238 1t0 2.62 246140 2.74
. Mean * 3 SEy, 6.6 * 0.31 6.6 = 0.30 5.1+ 0.23 5.4+ 024
99% CI for the mean 6.29 to 6.91 6.30 to 6.90 4.87 t0 5.33 5.16 t0 5.64

1 The large numbers of measurements yielded small standard errors of the means and a resultant high confidence in these experimentally derived
means a8 being representative of the true means of application accuracy for these stereotactic frame systems. SE,,, standard error of the mean;
N/A, not available; CT, computed tomography; BRW, Brown-Roberts-Wells; CRW, Cosman-Roberts-Wells; Cl, confidence interval.

TABLE 3. Coefficients of Varfation®

(7 Slice

Thickness BRW CRW COMPASS Leksell
(mm}

| 0.53 0.63 0.50 0.59

I canted 0.43 0.50 0.48

4 0.63 0.59 0.48 0.52

8 0.48 0.45 0.45 0.43

Average 0.52 054 0.48 0.57

*The coefficient of variation (COV) is the breadth of distribution for
application accuracy in each data cell of Table 7, calculated by COV =
SD/M, where SD = standard deviation and M = mean. A COV <1
indicates less variation about the mean and a greater central tendency
for the distribution. CT, computed tomography; BRW, Brown-Roberts-
Wells; CRW, Cosman-Roberts-Wells.

of localization etror relative to target positions in stereotactic
space was graphically displayed (Fig. 6) and analyzed for
patterns of bias that might deviate from flat or random dis-
tributions. No consistent pattern of bias was observed. All data
were tabulated with Excel spreadsheet software (version 2.01;
Microsoft, Inc., Seattle, WA), statistically analyzed with Stat-
View II software (version 1.03; Abacus Concepts, Inc., Berke-
ley, CA), and graphically displayed with CricketGraph soft-
ware (version 1.3.2; Cricket Software, Malvern, PA).

RESULTS

A total of 21,500 independent accuracy measurements were
performed in the course of this series of experiments. The
fesults of testing for the application accuracy of the four frame
lypes with various imaging protocols are shown in Table 1. The
dcuracy of the sample mean as an estimate of population
Mean was determined for each of the cells of data reported in
the results of Table 7 and is shown in Table 2. The extremely
*mall standard errors of the means result in highly constrained
langes for the 99% confidence intervals of the means. We can
be confident that the population mean lies within the confi-
dence limits, and because these are well within the standard
deviation for the sample data, the sample mean does not ap-
Pear skewed with respect to the true population mean. Al-

154 y = 2.2824 + 1.4041x
= = 0.942; 12 = 0.588
E_ o BRW
=%
SE *  CRW
%E ®  COMPASS
g8
2 s ¢ |eksel
z
= =
c§
E o
<
a#
S
£s
<

SLICE THICKNESS (mm)

FIGURE 4. The effect of slice thickness on the application
accuracy of stereotactic frame systems. n = 10,800 indepen-
dent accuracy measurements. A linear relationship is ob-
served between the slice thickness and the application accu-
racy (y = 2.2824 4+ 1.4041x; r = 0.942, /* = 0.888).

When the slice thickness is zero, the application accuracy
becomes equivalent to the mechanical accuracy for ster-
eotactic frame systems; this is 2.28 mm.

though the differences between each data cell for the four
different frame types were statistically significant (P < (.001),
what is more remarkable is the dramatic effect on the appli-
cation accuracy of the imaging protocol used during stereotac-
tic data acquisition. A linear relationship is suggested in Figure
4 between increasing slice thickness and worsening application
accuracy {r* = 0.888; r = 0.942). On the other hand, not only
imaging contributes to the error measured. The extrapolation
of this line to the ideal case of an imaging slice thickness of zero
would result in a 99.9% confidence interval of 2.28 mm for the
mechanical accuracy (equivalent to application accuracy at this
value). Thus, the regression line does not demonstrate a sub-
millimetric level of ideal application accuracy, that is, me-
chanical accuracy for these sterectactic frame systems.
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FIGURE 5. The effect on the application accuracy of frame
angulation during imaging (n = 5400 independent accu-
racy measurements). A significant deterioration was noted

_for all stereotactic frame systems tested (P < 0.001).

The deleterious effects of frame angulation on application
accuracy are shown in Table 1 and are graphically demon-
strated in Figure 5. This deterioration in application accuracy
due fo frame angulation during imaging data acquisition was
significant for all three frame types tested (P < 0.001).

For each data cell in Table 1, the breadth of distribution was
assessed by the calculation of the coefficient of variation. These
results are shown in Table 3. All stereotactic frame systems
demonstrated similar central tendencies, and a small range of
coefficient of variation values was noted.

The spatial distribution of localization error relative to target
positions in stereotactic space is shown in Figure 6. No con-
sistent pattern of bias was observed that deviated from flat or
random distributions. ]

The mechanical accuracy of the phantom base units for the
BRW and the CRW sterectactic frame systems is shown in Table
4. Although there was a statistically significant difference be-
tween the results for the BRW and the CRW systems (P <
0.001}, more significant is the fact that the mechanical accu-
racies of all of these unifs are not submillimetric.

The effects of the subsequent application of the aiming arc
assembly (without further adjustment of any settings) on the
mechanical accuracy of the four frame systems are shown in
Table 5. The range of error introduced by this maneuver was
approximately 0.5 to 1 mm, with the differences between frame
types achieving statistical significance (P < 0.001).

No appreciable effect of weight on the mechanical accuracy
of stereotactic frames was noted when the 1-kg test phantoms
were used. Pronounced effects were measured when weights
of 10 and then 25 kg were attached to the bases of dedicated
test phantoms. This is demonstrated in Table 6. The mechanical
accuracy of all types of stereotactic frames was adversely af-

fected in proportion to their degree of weightbearing 4.
though the differences in degree between individual frame
types achieved statistical significance (P <0.001), the dominan;
result is one of universally profound deterioration. This jq
illustrated in Figure 7. Extrapolation of the regression line ( y=
-1.7633 + 0.29583x) suggests that this effect is encounterey
whenever weightbearing by the frame exceeds 5.85 kg,

DISCUSSION

The purpose of incorporating stereotactic methodology intg
neurosurgical practice is to provide an improvement in local.
ization over that which is otherwise available. Stereotactic
frame systems have proved to be highly successful in accom-
plishing this and are widely used as a result (11). Like any
instrument, however, these stereotactic frames have theiy
drawbacks and limitations. In order to use these devices more
successfully in the operating room, a clear understanding is
necessary of what these limitations are. Accordingly, the cli-
nician requires specific information regarding what degree of
accuracy can realistically be conferred on the surgical proce-
dure by these frames. In the past, reports have indiscriminately
intermixed technical standards stressing mechanical accuracy,
advertising claims pointing out mechanical precision, and
claims for the actual accuracy of localization during surgery.
This article seeks to distinguish quantitatively between the
accuracy claimed by the manufacturers and the accuracy meas-
ured by independent users.

The voluntary standard performance specifications for ce-
rebral stereotactic instruments, as issued by the American So-
ciety for Testing and Materials, state that the mechanical ac-
curacy of a stereotactic system shall be submillimetric (1). In
addition to the mechanical limitations of the stereotactic frame,
the errors associated with the many steps of stereotaxis (in-
cluding imaging techniques, point selection, and vector cal-
cudation) all contribute to the final clinically relevant error (11,
12, 27). The purpose of this study is to go beyond the assess-
ment of the mechanical accuracy of various stereotactic frames
in order to assess the application accuracy of these devices.
This is a measure of the accuracy of these devices when used
in their real-world setting. The application accuracy includes
all of the errors inherent in each step of the therapeutic process.
The application accuracy is therefore the least forgiving meas-
ure of performance by stereotactic frames, because it does not
ignore any of the sources of error that affect the surgical pro-
cess. It should be distinguished from mechanical unbiased-
ness, precision, or accuracy in reports of stereotactic device
performance.

In reporting the data for this analysis, care was taken to
provide clinically relevant information. The error in localize-
tion was used to define the application accuracy, rather than
erroneously reporting the mean position of attempted target
localization. In this way, full accounting was made in the
application accuracy data of the contributions of mechanical
bias, imprecision, and inaccuracy. In addition to a mean, 07
“root mean square difference,” the clinician needs to know the
standard deviation and maximal encountered value. Most
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HGURE 6. The mean application accuracy for stereotactic frame systems as related to the target’s position within the ster-
eofactic space. There was no consistent pattern of localization bias related to increasing distance from the center of the coor-

dinate space. A, BRW; B, CRW; C, COMPASS; D, Leksell.

TABLE 4. The Mechanical Accuracy of the BRW and CRW
Phantom Base Units®

TABLE 5. The Mechanical Accuracy of Aiming Arc
Assembly Reapplication?

Weasurement BRwW CRw COMPASS Leksell Measurement BRW CRW COMPASS Leksell

(mm) (mmm) (mm) (mrn} (mm) {mm)
Mean 0.6 0.7 Mean 0.26 .32 0.20 0.35
5D 0.4 0.4 SD 0.14 0.17 0.1 0.12
Max value 3.1 5.0 N/A N/A Max value 0.62 0.85 0.45 0.57
99.9% CI 1.8 1.9 99.9% ClI 0.69 0.85 0.54 0.72

_“n = 2,000 independent accuracy measurements. SD, standard de-
viation; Max, maximum; N/A, not available; BRW, Brown-Roherts-
Wells; CRw, Cosman-Roberts-Wells; Cl, confidence interval.

vitically, what should be distinctly expressed is the 99.9%
wnfidence interval for the error in localization. This value will

. dlways be larger, that is to say, “worse,” than the mean or

“Yerage or “Toot mean square” error. By this value alone can
the Neurosurgeon have sufficient information to know the

 kely worst case scenario before performing a given probe

Mssage. The number of independent accuracy measurements
“rformed during this investigation was made sufficiently
88 50 as to provide information with a high degree of con-
“dence. This has allowed for definitive statements to be made
“garding the application accuracy of stereotactic frames.

Neurosurgery, Vol. 35,

#n = 2,000 independent accuracy measurements. SD, standard de-
viation; Max, maximum; BRW, Brown-Roberts-Wells; CRW, Cosman-
Roberts-Wells; CI, confidence interval.

Test phantoms

In constructing phantoms for testing this equipment, care
was given to produce phantoms with a random distribution of
target points throughout the stereotactic imaging volume. This
distribution precluded biasing the assessment that may pos-
sibly have occurred if the target points had been limited to
central, midline regions at the focus of the stereotactic system,
where frame machining inaccuracies might be minimized. This
phantom could test the effects on the application accuracy of
more extreme excursions of the atming arcs, such as those
commonly encountered in clinical practice.

No. 4, October 1994
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TABLE 6. The Effect of Weightbearing on the Mechanical
Accuracy of Stereotactic Frames?

R

TABLE 7. The Relationship Between Magnification Factor,
Field of View, and Pixel Size for Computed Tomography=

[

Lekssll

* Somatom DR-H CT scanmer, 512 x 512 pixel matrix.

Weighting BRW CRW COMPASS Leksell Magnification Field of View Pixel Size
(kg Measurement {mm) {mm) (mmy) (mm) Factor (mm) (mm)
10 Mean 0.28 0.29 0.49 0.25 1.0 512.000 1.000
5D 031 0.32 0.25 0.28 1.1 465.455 0.909
Max value 1.18 1.15 0.85 1.00 1.2 426.667 0.833
99.9% CI 1.24 1.28 1.26 1.12 1.3 393.846 0.769
25 Mean 1.83 2.09 2.50 1.62 1.4 365.715 0.715
S 1.25 1.06 1.05 1.47 1.5 341.333 0.667
Max value 6.01 586 4.90 5.77 1.6 320.000 0.625
99.9% CI 569 537 5.74 6.16 1.7 301.176 0.588
*n = 4,000 independent accuracy measurements. SD, standard de- 1.8 284.444 0.556
viation; Max, maximum; BRW, Brown-Roherts-Wells; CRW, Cosman- 1.9 269.473 0.526
Roberts-Wells; Cl, confidence interval. 2.0 256.000 0.500
2.1 243.810 0476
=] 2.2 232.727 0.455
23 222.609 0.434
6 2.4 213.333 0.417
_ 0ot 12 - e 2.5 204.800 0.400
E’E 54 2.6 196.923 0.385
§_§ 2.7 189.630 0.370
§§ 4 e AW 2.8 182.857 0.357
] e AW 2.9 176.552 0.345
g5 T cow 3.0 170.667 0.333
i%
g3
=

[} ' 5 ' IID ) 1‘5 ) 2‘0 ' 2‘5 | '310
WEIGHT - BEARING (Kg)

FIGURE 7. The effect of weightbearing on the mechanical
accuracy of stereotactic frame systems (n = 4000 indepen-
dent accuracy measurements). This effect would not be
appreciable with light test phantoms (y = -1.7633 +
0.29583x; y = 5.8 kg when x = Q).

Imaging protocol effects

At present, the standard of care for most stereotactic local-
ization remains dependent on CT imaging (2, 4-6, 11, 22, 26,
29). On the other hand, magnetic resonance (MR) imaging
promises superior soft tissue sensitivity and resolution in com-
parison to CT. Currently, however, fluctuations in the spatial
fidelity of MR may, at times, produce a clinically significant
source of localization error. Although extremely relevant to the
future of stereotaxis, issues related to the recognition and rec-
tification of spatial distortions due to MR are outside the scope
of this discussion (8). This study was therefore confined to
using CT as the source of all imaging data for stereotactic
localization.

The resolution of a CT scanner is related to the number of
picture elements, or “pixels,” that make up the digital Image.
The CT scanners that were used in this report provided a 512
% 512 matrix of pixels. This matrix size remains constant,
regardless of the field of view encompassed by a scan image.

The smaller the field of view larger magnification factor, the
greater the number of pixels per centimeter, therefore, the
smaller is each individual pixel and the finer is the resolution
of the scan image (Table 7). Although the term pixel defines the
inplane measurements (x and y axes) of a picture element, each
slice has a thickness in the z axis as well. The incorporation of

* this dimension also describes the three-dimensional volumet-

ric picture element or “voxel.” This is the building block of
digital scanner-based stereotactic neurosurgery.

There is a tension between the interests of resolution that
would prescribe the smallest field of view that enCompasses
the head and the requirement for a larger field of view than that
only to encompass the head in order to visualize stereotactic
frame fiducials. This tension is universal to external stereotac-
tic localization frames. The size of each frame is slightly dif-
ferent (in ascending rank order, Leksell, COMPASS, BRW, and
CRW). These miinor differences between the frames are not
sufficient to confer a significant advantage to any one system,
however, and are offset by a limitation in z-positional accuracy
for the smaller frames. This is because, as the dimensions of the
N-bar assembly become smaller, the precision decreases for the
localization of the oblique fiducial of the N-bar.

In this series of experiments, the effect of scan slice thickness
and, therefore, the size of the vaxel, were perhaps the most
significant factors that affected the application accuracy‘of
stereotactic localization. Increasing the thickness of slices in-
variably worsened the attainable accuracy of the system. This
effect was universally observed, regardless of the syster‘n
tested. The use of I-mm CT slices provides better sterectactic
application accuracy than does the use of 4- or 8-mm slices. The
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relationship between increasing slice thickness and deterio-
rating application accuracy could satisfactorily be described as
jinear. The level of [ocalization error observed when a CT scan
Jlice thicknesses of 8 mm is used sufficiently large to suggest
that the satisfactory stereotactic localization of smaller in-
iracranial targets should require thinner CT scan slices. Inter-
wstingly, as the magnitude of localization errors increased with
sice thickness, this increase was seen not only in the z dimen-
<o, but in the x and y directions as well. For purposes of
dinical application, then, increasing slice thickness led to a
ceneral deterioration of the accuracy of localization and one
:annot assume that the increased localization error associated
with increasing slice thickness will be confined to only the z
dimension of slice thickness.

The errors of localization with stereotactic frames, as meas-
ured in this study, cannot be attributed entirely to imaging
effects. This is supported by the following three considerations.
First, if focalization errors were entirely the result of the un-
certainty of spatial position within a voxel, then the maximal
localization error would be determined by the largest dimen-
sion of the voxel. Termed the “main diagonal,” this is the
square Toot of the sum [xZ + y? + z?]. The localization of a
(T-defined target with orthogonally oriented 1-mm-thick scan
slices centered on that target represents an optimized situation.
In this case, the main diagonal of the voxel equals [(0.65)* +
(0.65)* + (1.0Y*]*? = 1.36 mm. In this study, with the currently
available stereotactic instrumentation, the 99.9% confidence
intervals for application accuracy in this ideal case are in the
rnge of 3.0 to 5.1 mm. This is a greater number than that
altributable solely to imaging effects, being larger than the
largest dimension of the voxel.

Second, this is corroborated by Figure 3, which plots the
cffect of slice thickness on the application accuracy for the four
stereotactic frames examined. Although the linearity of the
correlation establishes the significant contribution of imaging,
note that extrapolation of the regression line intersects the axis
describing application accuracy at 2.28 mn. This suggests that,
even at the ideal case of zero slice thickness and, presumably,
zero contribution from the imaging modality used, the 99.9%
confidence interval for what is, in effect, the mechanical ac-
curacy of stereotactic frames would not be submillimetric.

Finally, because most stereotactic frame systems are comn-
plex constructions with multiple vernier settings and other
mechanical adjustments to make, ample opportunity arises for
introducing error throughout the surgical procedure. Single
large errors that result in dramatic misdirection are noticeable,
whereas cumulative tiny errors can produce deflections that
are far harder to appreciate but that are significant nonetheless.

Angulation of the stereotactic frames with respect to the
Plane of image acquisition led to worsened application accu-
racy for all three stereotactic frames tested. The algorithm for
“lculating the spatial position of the N-bars is theoretically
ndependent of the orientation of the stereotactic frame with
tespect to the imaging plane, because the position of the center
fiducial in each pair of three making up an “N” is calculated
A5 a proportion relative to the two outer, parallel, fiducial bars
). Although the requisite software for this capability is
Frovided for the CRW, BRW, and COMPASS systems, signifi-
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cantly degraded spatial localization was observed when these
stereotactic frames were angulated during CT data acquisition.

. Perhaps the commercially available software was not opti-

mally executed, new software to localize better the centroid of
each fiducial is necessary, or errors of the machining and
calibration of the orientation of the three bars making up the
“N” may be exaggerated in an oblique orientation as opposed
to an orthogonal orientation. Whatever the reason, in order to
improve spatial localization accuracy during clinical use, gan-
try tilts and frame angulation that would result in oblique
images should be minimized.

Although the use of gaps between slices in MR imaging
allows some improvement in the signal-to-noise ratio, the use
of gaps coupled with relatively thinner slices for CT scanning
does not confer any improvement of localization on volu-
metrically acquired CT data. Because no imaging advantages
accrue in CT with skips between slices and the intervening
patient data are omitted, stereotactic data acquisition with CT
should be performed without skips between slices. The over-
lapping of slices is an outmoded method of improving reso-
lution in the z axis (along the direction of slice thickness) when
constrained by the inability of the CT scanner to produce
sufficiently thin slices. The overlapping of thicker scan slices is,
by definition, inferior in resolution to nonoverlapped scans of
thinner slice thickness. Accordingly, this archaic technique is
no longer used.

The proper acquisition of CT imaging data for stereotactic
localization presumes appropriate attention to the fundamen-
tal details of machine calibration and maintenance by radio-
logical technicians. To some degree, the stereotactic frame is
relatively robust with regard to such errors. Such technical
considerations become critical, however, when these scans are
used by the emerging frameless localization systems (28, 29,
33).

Differences between frames

These trials used five new specimens of each stereotactic
frame type tested, each certified as in compliance with industry
standards by the manufacturer, in order to preclude any bias
from being introduced through the use of a defective frame.
Differences were noted between the resulis obtained by indi-
vidual frame types, even though these differences were not the
most significant determinant of application accuracy. [t may be
that the slight superiority of the COMPASS system was the
result of a combination of a center-finding algorithm for fidu-
clal localization and the optical encoder-controlled stepper
motor-driven setting of the verniers of the arc quadrant floor
stand. This is unlike the manual settings of verniers and the
subjective nature of localizing the centroid of the fiducials on
the other systems. What is most notable, however, is that all
stereotactic frame systems behaved with remarkable similarity
when the effects of imaging such as increasing slice thickness
were measured. All four stereotactic frame systems demon-
strated coefficients of variation of approximately 0.5, indicat-
ing similar distributions for their application accuracy. Any
differences in application accuracy between the four stereotac-
tic frame systems tested are less significant than the differences
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in application accuracy for each stereotactic frame between CT
scans of differing slice thicknesses. Because of this uniformity
of response by all of the stereotactic frames tested, further
evaluations involving other less common varieties of commer-
cially available stereotactic frames appear superfluous.

The spatial distribution of localization error relative to target
positions in stereotactic space was analyzed for patterns of bias
that deviated from flat or random distributions. No consistent
pattern of bias was observed. Certainly, no “sweet spot” exists
at the center of the stereotactic coordinate space for these frame
systems.

Reapplication of aiming arc assemblies

The aiming arc assembly of a stereotactic frame holds and
directs the probe as it is directed to the target point (18). The
arc is mechanically coupled directly (BRW, CRW, Leksell) or
indirectly (COMPASS) to the stereotactic frame base ring. Per-
forming the mechanical coupling of these components can
introduce error into the systerm. In some circumstances, the
aiming arc agsembly may need to be removed and replaced
during the course of an operation, e.g., during the use of the
BRW arc to define an entry point from the skull with subse-
quent application of the arc to direct the biopsy probe. This
second arc application may have a measurable effect on the
mechanical accuracy of the entire system. In doing so, errors
of localization may be introduced that are on the order of (.5
to 1 mum.

Phantom base units

Historically, a phantom target base was devised for the
Riechert-Mundinger stereotactic frame because of the com-
plexity of the required polar coordinate calculations for the
alming arc assembly to achieve a given trajectory to a target
point (11, 31). This unit provided a mechanical analogue com-
puter to solve this problem more quickly in the Operating
room. Later, a phantom base unit was provided for the BRW
system in order to allow the intraoperative definition of entry
point coordinates chosen from the patient’s head and to con-
firm the proper set-up of the aiming arc assembly verniers (2,
17). The phantom bases provided with the BRW and CRW
systems are only a check of the mechanical accuracy for setting
up the system. The phantom base accuracy evaluation mea-
sures the mechanical error of the frame plus the adjustment
error of the phantom base itself. It cannot and does not test the
imaging aspects of the system in use, but only confirms a
proper setting of verniers. Therefore, it cannot supply any
information about application accuracy whatsoever. The true
intraoperative position of a probe tip can only be determined
by recourse to anteroposterior and lateral x-ray teleradio-
graphs overlaid with a reference grid (22, 30).

A unique situation exists in LINAC-based stereotactic ra-
diosurgery, where the phantom base is called on to provide a
reference standard against which the mechanical accuracy of
the LINAC set-up itself is tested (10, 36). In this situation,
decisions are being made as to whether the therapeutic equip-
ment used in radiosurgery is adequately calibrated, on the
basis of information that is limited by the mechanical accuracy

of the phantom base unit. When a discrepancy is found, it ¢,
be problematic as to whether the source of error is the LINAp
set-up or the phantom base unit. Because of this, it behoove,
the user to test independently any such unit before relying oy

it as a reference standard for radiosurgical applications. It by |

been observed, in fact, that commercially available phantoy,
base units for the BRW and CRW systems are often inadequae
for this purpose without prior individual testing, modificatiop,
and subsequent calibration (9), The levels of mechanical ac.
curacy demonstrated by the BRW and CRW phantom base
units were insufficient to provide an absolute reference stand-
ard for radiosurgical applications, They provide adequate ac.
curacy to serve as an assurance of proper vernier settings
during surgical procedures. The CRW phantom base units arp
modifications of the previous BRW units and appear to be
somewhat less accurate, :

Weightbearing

The design of stereotactic frames has involved a compro-
mise between the mutually exclusive goals of fiducial marker
stability and maximal clinical utility. Rather than only serving
to carry the fiducial markers necessary for localization, the
stereotactic frame is called on to carry the load of the aiming
arc assembly with its accompanying surgical instruments and
also to act as the major weightbearing element for the patient’s
cranium, neck, and even torso during surgery. This linkage of
the imaging fiducials to the weightbearing elements is subop-
timal. Although the effects of this weight loading might be
minimized by proper positioning and support, it nevertheless
introduces an independent source of mechanical Inaccuracy
into the system. The deleterious effect of Increasing weight on
the mechanical accuracy of a stereotactic frame can easily be-
come pronounced. [t can be appreciated, for example, that the
positioning of a heavy patient prone with the head sharply
rotated can produce a significant source of torque and weight
loading on the frame elements, This effect of weightbearing on
the mechanical accuracy of stereotactic frames has not been
previously addressed. The mechanical accuracy and, therefore,
the application accuracy of all types of stereotactic frames
tested are lessened by clinically realistic weightbearing.
Weightbearing is an independent source of error that pro-
foundly affects the mechanical accuracy of stereotactic frames
in direct proportion to the Ioad they have to support. Extrapo-
lation of the regression line suggests that this effect has been
overlooked by the practice of using test phantoms that weigh
less than 5.85 kg. Because the cranium is at least this heavy, the
implications of this deterioration of mechanical accuracy with
weightbearing by stereotactic frames should be considered
with every clinical use.

In theory, it would be optimal to uncouple the rigid intra-
operative headholder mechanically from the fiducial markers
used to register imaging to physical space. This would require
1} careful patient positioning during imaging and surgery; 2)
the use of an independent headholder in addition to the ste-
reotactic frame; 3) a change in the design of stereotactic frames;
or 4) the development of new neurosurgical localization sys-
tems. It would appear that the first option is most directly
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\why bother with accuracy?

The application accuracy of stereotactic frames is deter-
ned by the vector suummation of many independent sources
; error. The results presented here might mislead some to
_nclude erroneously that further efforts at improving the
‘!;curacy of localization are unnecessary. The rationale for that
eument is as follows: The error of magnitude X that con-
::,{Buted by a given aspect of the stereofactic process is not
jmportant because it is smaller than the error of magnitude X2
jue to slice thickness, etc. In effect, this argument hopes that
e, smaller, error will somehow “nest” inside of another,
“yeger, error. This is a false assumption. These two errors aris-
g from different sources are independent events. In fact,
qrrors arising from independent sources contribute to the total
wstem application accuracy as a vector sum. Because all as-
~ects of a system contribute to the total application error, any
.mpromise in mechanical accuracy or imaging studies will
amvariably compromise the total application accuracy. It be-
nooves the surgeon to minimize all sources of error that are
-ontrollable, so that the uncontrollable errors due to brain
Jhifting, etc., are added to as small a background level of error
us possible.

This caution is particularly relevant to the special case of
{ereotactic radiosurgery, where no intraoperative feedback
wdsts. In radiosurgery, what is being treated directly is the
imaging abnormality (10). This is indirectly correlated with the
ictual pathology. During the course of a radicsurgical proce-
Jure, there is no direct feedback to assure proper beam de-
livery to the correct anatomical location. Because of this, the
mechanical accuracy of all components must be rigorously
wssessed to ensure sufficient accuracy. Extra precautions must
be maintained for radiosurgical procedures so that systematic
errors do not creep into the process and introduce bias into
kicatization (36).

s subvoxilar accuracy possible?

A common fallacy is that the spatial resolution of any sur-
gical gnidance system can never be better than the dimensions
of the voxel, because this is the minimal element of the mosaic
making up the localization data. In fact, this is not true. If the
fiducials and/or the target are larger than the dimensions of
asingle voxel, then additional spatial information can be ob-
tained through the calculation of their center of mass on the
basis of the voxels making up their volume and the intensity
of their signal within each voxel. In contrast, a fidudial or target
that is smaller than a voxel cannot be resolved to an accuracy
better than that of the voxel dimensions, regardless of how
bright it is. Thus, the ideal fiducials and targets are as large as
bossible, providing the largest number of voxels from which
to caleulate the center of mass, regardless of how dimly it is
**en above the background. This is sometimes termed super
"esolufion and will likely play a significant role in future frame-
ess stereotactic systems (28, 29, 32).
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Ameliorating effects

Stereotactic frame systems have proved to be useful for
improving the accuracy and precision of localization during
neurosurgical operations. Despite the limitations of applica-
tion accuracy delineated in this report, these devices can and
do provide surgically important information. Their clinical
acceptability is based on several factors. First, the application
accuracy measured during a single use of a stereotactic frame
will, by definition, most often approach the value of its mean.
The magnitude of this number will be far smaller than the
number encompassing the 99.9% confidence interval. Second,
many anatomic stereotactic targets are sufficiently large that
even millimetric errors of localization may go unnoticed. Dur-
ing biopsies, anatomic targets are usually larger than the mini-
mal resolution of the system and are therefore somewhat for-
giving of error (3, 16, 20, 21, 31). The practice of performing
serial sequential stereotactic biopsies through a tumor target
serves to overcome many errors of localization (11, 17, 30).
Third, various forms of real-time intraoperative feedback can
provide a “midcourse correction” so as to assure an ultimately
successful surgical targeting. During thalamotomies, for ex-
ample, electrophysiological recording feedback provides the
final critical localization that is based on mechanical precision
by movements along a vernier (15,23, 25, 34, 35). Intraoperative
visual inspection and frozen-section analysis of serial ster-
eotactic biopsy specimens allow the surgeon to change the
position of the probe and biopsy again as indicated (2, 11).
During craniotomies, the correlation of visual feedback and
stereotactic guidance provides two independent data bases
from which the surgeon can choose the most useful informa-
tion (19-21, 32, 33).

Caveat emptor

The application accuracy of stereotactic frame systems is less
than the mechanical accuracy, precision, or unbiasedness de-
scribed for these systems. Their proper clinical use, therefore,
requires a mature technological understanding of the instru-
menis available and a clear comprehension of their benefits
and limitations. Clinically, the determinants of application ac-
curacy should be considered before every use of stereotactic
frames for any therapeutic intervention. The results of this
study must be kept in mind by every surgeon using stereotactic
instrumentation and methodology in order to tailor the im-
aging protocols and equipment set-up so as to achieve an
appropriate confidence level for that surgical target localiza-
tion. It is clearly incumbent on the neurosurgeon to determine
what level of application accuracy is required for a given
clinical situation and to judge whether the sterectactic local-
ization system as configured can provide an appropriate de-
gree of localization for that individual situation.
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COMMENTS

The detailed and labor-intensive study by Maciunas et al.
addresses an Important issue in the field of stereotactic sur-
gery. It is too easily assumed by the surgeon that the coordi-
nates indicated by the calculations to determine a stereotactic
target and the numbers on the scales indicating how the ap-
paratus is set invariably direct the surgeon to the intended
point. Such accuracy is not always so.

As the authors indicate, there are several types of accuracy
to be considered and there are several factors contributing to
each type of accuracy. The performance standards that the
authors cite in their Reference 1 were devised before the advent

of computed tomographic or nagnetic resonance Imaging and
consequently concern the use of stereotactic instruments with
x-ray guidance. The standards refor to mechanical accuracy as
the ability of a specific apparatus to reach reliably a specific
point in space. Anatomical accuracy is the reliability with
which a given anatomijcal target can be hit and may vary
relative to the position of the reference atlas position of the
structure. The further it is from the reference structure, the
more likely inaccuracies are to be introduced because of the
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snatomical variability of one brain from another. The authors
Jiso introduce the concept of application accuracy, the final
curacy imparted by the entire visualization, calculation, and
argical systems working together.

The issues of mechanical and application accuracy are being
sddressed, perhaps overcritically, by the authors, whereas the
«oncept of anatomical accuracy (which is addressed in their
peference 1} is not only not specifically addressed, but com-
nents about the localization of VIM improperly assume ab-
<olute anatomical accuracy. Anatomical accuracy is far less
\han application accuracy. Final Jocalization of the anatomical
sructures is dependent, wherever possible, on the physiologi-
qal identification of the target structure.

The point is made several times that several samples from
separate manufacturing runs of each device were tested, but
fmere is no comment as to the comparison between each
ample. If there were a large variability between samples, it
would imply lax manufacturing standards. If there were an
identical inaccuracy between samples, it would imply a design
peculiarity. The, inaccuracy imparted by weightbearing was
measured, but no comment was made (nor was tested} on the
distortion of the apparatus imparted by the torque of the ap-
plication of the device to the patient’s skull, which may be
significant.

Although there is a brief comment about the need for the
neurosurgeon to determine the accuracy required for each
pracedure, there could be more guidance about the range of
inaccuracy that would be acceptable. There is obviously a
much greater need for accuracy when aiming toward a small
target in a critical area, such as the brain stem, as compared
with an ill-defined large target in a relatively silent area, such
asa glioma in the nondominant frontal pole. Indeed, even with
the most sophisticated imaging available, it is not possible to
define accurately the ideal line of resection of such an infil-
frating tumor. As much critical application accuracy as pos-
sible is required in the former situation. Localization need not
(and cannot) be as precise in the latter case. It is the respon-
sibility of the neurosurgeon, however, to recognize the accu-
racy of the system in use and to evaluate whether it is accurate
erough for the intended purpose.

Of great significance is the demonstration of the relationship
between accuracy and slice thickness. Not only does a thicker
slice impart inaccuracy to the localization system, but the cen-
ter of the location of a lesion smaller than one slice thickness
cannot be defined. The authors have exerted substantial effort
in defining the accuracy of several popular systems and in
alerting the reader to be cautious that the accuracy of the
system is sufficient for the use to which it is put.

Philip L. Gildenberg
Houston, Texas

This article should alert those surgeons doing stereotactic
surgery to the need for being aware at all times of the several
factors that influence the accuracy of the system they are using.
It can also benefit the several stereotactic instrument manu-
facturers by alerting them to the “repeatability” problems dis-
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cussed in the article. The failure of the authors to note the serial
numbers of the instruments they claim to have tested prevents
any of the manufacturers to rebut their accuracy /inaccuracy
clajms and/or to take any action against the authors.

The title of the article is misleading; it is not a study of the
mechanical accuracy of the several frames tested. It is instead
a study of the total system inaccuracies due to scan data re-
duction errors, operator errors in determining the central pixel
of localizer fiducial areas, and the improper setting of aiming
arc scales. Actually, in the Leksell instrument, the Cosman-
Roberts-Wells arc, and the COMPASS instrument, being arc-
centered systems, the angular seltings have nothing to do with
the accuracy of getting to the target point if the linear scales
have been properly set and the proper length probe is used.
Claims of being able to measure distances in space to 0.01 mum
with an electronic digital microcaliper are sheer nonsense. A
distance of 0.01 mm is equal to 0.0004 inches, a dimension that
is difficult to get with a high-quality micrometer measuring a
hardened block having parallel surfaces!

The problem of head weight shifting the targets at the op-
erating table can usually be neutralized by supporting the head
in the scanner in approximately the same manner as it will be
supported on the operating table. Thus, there will be very little
shift of targets from those derived at the scanner console. It
appears that these authors were led down the primrose path
by the statistical specialists who can prove almost any point
they wish if they have enough test data.

Trent H. Wells, Jr.
Coulterville, California

This article addresses the critically important issue of ster-
eotactic frame accuracy, about which there has long been in-
sufficient understanding, incomplete information, or both. The
authors have rigorously and exhaustively documented the
performance of four commonly used stereotactic frames and
have made a contribution both for the data and the model of
analysis. With regard to the data, this study finally provides a
quantitative analysis of the accuracy one may expect from a
stereotactic procedure, including not just the mechanical error
of a frame (the presumed source of the often quoted but
vaguely documented “less than 1 mm”} but also the errors
associated with imaging, registration, and whatever additional
unrecognized processes may influence the final localization.
The comparative accuracies reported for these particular frame
systems are of relatjvely less interest than the objective dem-
onstration of a considerably greater inaccuracy for any of these
systems than most people have been traditionally taught. The
fact that true error in any given case may well exceed several
millimeters is important to know, both for that procedure and
for more valid benchmarking of newer stereotactic method-
ologies. With respect to the model of analysis, the article sets
an example for all in its rigor of investigation and adherence
to engineering standards that must be respected.

David W. Roberts
Lebavion, New Hampshire
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