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PURPOSE: To assess magnification error in digital subtraction angiography as it pertains to
arteriovenous malformation (AVM) size. METHODS: A rectangular grid phantom with equally
spaced markers mounted in a stereotactic frame was imaged with digital angiographic equipment.
The location and orientation of the grid was altered relative to the central plane of the phantom.
Both linear and area measurements were made according to the perceived location of phantom
markers using a standard catheter calibration technique and compared with stereotactically de-
rived estimates. Finally, a single case example of an angiographically imaged rolandic AVM was
used to compare linear dimensions obtained with both described techniques. RESULTS: The
determination of location and size with standard angiographic imaging is subject to error because
of the divergent geometry of the incident x-ray beam. The resulting nonconstant geometric
magnification causes errors in linear measurements of 10% to 13% at depths of 7 cm from the
calibration plane. Errors in area measurements at the same position increase by 20% to 25%.
Measurements of maximum diameter or cross-sectional area may have an additional error when
nonspherical objects are inclined to the viewing direction (40% at 458 inclination). These errors are
reduced to less than 1 mm using the stereotactic technique. Some commercial angiographic
systems have internal software to enable a spatial calibration based on known distances in the
image or on the diameter of a catheter. The catheter technique was accurate in the calibration
direction (perpendicular to the catheter axis) but had a 12% error in the direction parallel to the
catheter because of a nonunity aspect ratio in the video system. Measurement of the dimensions
of a rolandic AVM using the catheter calibration technique had an error that ranged from 23% to
126% (standard error, 20%) with respect to the stereotactic technique. CONCLUSIONS: Numer-
ous nonstereotactic referential systems for determining linear distances are inherently erroneous by
varying degrees compared with the stereotactic technique. Area and volume determinations
naturally increase this error further. To the extent that no standardized method for determining
linear distances exists, significant variations in estimation of AVM size result. Classification
schemes for AVMs have been hampered by this technical error.
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A standard criterion in the classification of
arteriovenous malformations (AVMs) has been
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some form of size estimation in all reported
series. Because of the subjective nature of nidus
delineation, it is difficult to draw comparisons
among the three standard digital imaging tech-
nologies (magnetic resonance [MR] imaging,
computed tomography, and cerebral digital
subtraction angiography) as to their usefulness
in estimating AVM dimension. Computed to-
mography uses linear (x-ray) projection tech-
niques for image creation, ensuring geometric
accuracy between an object and its image. The
reliability of MR imaging in location and size
estimation, however, is dependent upon the
elimination of factors that produce both mag-
netic field inhomogeneity and signal voids
1



Fig 1. Frontal (A) and dorsal (B) photo-
graphic views of a plexiglass phantom grid
array housed in an Olivier Bertrand Tipal
stereotactic frame. The frontal view displays
the y-z plane of the frame, which is orthog-
onal to the incident x-ray beam in this study.
Four fiducial markers on both anterior and
posterior surfaces of the frame are used to
determine the coordinates of selected grid
points in the stereotactic volume. The dorsal
view displays the x-z plane of the frame and
shows three grid plates at varying x-coordi-
nate values (depths).
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caused by complex flow patterns. Various au-
thors have reported coordinate errors of 3 to 5
mm (1–3) using MR imaging. Recently, point-
to-point distance variability between computed
tomography and MR imaging was reported to be
no more than 2 mm in two-dimensional com-
parison measurements, assuming proper MR
machine calibration and correction of nonlinear
magnetic field gradients (4). Current volume-
rendering algorithms associated with MR imag-
ing and computed tomography are applicable
to AVM size estimation; however, an accurate
appreciation of arterial feeders, venous drain-
age vessels, and the often multicompartmental
nature of the AVM nidus can be derived only
from an angiographic study at present.
This paper addresses error in magnification as

it may apply to AVM angiography using standard
digital subtraction imaging techniques. There
has been considerable variability in reporting of
AVM size, with some authors mentioning a mag-
nification factor and others not. Any scheme that
reliably measures size must take into consider-
ation the divergent nature of the incident beam,
the proximity of the AVM to the image plane, the
variability of source-to-image plane distances,
and deviation from standard orthogonal projec-
tions. Magnification is a function of depth and
should, properly, not be expressed as a single
value. In addition, commercial angiographic sys-
tems may have a nonunity video system aspect
ratio, resulting in different pixel sizes in the ver-
tical and horizontal directions. This will also ad-
versely affect size estimations.
All nonstereotactic methods for calibrating

the size of intracranial targets have similar
shortcomings in that the location of the target is
difficult to judge, particularly on initial study.
This is in contrast to the commonly used tech-
nique of placing a circular or spherical object in
the vicinity of the carotid bifurcation for ex-
tracranial carotid studies where the anatomic
orientation is much clearer. Moreover, the use
of a single planar calibration marker as with the
latter technique does not address the three-di-
mensional character of the AVM nidus because
it is accurate as a measure of size only in its own
calibration plane. Any tilt of the circular marker
will render the scaling factor different in the
vertical and horizontal directions. In this paper,
we report on (a) errors in linear dimension mea-
surements, (b) errors in area measurements,
(c) errors in linear measurements based on a
commercially available catheter calibration,
and (d) errors in the measured dimensions of a
rolandic AVM.

Methods and Materials
Standard orthogonal projection images of a rectangular

grid test phantom housed in a stereotactic frame (Olivier
Bertrand Tipal frame, Tipal Instruments, Montreal) con-
taining fiducial markers (Fig 1) were taken using digital
imaging equipment commonly used for angiography
(Siemens Polytron). The Olivier Bertrand Tipal frame has
been described in detail elsewhere (5, 6) and was con-
firmed to be accurate within 1 mm in our institution. The
test phantom construction consisted of plexiglass grid
plates with holes in a 2-D matrix of 1-cm spacings. A
standard neuroradiographic technique (80 kilovolts
[peak], four frames per second) with orthogonal (antero-
posterior and lateral) views was used in imaging the phan-
tom with the central ray directed along the x-axis of the
frame (Fig 2). The location of a single grid plate was
altered along the x-axis by up to 7 cm both anterior and
posterior to the central plane. Source-to-frame and
source-to-image plane distances were held constant at 68
and 104 cm, respectively, typical of actual usage in a
neuroangiographic suite.

Linear Measurements

The apparent distance between each pair of the five grid
points (P1 to P5 in Fig 2) decreases as the grid plate is
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moved along the x-axis away from the x-ray source be-
cause of decreasing geometric magnification. Measure-
ments taken with respect to perceived (imaged) locations
are, therefore, apparent and not necessarily true. The ap-
parent distance relative to that obtained with the grid in the
central position, d, is given by (see Appendix 1)

1) d 5
D

D 1 x

where D is the source-to-frame distance and x is the an-
teroposterior displacement of the grid plate from the cen-
tral position. Values of d were determined with and without
the use of a stereotactic algorithm (7).

Area Measurements

Area measurements were obtained using the outer four
grid points to render both real and perceived measures of
area at the same grid plate positions. Areas were deter-
mined using a vector cross-product technique (see Ap-
pendix 2). The area relative to that obtained with the grid
plate in the central position, a, is given by (see Appendix
1)

2) a 5
D2

(D 1 x)2
.

Areas were determined both with and without the ster-
eotactic algorithm (7). In addition, the apparent area at(u)
was determined as the grid plate was tilted by the angle u
(see Fig 2) with respect to the x-ray beam, where

3) at(u)5a cos~u!.

Catheter Calibration Measurements

Distances were also determined using commercial soft-
ware supplied with the angiographic system. With this
method, the diameter of a 5.5F catheter placed in the
same plane as the grid plates was used as the basis for the

Fig 2. Schematic diagram illustrating the grid plate in the test
phantom. The indicated axes correspond to the frame axes. Mea-
surements were also obtained when the identified five points (P1
to P5) were in a plane at an angle u with respect to the plane
normal to the incident x-ray beam.
spatial calibration. The system software determines the
appropriate calibration factor by making a least-squares fit
of the theoretical catheter profile to the actual profile in the
image. Using a vertical catheter in an angiographic image
of the test phantom, distances were determined in both
parallel and perpendicular directions.

Rolandic AVM Measurements

A digital subtraction angiogram of a patient harboring a
left rolandic AVM was obtained in preparation for ster-
eotactic radiosurgery. Linear dimensions of the lesion were
determined with software on the angiographic system us-
ing a catheter in the left internal carotid artery as the basis
for the spatial calibration. These results were compared
with the same dimensions in the same images obtained
using a stereotactic algorithm as a typical case example of
the error inherent in size estimation by nonstereotactic
means.

Results

Linear Measurements

Dimensions within the y-z plane of the ster-
eotactic frame determined from image data var-
ied according to location (depth) of the rectan-
gular plate within the frame. The measured
distance between two grid points within the
plane of a single grid plate, normalized to unity
at the phantom center, is shown in Figure 3 for
a range of plate depths (x). The results were
consistent with theoretical expectations given
by equation 1, as indicated by the solid line.
The error relative to the known physical di-

mensions of the plexiglass test phantom was

Fig 3. Dimensions determined directly from an image are de-
pendent on the depth of the target in the field. This graph shows
the measured distance between two grid points in the same plate,
normalized to unity at the phantom center (plate position, 0 cm)
for a range of grid plate depths. The ordinate represents the
relative error in the perceived distances. Units along the abscissa
represent plate positions posterior to (negative) and anterior to
(positive) the phantom center. The theoretical solid line is given
by equation 1.



determined to be 10% to 13% at a depth of 7 cm
from the frame (and phantom) center, consis-
tent with equation 1. This error was reduced to
less than 1 mm using the stereotactic algorithm.

Area Measurements

Figure 4 shows the relative size of the same
region (normalized to unity at the phantom cen-
ter) as a function of grid position (x) within the
frame. The solid line indicates the theoretical
relationship given by equation 2. The area error
was 20% to 25% at a depth of 7 cm from the
phantom center. Using the stereotactic tech-
nique, these errors were reduced to less than 1
mm2.
Further area determinations were rendered in

planes at an angle u to the plane perpendicular
to the incident x-ray beam by tilting the grid
plate (Fig 2). Figure 5 shows area determina-
tions in a plane centered at phantom center for
a range of inclinations. The results are consis-
tent with equation 3 (solid line). Inclined plane
area determinations increased the error further
when compared to a central plane orthogonal to
the incident x-ray beam. For example, a 40%
error in area determination was evident at a 458
inclination.

Catheter Calibration Measurements

The aspect ratio of the digital subtraction an-
giography system (ie, ratio of pixel physical
width to pixel physical height) was measured to

Fig 4. Errors in area determination are more severe. This
graph shows the area of a region defined by four selected grid
points in the same plate situated orthogonally with respect to the
incident x-ray normalized to unity at the phantom center (plate
position, 0 cm). The ordinate represents the relative error in
perceived distances between grid points. Units along the abscissa
represent plate positions posterior to (negative) and anterior to
(positive) the phantom center. The theoretical solid line is given
by equation 2.
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be 1.14. The resultant error is attributable to
different relative horizontal-scan and vertical-
sweep rates in the video camera and digitizer
circuitry, which are normally adjusted by the
service representative during system installa-
tion or calibration. As a result, measurements
made in the direction parallel to the catheter
direction will be in error by 14% with respect to
measurements made in the perpendicular di-
rection. This error was observed experimentally
and is shown in Table 1.

Rolandic AVM Measurements

The difficulties encountered in size estimation
during angiography are illustrated in a single
case example of a cerebral AVM studied by
digital angiography preparatory to stereotactic
radiosurgery. The linear dimensions of a left
dorsomedial rolandic AVM determined by a
neuroradiologist using software on a Siemens
Polytron angiographic system and a catheter
calibration technique (Fig 6) are summarized in
Table 2. Maximal linear dimensions in the lat-

Fig 5. The error in measurement of area is worsened when the
target is in a plane inclined at an angle u to the direction of the
central ray. This graph shows the area of a region defined by four
selected grid points in the same plate situated at phantom center
and rotated along an axis orthogonal to the central ray, normal-
ized to unity at u 5 08. The theoretical solid line is given by
equation 3.

TABLE 1: Accuracy of the catheter technique perpendicular and
parallel to the catheter direction

Direction
Actual,
mm

Catheter Method,
mm

Error,
%

Perpendicular 80.0 79.5 21
Parallel 80.0 69.8 213

AJNR: 16, March 1995
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eral view exceeded 44 mm. When the same
AVM was analyzed with the stereotactic algo-
rithm using the same digital subtraction angio-
graphic images, maximal dimensions did not
exceed 37 mm. The discrepancy between the
catheter and stereotactic techniques in both lat-
eral and posteroanterior views using the same
landmarks (Fig 6) ranged from 23% to 126%,
with a standard error of 20%.

Fig 6. Lateral digital subtraction angiographic projections of a
dorsomedial rolandic AVM following left carotid injection of con-
trast. Linear dimensions marked on this image were determined
using software on a Siemens Polytron angiographic system in the
calibration plane determined by the neuroradiologist. A stereotac-
tic algorithm was used subsequently to calculate the same AVM
dimensions.

TABLE 2: Rolandic AVM dimensions determined with the catheter
and stereotactic techniques

Line*
Catheter Method,

mm
Stereotactic Method,

mm
Error,
%

Lateral
a 44.4 36.5 122
b 32.1 29.2 110
c 36.8 28.0 131
d 41.3 32.8 126

Posteroranterior
e 37.1 38.1 23
f 36.2 41.8 213

* The identification letters correspond to dimensions indicated in
Figure 7.
Discussion

Variability in magnification from one angio-
graphic study to the next and from one projec-
tion to the next is influenced by source-to-pa-
tient distances and lesion position within the
brain. Such variability, when coupled with the
error in assessing the degree of magnification in
a given projection, hampers any attempt at
standardizing size estimation of AVMs. The
proximity of a vascular lesion to the image
plane will naturally alter the size of its image.
Thus, the size of a lesion situated in the convex-
ity of the right cerebral hemisphere should have
a much different mean correction factor than
the same lesion situated in the convexity of the
left hemisphere when imaged in the lateral pro-
jection. Attempts at standardizing size in angio-
graphic studies by introducing a calibration
mark of known dimension into the imaged field
external to the cranium suffer the same flaw.
Parallax error will further influence the estima-
tion in this circumstance, as the calibration
mark is commonly far removed from the central
ray. The diverging geometry of the incident x-
ray beam also dictates that magnification is a
function of depth and therefore is not a constant
value. The stereotactic method was originally
designed to overcome the inherent problems of
3-D point determination in projectional neuro-
radiography and is based upon sound physical
design and mathematical principles (8).
Although other factors exclusive of noncon-

stant geometric magnification such as parallax,
pincushion distortion in the image intensifier
and video system, nidus definition, surface ir-
regularity, and nonuniform contrast transit
times and clearance will hinder proper size es-
timation, we have chosen to study only the
magnification factor as it is the most commonly
expressed corrective parameter in angiographic
studies of vascular malformations. Many groups
have categorized AVMs by size (9–19). Most
have referred to the maximum linear dimension
from angiographic study in size estimation.
Such determinations are suitable for spherical
AVMs, in which case our estimate of a 10% to
13%maximal linear error would render only a 5-
to 7-mm overestimate of size for a 5.0-cm ni-
dus. AVMs, however, are not of uniform shape,
and therefore cannot be readily compared by
linear dimension. The orientation of the long
axis of the AVM nidus may introduce a further
limitation of nonstereotactic angiography. This



is exemplified in the case in which the long axis
is oriented at 458 to both orthogonal views and a
41% error results in estimating its length (20).
Yet, to proceed to higher dimensional catego-
rizations of size necessarily introduces further
error in magnitude as seen in this study. Error
in estimating the cross-sectional area in a
plane orthogonal to the incident x-ray beam
could increase by 20% to 25%. Such estimates
worsen considerably when the cross-sectional
area is inclined relative to the incident x-ray
beam.
Volume estimation has been suggested as the

preferred method for AVM size categorization
(11, 21). This clearly allows greater universality
in comparing AVM size, as two geometrically
different AVMs with identical maximal linear di-
mensions are likely to have substantially differ-
ent volumes. The majority of publications re-
lated to clinical outcome with regard to cerebral
AVMs have addressed size by maximal linear
dimension rather than cross-sectional area or
volume. The incidence of postoperative break-
through hemorrhage has been found to be sig-
nificantly higher following resections of AVMs
larger than 4 to 5 cm (14, 16, 17, 22). Overall
postoperative outcome has been shown to be
significantly better for AVMs smaller than 4 cm
(17). The size of cerebral AVMs has also been
correlated with surrounding (penumbral) cere-
bral blood flow and severity of dysautoregula-
tion (13, 23, 24).
Aside from factors predicting postoperative

morbidity, the efficacy of stereotactic radiosur-
gery in eliminating AVMs has also been related
to the size of the AVM nidus, using maximal
linear dimensions determined from conven-
tional angiography. Those malformations mea-
suring less than 3 cm have been found to re-
spond favorably to radiosurgery, with complete
obliteration noted in 80% to 90% of cases after a
2-year latency (25, 26).
The resolution of MR imaging afforded by

nonreformatted data acquisition and the appre-
ciation of anatomical detail of central nervous
system tissue in the immediate vicinity of an
AVM gives this imaging modality some advan-
tage in treatment planning. The definition of an
AVM nidus on projectional images is subject to
individual bias to some degree, giving rise to
interobserver variability in interpretation. The
greater the penumbra of arterioarterial connec-
tions and the greater the nidus irregularity, the
more such variability will occur. Although it was
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not our intent to examine such factors in this
work, this important aspect of AVM size estima-
tion will require standardization, by consensus,
of its own. Noorbehesht et al (27) have sug-
gested that MR imaging is superior to angiogra-
phy in delineating the AVM nidus for size deter-
mination, citing the fact that its cross-sectional
nature allowed one to distinguish between ni-
dus and overlapping veins. The latter were be-
lieved to add erroneously to nidus size on pro-
jectional imaging. Although rapidly sequenced
static angiographic images may not always
isolate the nidus exclusively in fast-flow AVMs,
it is unlikely the nidus would not be properly
appreciated with computer-assisted dynamic
imaging (28). This allows one to interpolate
and replay a sequence of images with an ef-
fective frame rate of 30 frames per second to
provide the purest view of the nidus. More-
over, the compartmental nature of some
AVMs can be appreciated only with angiogra-
phy through sequential imaging or selective
injections of unilateral or bilateral carotid
and/or vertebral arteries. It also remains diffi-
cult to distinguish vessels unique to the nidus
from those that are “en passage,” whether MR
imaging or angiography is used. Hence the
two imaging modalities are likely to remain
married in the investigation of AVMs and in
their treatment planning.
Because size has factored significantly in

AVM classification, prognostication, and thera-
peutic decision making, it is appropriate that a
universally and reasonably accurate standard
approach be taken when measurements are ob-
tained from angiograms. Because it appears
that volume determination is the best such stan-
dard for size, it is important to draw attention to
the magnitude of error inherent in volume esti-
mation given the error observed in cross-sec-
tional area determination in the absence of ste-
reotactic technology. Conservative estimates of
such error would approach 40%, making it vir-
tually impossible to allocate AVMs into distinc-
tive size categories. Deviation of the major axis
of a nonspherical nidus from the view (central
ray) axis at an acute angle, coupled with the
displacement of the nidus center from the cen-
tral ray, may at times impose considerable lim-
itations on our ability to estimate nidus size. A
means of overcoming this is provided by ster-
eotactic angiographic imaging, in which nidus
size may be determined with a measuring algo-
rithm negating the influence of magnification

AJNR: 16, March 1995
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entirely. Limitations remain in estimating AVM
size with two orthogonal views. Departure from
spherical geometry also introduces difficulties
in conceptualizing overall shape (20). In fact,
significant irregularity and multicompartmen-
talization present the most important sources of
error in precision volume rendering. Interob-
server variability adds further to the difficulties
encountered in size estimation and emphasizes
the need for careful review of fast-sequenced
images to reduce the overestimation of size at-
tributable to the penumbra of arterioarterial
connections. Such problems may be overcome
eventually by stereotactic digitized dynamic an-
giographic imaging and an interactive volume-
rendering algorithm.
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Appendix 1
As points P1 and P2 in the test phantom are moved a

distance x away from the x-ray source, the resulting per-
ceived distance between them in the image plane in-
creases from ?1 to ?2 (see Fig 7). The relative increase,
normalized to unity at x 5 0, is determined using similar
triangles shown in Figure 7 and is given by

A1-1) d 5
?1

?2
5

c/(D 1 x)

c/D
5

D

D 1 x
.

Fig 7. The perceived distance between two points ?1 is related
to the actual distance c, source-frame distance D, and plate po-
sition x as shown.
Appendix 2
The area a encompassed by four points in three dimen-

sions can be expressed as the vector cross-product (29)

A2-1) a 5
1

2
[uV1,2 3 V1,4u 1 uV3,4 3 V3,2u],

where

A2-2) V1,2 3 V1,4 5 [(x2 2 x1)2 1 (y2 2 y1)2 1

(z2 2 z1)2][(x4 2 x1)2 1 (y4 2 y1)2 1 (z4 2 z1)2]

2 [(x2 2 x1)(x4 2 x1) 1 (y2 2 y1)(y4 2 y1) 1

(z2 2 z1)(z4 2 z1)]2

and

A2-3)

V3,4 3 V3,2 5 [(x4 2 x3)2 1 (y42y3)2 1 (z4 2 z3)2]

[(x2 2 x3)2 1 (y2 2 y3)2 1 (z2 2 z3)2] 2 [(z4 2 x3)

~x2 2 x3) 1 (y4 2 y3)(y2 2 y3) 1 (z4 2 z3)(z2 2 z3)]2.

The coordinates (xi, yi, zi) correspond to those of the ith
point in Figure 2. Real areas (mm2) are determined with
the stereotactic coordinates. Perceived areas (pixels2) are
determined with pixel coordinates by setting all x coordi-
nates to a constant.
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