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A variable-angle slant-hole (VASH) collimator was constructed to show the fea
sibility of using multiple sliding plates to achieve a range of collimator channel in
clinations. One hundred and sixty tungsten plates, 0.125 mm thick and 14 cm
square, were photoetched to produce 3025 1.5-mm2 holes in each plate, sepa
rated by 0.8-mm septa. Along with the collimator holes, registration holes and po
sitioning grooves were also etched. The plates were placed in a holder and
stacked to form a collimator 2.0 cm high. The holder permitted the plates to be
"sheared" to achieve viewing angles from 0 to 40Â°from the vertical. Resolution

and sensitivity were determined both across and along the shear directions. Reso
lution of a thin Tc-99m source, 1.24 mm diam and 7 cm long, located 5 cm from the
collimator face in air, was 1.1 cm FWHM at 0Â°shear and remained unchanged with

increasing slant. The resolution was similar both across and along the shear plane.
Sensitivity was determined with a point source placed 7 cm from the collimator
face. At 0Â°slant the sensitivity was 169 cps/MBq (6.24 cps/Â¿tCi).A general all

purpose (GAP) collimator had a FWHM of 1 cm for the line source in air at 5 cm,
and a sensitivity of 205 cps/MBq (7.58 cps/^Ci) for the point source at 7 cm. The
data suggest that a variable-angle slant-hole collimator can be constructed of lam
inated plates.
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Parallel-hole collimators for scintillation cameras
are typically constructed by casting, by packing tubes
in an array, or as a joined series of foils (/ ,2). These
collimators are fixed in the angulation of their holes,
although some may be rotated to permit viewing of the
object from several perspectives, or for limited-angle
tomography of the heart (3-10) and other organs as
suggested by Royal (//) and Pavel (12).

Chang et al. have strongly advocated that the axis of
rotation used in rotating slant-hole (RSH) tomography
be carefully aligned with an organ's long-axis centerline.

They report artifacts in phantom studies when axial
misalignments exceed 15Â°(13-15). Unfortunately for

cardiac visualization, the anterior plane of most patients
is not aligned with the long axis of the heart. Thus there
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may be some advantage to a technique that "decouples"

collimator positioning from collimator viewing angle. In
addition, the fixed-angle collimator design may not
permit optimization of both collimator positioning (al
lowing the detector to be placed as close as possible to an
object) and view angle.

To improve the relationship of the collimator to the
object, while maintaining the desired view, we have de
signed and built a prototype collimator that permits the
angle of slant to be varied easily by the operator. The
collimator is composed of a series of tungsten plates that
can be "sheared", as with a deck of cards, to adjust the

angle of view. This report describes the construction and
testing of this collimator.

METHOD

The collimator was designed to provide resolution and
sensitivity similar to that of current "all-purpose" low-
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FIG. 1. Schematic cross section of VASH showing septal alignment
and hole characteristics.

energy collimators and the additional ability to change
continuously the angle of slant from vertical to 40Â°away

from vertical (Fig. 1). The collimator was constructed
of 160 tungsten plates, each 0.125 mm thick, aligned to
form a stack 2.0 cm in height. The plates were fabricated
by the photo-etch machining method. To do this, each
tungsten plate, 14 X 14 X 0.125 mm, was coated with a
light-sensitive material. A negative photographic mask
of the collimator's septal pattern and alignment grooves

was then exposed on the sensitized plate. The photo
sensitive material on the plates was developed, and the
areas to be etched were rinsed from the soft, unexposed
"photoresist" material. The plates were next sprayed

with a corrosive acid solution that dissolved uncoated
areas, leaving the residual metal in the pattern of the
photoresist. This process cut 3025 regular 1.5-mm square
holes separated by 0.8 mm septal bars into each plate.
Figure 2 is a closeup photograph of a representative
section, demonstrating the typical hole shape and border
characteristics of sharp edges, mild surface undercut,
and highly regular shape. The alignment holes and
alignment grooves etched at the plate edges were de
signed to hold the plates to within a 0.07-mm registration
tolerance.

To vary the angle of view, the collimator plates were

FIG. 2. Microphotograph of typical section of collimator plate. Note
regular hole characteristics and mild undercut at hole edges.

FIG. 3. Side view of VASH collimator "stack" at three shear angles.

Note alignment grooves for plate registration.

"sheared" (Fig. 3). Lateral (across the direction of shear)

alignment was maintained by two steel retaining walls,
within which the plates slid. This design was selected to
ensure that plate misregistration and misalignment
would not exceed the spelai bar thickness in the maxi
mally sheared position (worst case). The collimator
thickness (determined by the number of plates stacked
together) was selected to provide, unsheared, a length-
to-width ratio that would generate an image spatial
resolution similar to that of the conventional GAP col
limator. However, other thicknesses can be readily
formed by changing the number of plates in the stack.
The hard, smooth tungsten surfaces slid easily upon each
other and were easily controlled by a parallelogram ram
assembly.

The resolution and sensitivity of the collimator were
determined with the use of a glass capillary tube (length
70 mm, i.d. 1.24 mm, o.d. 1.6 mm) containing 0.5 Â¿iCi
pertechnetate (Tc-99m) in water. The thin source was
fixed at 5 cm above the collimator while images were
recorded using a standard-field scintillation camera with
Nal crystal 1.25cm thick. An energy window of 20% was
centered at 140 keV. The data were recorded by a nu
clear medical computer system in a manner that yielded
an effective matrix element size of 0.6 X 0.6 mm for the
central portion of the camera field (zoom mode: 256 X
256 pixels). The pixel size was calibrated in both the x
and y directions to permit measurement of the line-
spread function full width at half maximum, (FWHM)
over a range of slant angles. The calibration of linear
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LINESPREAD FUNCTION

FIG. 4. Pixel position versus counts per
pixel: system response to line source with
source oriented along and across direction
of shear.
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dimension to pixel size was used to calculate FWHM in
centimeters. Both line-spread functions and sensitivity
were then measured at increasing slant angles of 0Â°
(unsheared), 15Â°(equivalent to 15Â°slant hole), 30Â°,and
40Â°from vertical, moving the line source each time to
keep it centered in the field of view. Five-minute images
were collected at each angle. The measurement was
made both with the line source oriented across the di
rection of shear and parallel with it.

Relative and absolute sensitivity measurements were
made in air, with a single Tc-99m point source located
7.0 cm from the face of the collimator. Data were col
lected for 60 sec at 0Â°,15Â°,30Â°,and 40Â°with the vari
able slant-hole collimator, and also with the GAP and
high-resolution collimators. The amount of activity in
the source was determined in a clinical radionuclide dose
calibrator.

RESULTS

The line-spread function taken in bands 5 pixels (3
mm) wide across the axis of the line source, and the
FWHM at each angle, are shown on Fig. 4. For the
"along shear" measurement, the peak counts declined

TABLE 1. POINT SOURCE SENSITIVITY
RELATIVE TO BOTH GAP AND HI-RES

COLLIMATORS AT INCREASING ANGLES OF
COLLIMATOR SHEAR

15Â° 30Â° 40Â°

Relative to GAP
Relative to Hi-RES

.80
1.0

.65

.80
.32
.39

.24

.30

for increasing angles of shear, to approximately 80% of
the unsheared maximum counts. The curves appear
continuous and smooth but not necessarily Gaussian in
shape.

Using a 20% window, sensitivity was found to be 169
cps/MBq (6.24 cps/juCi) at 0Â°,134 cps/MBq (4.96
cps/VCi) at 15Â°,65.5 cps/MBq (2.38 cps/juCi) at 30Â°,
and 50.0 cps/MBq (1.84 cps//uCi) at 40Â°slant angle.
For comparison, the sensitivity of the high-resolution
collimator was measured as 165 cps/MBq (6.11 cps/
juCi) and that of the GAP collimator as 205 cps/MBq
(7.58cps/MCi)(Tablel).

A representative ungated blood-pool image was
aquired on a gamma camera at a slant angle of 15Â°;it

shows a resolution similar to that of a GAP (collimator
(Fig. 5).

DISCUSSION

Anger's formula (16) predicts that for a given septal

thickness and source-to-collimator distance, the
length-to-width ratio of collimator channels determines
the geometric contribution to the line spread function

FIG. 5. Ungated blood-pool image (LAO) taken at collimator shear
of 15Â°.
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FIG. 6. Schema illustrating changes in
hole length and source-to-detector distance

that occur when VASH collimator is
sheared to 45Â°.

according to the relation:
Rg = d (ae + b + c)/ae given ae = a - 2n~]

where ae = effective collimator height,
a = actual (measured) collimator height,
b = source-to-collimator distance,
c = collimator to crystal's mean depth of

interaction,
d = hole diameter,
Â¿t= linear absorption coefficient,

Rg = geometric FWHM.

The calculated geometric resolution at a source-to-
collimator distance of 5 cm is 8.21 mm FWHM. The
experimental resolution varied from 10 to 11 mm
FWHM. If one supposes that the intrinsic resolution for
this camera is 6 mm FWHM, then the result is in rea
sonable agreement with Anger's formula.

Our experimental prototype has relatively thick septa
to avoid potential plate-to-plate registration problems.
Because the channels become rectangular when the
collimator is sheared to increasing angles, one would
expect the width of the line-spread function (LSF) to
become anisotropic at greater angles of slant, staying
constant when measured across the direction of shear but
decreasing when measured along the angle of shear.
Thus, the FWHM should be proportional to the amount
of hole inclination. Since hole length also increases with
increasing shear, one expects an improvement in global
resolution in both direction from this effect (Fig. 6). One
explanation of this finding can be found in the relation
ship of the source to the collimator holes axes: with in
creasing slant the distance between the source and de
tector is increased. However, the LSF width held ap
proximately constant for the range of measurements
made. Therefore, the hole lengthening, with corre
sponding increase in resolution that one expects to see,
was probably offset by the decrease in resolution due to
the lengthened source-to-detector distance of the angled

photon path: the path is inclined and resolution should
be degraded by an increased path length alone. Also,
higher angles of photon impingement have the effect of
spreading the FWHM by travelling across, as well as
into, the crystal. The relatively undiminished peak
heights of the "ALONG SH EAR" orientation relative
to the "ACROSS SHEAR" are probably due to the in

creasingly rectangular hole shape at increasing angles
of shear.

Measured sensitivity at 0Â°of angulation was less than

that of the GAP collimator after which our hole size was
patterned. Increased septal thickness lowered the sen
sitivity to approximately that of a high-resolution colli
mator.

A close approximation to the sensitivity of a paral
lel-hole collimator is given by Anger's (16) sensitivity

formula:

Cpm/AiCi = 2.2 X IO6X e X fa X k2d4/ae2(d + t)2

where:

e = efficiency of camera including window,
fa = abundance of primary photon,
k = a factor determined by hole shape (0.282 for

square holes, 0.238 for round holes)
d = hole diameter

ae = collimator thickness (effective)
t = septal thickness

When calculated for the unsheared VASH, the result
of 169.5 cps/MBq (6.27 cps//iCi) agrees well with the
measured point-source sensitivity of 169 cps/MBq (6.24
cps/^Ci). Thicker septa (0.8 mm) than in the GAP
collimator (0.25 mm) account for the somewhat reduced
sensitivity of the VASH compared with the GAP's 205

cps/MBq (7.58 cps/^Ci).
Point source sensitivity should decrease as slant angle

is increased, due to the shrinkage of the field size, given
a consistent amount of intervening absorber and an in-
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creasingly tall set of septa. The measured sensitivity
decreased faster than the Anger expression predicts. This
may be due to faulty registration of the plates at high
angles of shear, where registration becomes more critical
because of potential septal penetration and irregularity
of hole shape. Both must be avoided to ensure predicted
performance. The greater-than-predicted falloff in
sensitivity suggests that septal penetration was unlikely.
Rather, minor irregularities of hole shape could be re
sponsible for reduced collimator sensitivity.

During the design phase, we felt that interplate fric
tion would be a significant problem, but this has not been
the case. Tungsten metal is hard enough that the surfaces
seem to slide as if lubricated. Currently angulation is set
with a parallelogram ram assembly, which works on the
plate edges. The surface of the ram plate assembly is
chrome-plated to reduce pitting and scratching from the
repeated shear motions that occur between the sharp
sheet edges and the ram assembly. Future versions may
use a knife-edge "racking" mechanism to distribute

alignment forces better. Lateral alignment rails received
minimum wear: they are primarily guides, and thus ex
perience lower pressure. No significant wear was noted
during our short test period. The design is not mechan
ically complex, and so should be durable. There are al
ternatives to pure tungsten plates for laminar collimator
construction, such as photo-etched lead alloy mounted
within Teflon frames. Lead alloys are easily photo-
etched, and inexpensive relative to tungsten.

CONCLUSION

The data from this study support the concept that a
parallel-hole collimator with adjustable angle of slant
can be constructed readily. The collimator does not have
marked changes in resolution with angle, but loses ap
proximately 80% of its point-source sensitivity when
changed from 0Â°to 45Â°.Although the collimator can be
sheared to angles greater than 45Â°,sensitivity will de

crease precipitously with angles of photon entry greater
than 45Â°.Future versions with improved plate alignment

and thinner septa should not lose sensitivity as quickly
as the prototype does as shear angle is increased.
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