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The design and performance of a scanning multiple slit

assembly
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A scanning multiple slit assembly (SMSA) has been constructed for the purpose of reducing
scatter in medical radiography. The SMSA consists of a series of long, narrow beam-defining
slits above the patient that are aligned and synchronously moved with scatter-eliminating slots
beneath the patient during an exposure. Evidence, based on measurements of the ratio of

scattered-to-primary radiation imaged and radiographs of patients, is presented indicating that
such a device is a practical and efficient method of reducing scatter and improving contrast
compared to conventional grids. The design considerations and trade-olfs associated with the
choice of slit width, slit separation distance, and aft slot depth are discussed along with the
effect of these parameters on the SMSA’s performance. The various problems encountered in
obtaining a uniform scan and the manner in which they were handled are also discussed.

I. INTRODUCTION

Scattered x-ray photons, when imaged, degrade the radio-
graphic image by reducing contrast. The fraction of primary
beam or possible contrast that is imaged due to the presence
of scatter or the scatter degradation factor (SDF) can be
expressed as:!

SDF = (1 + s/p)~", (1

where sfp is the ratio of scattered-to-primary radiation. The
contrast-reducing effect of scattered x rays is a well known
phenomenon, but it is not usually appreciated that a relatively
small amount of scatter will result in a significant loss of
contrast. This fact is illustrated in Fig. 1 which is the plot of
the SDF versus s/p. Investigations have shown that there is
a practical upper limit of ~94% in the efficiency with which
a grid can remove scatter.?-* In cases in which the relative
intensity of scaiter is not large (~1-2) as in the lung field in
chest radiography,>© high ratio grids are capable of obtaining
90% of the primary beam or possible contrast. However,
where the ratio of scattered-to-primary is large (~ 8) as in
the abdomen,® even with the highest ratio grids, only 50% to
60% of the primary beam contrast is imaged and significant
improvement in contrast will result with a superior method
of scatter reduction.

Figure 2 shows a scanning multiple slit assembly (SMSA)
constructed at the University of Alabama in Birmingham
(UAB) which has a higher scatter elimination efficiency and
a higher primary transmission than conventional grids. A
description of the device and some preliminary results have
been presented elsewhere” and this paper describes the design
considerations and compares the performance of the unit,
both quantitatively and qualitatively to conventional Bucky
grids. The principle of the SMSA isillustrated in Fig. 3. An
array of beam defining fore slits are positioned above the
paticnt. The fore slits® are aligned and synchronously moved
with scatter-climinating slots® beneath the patient during an
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exposure. The small field size of the long, narrow beams of
radiation defined by the former results in a small amount of
scatter being associated with a given beam, while very little
scatter contribution arises from neighboring beams due to
their separation and the grid ratio of the aft slots. Another
important feature of the SMSA is that very few of the in-
formation carrying primary x rays emerging from the patient
are attenuated by the aft slots.

The use of a set of moving slits fore and aft of the patient
to reduce scattered radiation was suggested as early as 1903°
and several references to the technique have subsequently
appeared in the literature.’%-'2 However, due to the long
exposure time required and the successful development of the
Bucky diaphragm,'?'# this method of scatter reduction has
not come into common use. Only when a device employing
a multiplicity of slits was suggested,'5-20 along with the
availability of high capacity x-ray tubes and fast intensifying
screens, did scatter reduction techniques using fore and aft
slits appear to be feasible.

Il. DESIGN CONSIDERATIONS
A. General requirements

The general requirements that were deemed essential in
order for the SMSA to be useful for abdominal radiography
are (1) reasonable patient access and comfort, (2) a uniform
scan of the patient, and (3) an exposure time of /3 s or less.
The desire to obtain roughly the same magnification as a
conventional unit and the fact that the aft slots require more
space than a grid dictated that a 121.9 cm SID be employed
with the table top located ~8 cm above the image plane.
Considerations of patient access and comfort limited the
distance between the focal spot and the fore slits to ~50 cm
and resulted in a patient clearance (~60 cm) comparable to
a conventional 101.6 cm SID system.

Since the patient is scanned by a small number of long,

© 1979 Am. Assoc. Phys. Med. 197
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narrow beams of radiation in a short period of time, it is de-
sirable, in order to obtain a uniform exposure, that the ra-
diation output be essentially constant rather than pulsating.
This requirement was satisfied by employing a three-phase
(3¢) generator having 12 rectifying elements. Such genera-
tors are in common use and have an almost constant tube
voltage (~3.4% ripple) when energized. Another consider-
ation in obtaining a uniform exposure requires that the x-ray
production terminate precisely when the SMSA has moved
through an integral number of slit intervals. If this condition
is not satisfied, then a certain amount of start/stop radiation
overlap will occur resulting in a grid line type of effect. The
easiest way that this requirement can be satisfied is for the
production of x rays to be initiated and terminated by the
SMSA. This was accomplished by employing a generator
with forced commutation or extinction. Also, the greater the
number of slit intervals that the assembly scans through
during an exposure the less apparent any start/stop radiation
overlap will be. The SMSA scan distance was limited by
space and acceleration requirements to 8 slit intervals.

FIG. 2. SMSA constructed in simulated clinical use. A 121.9 ¢cm SID is
employed with the fore slits located 48.8 cm below the focal spot. The fore
slit width and spacing between slits are 1.63 and 6.50 mm, respectively (i.c.,
1.23 slits/cm). The aft slots are located between the tabletop and the plane
of the image receptor with the bottom of the aft slots 1.9 cm above the latter.
They are 3 cm deep, 4 mm wide and separated by 16 mm of lead (i.e., 0.5
slots/cm). Thirty-nine fore slits and aft slots are employed and during an
exposure any region of the patient is sequentially scanned by eight different
beams of radiation.

Medical Physics, Vol. 6, No. 3, May/June 1979
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FIG. 3. Principle of SMSA.

A substantial increase in tube loading results with the
SMSA (~7 times) compared to conventional systems be-
cause of its greater SID and because 80% of the beam defined
by the collimator is attenuated by the fore slits prior to being
incident on the patient. This is a limiting constraint since it
is desirable to have an exposure time of 5 s or less so that
peristolic and other types of involuntary patient motion do
not noticeably degrade image quality. Three-phase radio-
graphic techniques routinely employed at UAB for different
patient thicknesses are listed in Table I along with the an-
ticipated mAs required for the SMSA. Assuming a '5-s ex-~
posure time, the power requirements for the SMSA tech-
niques of Table I are tabulated in Table II. Table 111 gives
I5-s kW ratings for a 12°, 100-mm-diam target x-ray tube
for different size focal spots. The kW rating of the 1.2-mm
focal spot allows for SMSA exposure times of 4 s or less for
patients of greater than 30 cm thickness. Shorter exposure
times are possible if a faster image receptor than Kodak RPL
film combined with DuPont Hi Plus screens is employed.

B. Selection of slit width, slit spacing, and slot
depth

Scatter/primary ratios and the distribution of scatter in
the plane of the image receptor were measured as a function

TaBLE |. Comparison of 3¢ 12:1 grid and SMSA techniques.®

Patient X-ray tube current
thickness X-ray tube X time (mAs)
(cm) voltage (kVp) 12:1 grid® SMSA*
20 76 30 216
25 9% 30 216
30 112 30 216

2 For Kodak RPL film combined with DuPont Hi Plus screens.
®101.6 cm SID.
€121.9 ¢m SID and 20% ficld coverage by fore slits.
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TABLE Il. X-ray tube power requirements for SMSA techniques.®

Patient Required
thickness (cm) power (kW)
20 49
25 62
30 73

# For 1/3 s exposure time.

of slit width and slot depth for a single long, narrow beam
geometry and can be used to calculate the anticipated per-
formance of the SMSA for certain design configurations. The
results of these measurements along with the calculation of
the 5/p transmitted for a given SMSA slit width, slot depth
and separation distance have been presented elsewhere.!™18
In Fig. 4 the calculated s/p ratio transmitted by a SMSA
having 0.5-cm-wide and 3.0-cm-deep aft slots is plotted for
different separation distances or fractional coverage by the
beam defining fore slits of the area of interest. In Figs. 5 and
6 the effect on the transmitted s/p ratio of varying the aft slot
depth and the fore slit and aft slot width respectively is il-
lustrated for 20% coverage by the fore slits of the area of in-
terest. The calculated values in Figs. 4-6 are for a 20-cm-
thick, 36 X 43 cm Lucite phantom irradiated by an 80
kVp (1¢) x-ray beam and have been corrected for the loss of
primary duc to the unsharpness of the fore slits at the aft slots.
The previously reported data was measured with a 0.6 mm
focal spot and a fore slit magnification at the aft slot of 1.5;
whereas, for the SMSA the respective values are 1.4 mm and
2.46. In Figs. 4-6 the s/p transmitted by a 12:1, 31.5 lines/cm
grid measured under similar conditions is noted for com-
parison.

A significant gain in scatier reduction is evidenced in Fig.
4 when the field of coverage is reduced from 50% to 20%.
However, decreasing the field of coverage further does not
result in appreciable reduction in scatter, but would require
an exposure time of greater than !4 s. Figure 5 indicates that
scatter can be reduced for a given aft slot width and field of
coverage by utilizing deeper aft slots. In practice, aft slot
depth is limited by the desired radiographic magnification,
which, for comparison purposes, was made the same as a
conventional Bucky system for an object 10 cm above the
tabletop. This dictated that a 7.6 cm distance between the
tabletop and image plane be employed, which, allowing for
clearances, limited the aft slot depth to 3.0 cm. Since greater
radiographic magnifications are often acceptable and occa-
sionally desired by radiologists, gains in scatter reduction are

TABLE 111, The Y3-s kilowatt ratings for different-sized x-ray-tube focal
spols.?

Nominal focal X-ray tube
spot size (mm) rating (kW)
0.6 32
1.0 58
1.2 82

2.0 115

= Sapphire 12° target x-ray tube utilizing high speed anode rotation (Ref.
21).
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possible by increasing the aft slot depth in future SMSA
designs.

Figure 6 indicates that major gains in the performance of
the SMSA can be realized by decreasing the aft slot width
for a given aft slot depth and radiation ficld of coverage.
However, this gain is eventually limited by the loss of primary
radiation due to the geometrical unsharpness of the fore slits
at the level of the aft slots. This phenomenon is conceptually
illustrated in Fig. 7(a). In Fig. 7(b), the primary transmission
by the aft slot of the radiation beam defined by the fore slits
is plotted for the SMSA geometry and a 1.4 effective focal
spot size (i.c., a typical value measured for a 1.2 mm nominal
focal spot size). Figure 7(b) indicates that a significant loss
of primary radiation occurs for aft slot widths much less than
5 mm. It should be noted also that for aft slot widths less than
2.5 mm only a portion of the focal spot is subtended resulting
in an even greater tube loading problem. Consideration of
these factors resulted in the aft slot width and spacing being
4 and 16 mm, respectively (i.e., 20% coverage of the area of
interest).

C. Fore slit and aft slot alignment

Because of the depth of the aft slots and their high grid
ratio (7.5:1), they actually consist of two sets of lead plates
3 cm apart. The plates are composed of slits whose size and
spacing are determined by the projection of the fore slits onto
cach of the respective planes. The fore slits and each set of
the aft plates are connected by a linkage arm which pivots
about the focal spot of the x-ray tube. This eliminates any
grid cutoff by the aft slots and maintains alignment of three
plates during the scan.

150
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D. Motor-generator interface

A dc servomotor and controller are used to drive the
SMSA and the generator was rewired so that the scanning
motion controls the exposure start and stop signals. When
the x-ray exposure button is pushed, after a preset delay
which allows the x-ray tube rotor to reach its operating speed,
the scanning motion is initiated. When the aft slot assembly
has moved through a distance of ~7 ¢m and reached a uni-
form velocity, a position sensor turns on the generator. The
exposure is terminated by a second position sensor after the
unit has scanned a distance of 16 ¢cm (i.e., 8 slit intervals in
the plane of the lower aft slot plate).

E. Scan uniformity problems

Even though the effect of start/stop radiation overlap was
minimized by employing a three phase generator equipped
with forced extinction and by sequentially scanning a given
area of the film by 8 or more slits, several design problems
were realized during the initial testing phase which con-
tributed to a nonuniform film exposure. These were (1) vi-
brational problems, (2) motor velocity oversheot at the time
of the initiation of the exposure, and (3) mA falloff during
the exposure. The first of these problems was eliminated by
increasing the rigidity of the tube stand. The second problem
was associated with the method of velocity regulation em-
ployed by the DC servomotor and controller. A tachometer
attached to the drive shaft of the electric motor generates a
DC voltage proportional to the speed of the motor. This ta-
chometer voltage is fed to the motor control unit which
compares it to the voltage of a preselected velocity command
signal. The output of the control unit drives the motor in a
direction and at a speed so that the difference between the
tachometer and command signal vanishes. However, motor
overshoaot problems occurred because of a delay between the
generation of the signal and response of the control. Internal
adjustments were made in the motor controller which re-
duced this delay as much as possible. Also, more time was

Medical Physics, Vol. 6, No. 3, May/June 1979

FI1G. 7. Loss of primary due to unsharpness of fore slits at aft slots. (a)
Geometry of focal spat, fore slit, and aft slot. (b) Plot of primary transmission
vs aft stot width for 1.4 mm effective focal spot and 2.46 nragnification of
fore slit at aft slot.

allowed for the motor to reach its operating speed before
initiating the start of the x-ray exposure.

After the two problems discussed above were minimized,
uniform scans were still not achieved. Further investigation
resulted in the observation that the radiation intensity from
the x-ray tube decreased exponentially with time and reached
an equilibrium value ~400 ms after the start of the exposure.
Upon examination of various factors affecting the radiation
output, this falloff was attributed to a corresponding falloff
in x-ray tube current. An example of this phenomenon is il-
Justrated in Fig. 8(a). Upon further investigation, this effect
was observed on x-ray generators and on tubes of several
different manufacturers. The x-ray generators that exhibit
this phenomenon all employ “open circuit” mA stabilization
utilizing a constant voltage transformer. A few manufac-
turers employ “closed circuit” mA stabilization (i.e., feed-
back circuit) and their units exhibit a constant tube current
with time except for ripple associated with the AC filament
heating power. The magnitude of the observed falloff was a
function of mA, kV, x-ray tube filament and the type of
generator (i.e., single-phase or three-phase). Typically, it is
on the order of 15% for three-phase generators and 6% for
single-phase generators.

The phenomenon was attributed to the cooling effect duc
to the thermonic emission or evaporation of electrons from
the filament, and a comprehensive theory describing the
qualitative and quantitative features of the phenomenon is
described elsewhere.22 To correct for this effect, a simple mA
stabilization circuit was built. It consists basically of a resistor

200 mAjDIV

200 mA/DIV

200 maec/DIV 200 msec/DIV

FIG. 8. Oscilloscope traces of x-ray tube current vs time for large focal spot
of GE Maxiray 75, 1.0/2.0 mm focus, Model No. 11 DB6A1 x-ray tube at
300 mA and 60 kVp (34): (a) without correcting for cooling effect of clec-
trons evaporating from the filament; (b) correcting for cooling effect.
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FiG. 9. Microdensitometer trace of SMSA radiograph (Kodak RPL
film/DuPont Hi Plus screens) of Lucite phantom iflustrating scan uniformity
achieved. Technique factors were 90 kVp, 600 mA and '4 s. The trace was
obtained witha Joyce-Loebl microdensitometer havinga 0.2,X 4 mm
aperature with the former dimension aligned with direction of SMSA and
microdensitometer scanning movement.

in series with the primary of the filament transformer. During
the exposure the resistor is short circuited by a relay boosting
the filament power by an amount sufficient to compensate
for the power carried away by the evaporating electrons. By
a proper choice of the resistor, the tube current could be made
constant throughout the exposure as illustrated in Fig.
8(b).

The scan uniformity finally achieved with the unit is il-
lustrated in Fig. 9. No noticeable periodic density nonuni-
formity is apparent at 2.0 cm intervals (i.e., SMSA’s slit in-
terval) or for that matter at any other interval in the micro-
densitometer trace of Fig. 9. A slight but clinically unim-
portant 2.0 cm pericdic density variation is apparent upon
close visual inspection of the radiograph scanned for Fig. 9
and similar radiographs. Furthermore, once the SMSA was
aligned, no difficulty was experienced or subsequent ad-
justment required in producing such radiographs over a pe-
riod of several months.

ill. PERFORMANCE OF SMSA
A. Quantitative

The quantitative evaluation of the SMSA’s performance
involved measurements which compared the relative intensity

TABLE IV. Ratio of scattered-lo-primary radiation transmitted by SMSA
and commonly vsed grids for different x-ray tube valtages.®

Scatter reduction X-ray tubc voltage

technique 60kVp B0 kVp 100 kVp 120 kVp
None 5.5 6.6 7.2 7.1
8:1 grid® 0.72 1.0 1.2 1.4
12:1 gridt® 0.48 0.62 0.76 0.87

SMSA 0.16 0.20 0.22 0.22

® Determined employing an 18-cm-thick, 30 X 30 cm Lucite phantom.
® Fibre interspace grids having 31.5 lines/cm and respective lead contents
of 363 and 572 mgfem?.
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of scatter imaged with the SMSA to that of commonly used
grids under similar conditions. The measurement technique
employed consisted of placing a small lead beam stop cen-
trally on a phantom. The x rays imaged beneath the beam
stop are due to scatter; whereas beneath the rest of the
phantom they are due to scatter plus primary. The scattering
phantom employed was an 18-cm-thick, 30 X 30 cm block
of Lucite. A film-screen combination was employed as an
image receptor and sensitometry was used to convert the
densities obtained to relative exposure values. To reduce the
cffect of random errors, six runs were made and the results
averaged. To correct for the systematic experimental error
associated with the perturbation of the scatter radiation field
by the beam stop, each run employed a series of stops ranging
in diameter frem 7 to 12 mm, which allowed for a linear re-
gression interpolation to a zero areca beam stop. This is a
significant correction when scatter reduction techniques are
employed due to the increased percentage of small angle
scatter.

The relative intensity of scatter transmitted by an 8:1 grid,
a 12:1 grid and the SMSA was measured at 60, 80, 100, and
120 kVp. These results along with the relative intensity of
scatter when no scatter reduction technique is employed are
tabulated in Table IV. The observed standard deviations of
the six runs made for each s/p ratio was typically 6% of the
tabulated values. The significance of the beam stop correction
was typically 8%, 11%, and 15% for the 8:1 grid, 12:1 grid,
and SMSA, respectively. The correction was negligible
without a scatter reduction technique. The results are in
reasonable agreement with published grid data246.18 and
with that projected for the SMSA at 80 kVp (0.23) from the
calculations plotied in Fig. & for a slightly larger phantom.
The amount of scatter imaged with the SMSA was consid-
crably less than that of both the 12:1 grid (~1/3) and that
of the 8:1 grid (~1/5).

The contrast improvement factor (K) of a scatter reduction
technique is a ratio of the SDF with the technique to that
without and can be calculated using Eq. (1) from the data in
Table IV, The Ks so calculated are plotted in Fig. 10. De-
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pending on kVp, the contrast improvement of the SMSA is
~50%-100% greater than that of the 8:1 grid and ~25%-50%
greater than that of the 12:1 grid for the scattering situation
measured.

The contrast improvement factor of a scatter reduction
technique depends on the amount of scatter emerging from
a patient or phantom. A parameter of grid performance that

is relatively independent of the scattering geometry is its
selectivity, =, which is defined as the ratio of primary
transmission-to-scatter transmission of the grid. This can also
be calculated in a straightforward manner from the data in
Table IV and is compared as a function of kVp in Fig. 11 for
the SMSA and grids studied. The noticeably larger selectivity
of the SMSA is due to its greater primary transmission in
addition to its smaller scatter transmission. The falloff in the
selectivity of conventional grids with increasing kVp's is due
to the increased scatter penetration of the lead strips com-
prising the grid. It is interesting to note that the selectivity
of the SMSA has little beam quality dependence from 60 to
120 kVp (i.e., a 9% decrease compared to 35% and 28% for
the 8:1 and 12:1 grids).

B. Qualitative

In order to determine the clinical performance of the
SMSA, a qualitative evaluation was performed which con-
sisted of a series of patient comparison films between the
SMSA and commonly used grids. The diagnostic implica-
tions of the comparison films will be presented elsewhere.2
Figure 12 compares lateral sacral spine radiographs obtained
at the same kVp with the SMSA and a 12:1 grid. The im-
provement in radiographic contrast obtained with SMSA was

FIG. 12. Comparison lateral sacral spine radiographs al 116 kVp (3¢). Subject measured 33 cm and radiation field was 20 cm X 30 cm: (a) 12:1, 40.6 lines/cm
grid using 300 mA at 0.07 s, 102 cm SID, 520 mR cntrance skin exposure; (b) SMSA using 600 mA at Y55, 122cm SID, 760 mR entrance skin exposure.
Both exposures employing a nominal 1.2 mm focal spot with same cassctic using Kodak Lanex screens combined with Kodak Ortho-G film. The films
were developed within minutes of each other in the same processor. The same generator was employed for both films and the HYL's of the two source assemblies

used were matched at 3.9 mm of Al at 80 kVp.

Medical Physics, Vol. 6, No. 3, May/June 1979
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Fi6G. 13. Comparison AP abdominal radiographs illustrating the exposure reducing capability of SMSA. Subject measured 25 cm and radiation field was
36 X 43 cm:(a) 12:1,40.6 lines /cm grid using 76 kVp (3¢) and 600 mA at 0.15 5. 162em SID, 700 mR entrance skin exposure; (b) SMSA using 106 kVp
(3¢) and 600 mA at '5 s, 122 cm SID, 255 mR entrance skin exposure. Both exposures were made employing a nominal 1.2 mm focal spot with same cassette
using DuPont Hi Plus screens combined with Kodak RPL film. The films were developed within minutes of each other in the same processor. The same
generator was employed for both films and the HVL's of the two source assemblies used were matched at 3.9 mm of Al at 80 kVp,

greatest with larger patients and at higher kVp’s. This is due
to the large percentage of scatter emerging from larger pa-
tients and the decrease in selectivity of grids relative to the
SMSA at higher kVp’s (see Fig. 11). At lower kVp's and with
smaller patients the improvement in contrast is less marked.
However, due to the poor primary transmission of grids rel-
atively less patient exposure was required with the SMSA.
The entrance skin exposure (ESE) of the SMSA varied from
60% to 140% of that of the grids studied at the same kVp to
obtain films having matched overall densities.

It has been well documented in the literature that com-
parable images requiring less radiation can be obtained at
higher x-ray tube voltages with a superior scatter reduction
technique.'?.25-28 Ap attempt was made 1o obtain images of
comparable contrast by employing a 30 kVp higher technique
with the SMSA. The results are illustrated in Fig. 13. Even
at 30 kVp higher and ~1/3 the ESE the SMSA film has
slightly more contrast and when compared side by side to the
grid film it was judged to be diagnostically superior by ra-
diologists. The patient in Fig. 13 had an upper abdominal
measurement of 25 cm. Due to the dependence of scatter on
patient size, the reduction in exposure that can be realized
with the SMSA will also be patient size dependent. In addi-
tion, the reduction will be greater for lower and higher kVp
ranges. The former because of the poor primary transmission
of grids at lower kVp’s and the latter because of their in-
creased scatter transmission.

For radiographs at the same kVp the Bucky factor of the
SMSA was from 3.3 10 9.5 times greater than that of the grid;
whereas, for radiographs of comparable contrast (Fig. 13)
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it was 2.3 times greater. This increased tube loading will
undoubtedly decrease x-ray tube life in many instances.
However, x-ray tubes used in general radiography when
amortized over the number of exams performed during their
life account for only a small fraction of the total exam
Ccost.

IV. CONCLUSION

As demonstrated both quantitatively and qualitatively in
the preceding sections, the SMSA can be used to great ad-
vantage when the beam emerging from the patient is mostly
scatter, such as with large film radiographs of the abdomen.
An alternative use of such a device would be in mammogra-
phy, where scatter significantly degrades contrast2%30 and
conventional grids cannot be used due to their poor trans-
mission of low energy rays. As in abdominal radiography the
SMSA could be exploited to produce images of superior
quality at the same radiation exposure or equivalent images
at substantially less radiation exposure than conventional
techniques.

Applying Eq. (1) to the SMSA data in Table 1V, one finds
thatslightly greater than 80% of the primary beam or possible
contrast is imaged with the SMSA indicating that there is
still room for improvement. As indicated in the design section,
increased scatter reduction could be achieved with only a
slight increase in tube loading with the SMSA by using the
deeper aft slots. An alternative method of reducing scatter
still further without significantly increasing the tube loading
problem would be to scan the patient with wavy rather than
linear slits,31.32
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The Scanning Grid: A Novel and Effective Bucky
Movement?

Gary T. Barnes, Ph.D., Richard F. Moreland, Ph.D.,
Michael V. Yester, Ph.D., and David M. Witien, M.S., M.D.

A grid consisling of a focused array of radiopaque sirips has
been constructed. No interspace material is empioyed, and,
during an exposure, the arrangement moves so that the grid
strips remain focused and a uniform film density is obtained.
Preliminary measurements and radiographs of patients indicate
that such a device is a practical and effective method of sup-
pressing scatter.

InDEX TERML:  Radiography, instrumentation

Radiology 135:765-767, June 1980

The limitations of conventional Bucky grids in imaging thick
body parts are well known and have recently led to the devel-
opment of multiple slit devices (1-6). Alternatively, scatter
suppression can be improved by employing a more efficient grid
(7). In this paper, such a grid is discussed and compared to
conventional Bucky grids.

METHOD

The grid (Fig. 1) consists of slats situated between the patient
and the film. During an exposure, the slats scan the radiation
field, and their motion is syncronized with the exposure time so
that the film receives a uniform radiation exposure. Focusing
is realized by the distance between slats provided by the lower
slat spacer being the geometrical projection of the upper spacer
distance. Both spacers are connected to a linkage arm which
maintains focus and alignment during a scan. Such a grid has
been constructed at the University of Alabama in Birmingham.
Important design parameters are listed in TABLE I.

RESULTS

Preliminary evaluations of the scanning grid's primary and
scatter transmission at 100 kVp are compared to commonly
used grids (TABLE ll). The details of the measurement techniques
employed to obtain the data in TABLE Il have been discussed
previously (5, 8). These resuits indicate that the scanning grid
is superior to commonly used grids. The primary transmission
of the scanning grid is comparable to the lower ratio 8:1 grids,
while its scatter transmission is markedly less than the 16:1
grid.

The contrast improvement obtained with an anti-scatter
technique depends on the relative amount of scatter emerging
from the patient and is given by

Contrast Improvement = SDF’f SDF, (1)

where SDF’and SDF is the scatter degradation factor with and
without the scatter reduction method (8-10). SDF is the fraction
of the primary beam or possible contrast imaged due to the
presence of scatter, and

SDF = (1+ s/P)Y, @

where 5/Pis the ratio of scatlered-to-primary radiation imaged
(10). Employing Equations 1 and 2 and the results tabulated in
TABLE ll, the contrast improvement obtained with the scanning

Work In
Progress

M tacal pent
pivot point focs! p

........ N

~— linkage arm

/ =

L upper grid slat spacer
s

/ _ ,4{% =——— 2

/‘%

7T tower grid stat spacer

Fig. 1. *Diagram showing the principle of the scanning grid.

Scanning Gnd

1211 Cenvantional Grid

Contrast lmprovement
5]

0 2 4 8 8 10
Ratio of Scattered to Primary Radiation

Fig. 2. Plot of the contrast improvement of the

scanning and conventional 12:1 grid vs. the ratio of
scattered-to-primary radiation emerging from the

patient.

TaABLE |:  DesiGN PARAMETERS OF SCANNING GRID
siD* 122 cm Septal thickness (lead)!  0.89 mm
Grid ratio 15.5/1 Septal thickness (total)? 1.5 mm
Grid lines 1.64/cm Septal height (lead)* 63.5 mm
Lead content 10.5g/cm  Septal height (total)} 71.5 mm

Magnificationt  1.13

* Source-to-image receptor distance
T At tabletop
¥ Lead septa are attached to steel substrate

TaBLE Il COMPARISON OF THE PRIMARY AND SCATTER TRANSMISSION
OF SCANNING AND COMMONLY USED GRIDS
% Primary % Scatter
Grid Transmission* Transmission*
8/1, 31.5 lines/cm’ 67 11.2
8/1, 41.3 lines/cmt 66 11.4
12/1, 31.5 kines/cm' 60 6.4
16/1, 31.5 lines/cm' 56 4,2
Scanning grid 67 3.7

* Measured at 100 kVp (3¢), employing an 18-cm thick, 30- X 30-cm
Lucite phantomn

T Fiber interspace grids with lead contents of 383, 572, and 765
mg/cm?

1 Aluminum interspace grid with a lead content of 360 mg/cm?
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Fig.3. Comparison of lateral lumbosacral spine radiographs at 100 kVp (3¢). The radiation field was 23 X 43cm. a. Twelve-to-one ratio,
31.5 lines/cm, fiber interspace grid using 100 mA at 0.8 sec., 102-cm source-to-image receptor distance, 2.2 R {0.57 mC/kg) entrance skin exposure,

1.4-mm focal spot size.

b. Scanning grid using 200 mA at 0.8 sec., 122-cm source-to-image receptor distance, 2.2 R (0.57 mC/kg) entrance skin exposure, 1.2-

mm effactive focal spot size.

Both exposures were made with the same cassette using Du Pont Hi Plus screens combined with Kodak X-Omatic L film, The radiographs were
developed within minutes of each other in the same processor, and the half-value layers were matched at 3.5 mm Al at 80 kVp. The overall soft-tissue
density of the conventional 12:1 grid film was greater than that of the scanning grid (1.6 vs. 1.2). Normalizing the film densities would have reduced
the conventional grid entrance skin exposure by 30% to 1.5 R {(0.39 mC/kg).

and commonly used grids as a function of S5/P can be deter-
mined. This is plotted for the scanning and conventional 12:1 grid
{Fig. 2) and illustrates that significant improvements in contrast
over conventional grids should be obtained with the scanning
grid for large S/P ratios.

The improvement in contrast achieved clinically by the
scanning grid is illustrated in Figure 3. The patient is a 42-year-old
man with a 33-cm lateral abdominal measurement. Figwe 3a
is a lateral radiograph of the lumbosacral spine made with a
conventional 12:1 grid. Figure 3b is the same lateral projection
made with the scanning grid at the same kilovolt peak and beam
quality. The gross anatomic structures are seen on both radio-
graphs. Abnormal findings include separation of the pars inter-
articularis at L-5, with associated sclerosis of the articular facets
at the posterior articulations between L-4 and L-5 and small
osteophytes anteriorly on several vertebral bodies. However,
contrast is low on the conventional radiograph, but, with the

increase in contrast obtained on the scanning grid, the clarity
of anatomic detail becomes markedly improved. Particularly
notable are (a) the increased visibility of the abnormal findings,
(b) the increased visibility of both the bony trabeculae and
margins of the vertebra, and (c) the clarity of the adjacent soft-
tissue structures.

A scanning grid is superior to a conventional grid because:

1. There is no scatter penetration of the relatively thick grid
septa, and

2. There is no interspace material.
The lack of scatter septal penetration results in a decreased
scatter transmission for a given grid ratio, while the air interspace
results in a primary transmission that, for a given number of grid
lines per centimeter, is independent of grid ratio. The current
performance of the scanning grid could be improved by
employing thinner lead septa (~0.1-0.2 mm), a higher grid ratio,
and wavy or zigzag (7) rather than linear slats. Employing thinner
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lead septa would increase the device's primary transmission,
while the latter two modifications would decrease scatter
transmission.

Linear tomography and angled views are accomplished with
a conventional linear focused grid by moving the x-ray tube
parallel to the grid lines. Such examinations can also be ac-
complished easily with a scanning grid, unlike multiple slit de-
vices having comparable efficiency in suppressing scatter, by
locating the linkage arm pivot along the line that passes through
the focal spot and is parallef to the grid slats as depicted in Figure
1. Locating the pivot in such a manner maintains grid focus and
alignment when the x-ray tube is moved.

CONCLUSIONS

Preliminary quantitative and qualitative results obtained with
the scanning grid indicate that it is an effective and practical
method of suppressing scatter. Furthermore, these results were
obtained on the first clinical prototype built, and significant im-
provements are possible.

ACKNOWLEDGMENT: The authors gratefully acknowledge the design
contributions and machine-shop work of Jerry R, Sewell.
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If a normal screen-film exposure is made using a conventional grid, a reduced exposure may
be used with a superior scatter removal device to record the same image information. This
theoretical conclusion is not readily demonstrated because of the limited visibility on the
underexposed film. In this study radiographs underexposed by a factor of three with a
scanning multiple slit assembly (SMSA) were enhanced autoradiographically and found
visually to contain more information than properly exposed radiographs obtained under
similar conditions using a conventional Bucky grid. This observation was confirmed by
contrast scale and noise measurements. Futhermore, the entrance skin exposure of the
radiograph using the SMSA was 45% of that required with the grid technique at the same

beam quality.

I. INTRODUCTION

At a given kVp, a reduced image receptor exposure may be
used with a superior scatter removal device to record the same
or more image information than would result from a normal
exposure using a standard Bucky grid. This point is generally
neglected in studies with conventional screen-film systems
where image contrast is emphasized rather than signal-to-
noise ratio (SNR) analysis. With the advent of image pro-
cessing and the capability to enhance contrast the latter type
of analysis' is more meaningful. The purpose of this paper
is to demonstrate these points and to verify experimen-
tally—qualitatively and quantitatively—the results of the-
oretical predictions.

In Sec. IT we present the elements of the SNR analysis for
comparing two systems that differ only in their efficiency of
scatter removal. The development leads to quantitative
prescriptions for the relative patient and the relative image
receptor exposures to obtain the same inherent information
content (SNR) with the two systems. In Sec. III we describe
an experiment in which a normally exposed image utilizing
a grid technique is compared with an underexposed image
obtained with a superior scatter removal device, the scanning
multiple slit assembly (SMSA) of Barnes ez al.2-% The un-
derexposed image was autoradiographically enhanced®” to
improve the display and read-out of the information. Quan-
titative evaluation of both images is described in Sec. IV, and
the results are compared with the theoretical predictions.
Finally, in Sec. V we discuss immediate and future prospects
for such applications of improved scatter removal tech-
nology.
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Il. BASIC THEORY

Ter-Pogossian® indicated that scattered radiation serves
as a noise generator in an imaging system. However, his
analysis was limited to contrast alone. Analyses of signal-
to-noise ratios (SNR) in the presence of scatter were per-
formed by Muntz%1° Wagner,''-'2 Motz and Danos,' and
Shaw'? among others. The straightforward application to low
contrast images is sketched here.

Consider a lesion of projected area 4 which generates a
signal count difference AP from the mean primary back-
ground level P in an equal area. The Rose model'¥ SNR is
the ratio of the difference signal to the root mean square
(rms) noise of the Poisson-distributed photon background
over the area 4, P'/2, or

SNRp = AP/P'/2 = (AP/P)P/2. 0

In Eq. (1) AP/P is commonly known as the primary beam
subject contrast, C, of the lesion and P~!/2 as the noise con-
trast, i.e., the contrast of the exposure fluctuations. 1f scatter

is present with a uniform photon fluence of §/A4, the SNR
becomes

SNR; = AP/P + 8§)'/2, (2)
and the subject contrast of the lesion is reduced to
C = AP/(P+ S). 3)

Defining the scatter degradation factor'32 (SDF) equal to
(1 +.5/P)~", Egs. (2) and (3) become

®© 1980 Am. Assoc. Phys. Med. 13
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C’ = C(SDF), (4)
and
. SNR, = SNR,, SDF'/2, (5)

Equations (4) and (5) indicate that the SDF is the fraction
of primary beam contrast imaged in the presence of scatter,
and that scatter decreases the SNR by SDF!/2,

If we introduce an antiscatter device having primary and
scatter transmissions of T, and 7, the SNR becomes

SNR, = APT,/(T,P + T,S)'/?
= SNR,(SDF,T,)",

where SDF, = [1 + T,S/(T,P)]~". For an ideal device (T},
= 1, T; = 0) operating at the same level of primary and
scatter the SNR is equal to SNR,, as defined by Eq. (1).

The concept of detective quantum efficiency (DQE) was
used by Wagner'?2 to rank real antiscatter devices relative to
an ideal device:

DQE, = SNR,%SNR,? = T, SDF,. %)

The definition relates to both devices operating at the same
level of primary radiation, but depends only on the ratio of
scatter-to-primary. (Generally, DQE of detectors is a func-
tion of primary exposure level; here as applied to scatter
suppression it is independent of primary exposure.) DQE,
ranges from O (thick lead) to 1 (perfect grid). Using Eq. (6)
to determine the relative primary exposure levels Py and P,
for two different antiscatter techniques to yield equal SNR’s,
one obtains

(6

Py/P, = DQE,/DQE;. (8)

Since the beam qualities are assumed to be same in this
treatment, the patient dose will scale the same way. When
the reference device is ideal, Eq. (8) reduces to 1/DQE; and
gives the increase in patient dose required for the real device
to achieve the same SNR that could be achieved by an ideal
antiscatter grid. Equation (8) is a principal motivation for
the definition of DQE. Here it ranks the exposure efficiency
of a scatter reduction technique on the absolute scale estab-
lished by the ideal grid. The history of DQE can be traced
from A. Rose'® and R. C. Jones!? through Dainty and
Shaw.!® Equations (7) & (8) are consistent with limiting
cases in these references as well as Eq. (25) of Motz and
Danos,! Eq. (16) of Dick and Motz,'® and Eq. (7.3) of
Shaw,!? who treated a multistage process.

Finally, if one wishes to use the DQE advantage of one
scatter removal device over another with the intention of
maintaining a given SNR, one notes from rewriting Eq. (6)
as

SNR, = C, SDF, - (TP + T,5)'/2, 9)
that the relative image receptor exposures must be propor-
tional to

(TpP + T,S)y _ SDF;?
(T,P + T,S) SDF?
This equation differs from a DQE ratio since it does not relate

to radiation efficiency, only to film darkening or exposure at
the image receptor.

(10)
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TaBLE |. Fundamental image parameters for scalter reduction devices
used here.
Scatter
reduction
device T,5/TpP ratio T DQE
Grid 1.53 £ 0.14 0.66 & 0.01 0.26
SMSA 0.27 £ 0.02 0.84 £ 0.01 0.66
None 73 +04 10 0.12

ll. EXPERIMENTAL METHOD

The experiment reported here was designed to demonstrate
the DQE patient exposure advantage that is calculated for
the SMSA device over a conventional grid technique oper-
ating at the same beam quality. It involved making a series
of radiographs of an imaging phantom using the grid tech-
nique with the proper exposure, and using the SMSA with
an underexposure predicted by the above SNR analysis.

The phantom consisted of an epoxy resin base with a series
of 1 cm diameter holes of varying depths (10% per step) filled
with another epoxy resin with slightly less density and at-
tenuation. The holes were tapered and beveled to reduce edge
visibility. This inch-thick imaging phantom was embedded
in the bottom of a 30 X 30 X 22 cm thickness of a Lucite
scattering phantom.

The values of the S/P ratio and T}, for the grid and SMSA
with the scattering-imaging phantom described are listed in
Table I. The S/P ratios were measured by placing a small
lead beam stop centrally on the phantom. The x rays imaged
beneath the beam stop are due to scatter, whereas beneath
the rest of the phantom they are due to scatter plus primary.
A film-screen combination was used as an image receptor and
sensitometry was used to convert the densities obtained to
relative exposure fluences. The details of the techniques
employed have been described elsewhere.® The primary
transmission values tabulated in Table I were measured by
placing the appropriate thickness of phantom material as
close as possible to the x-ray tube, coning down to a small
field and comparing the radiation with and without the grid
or aft slots.

The DQE values given in the last column were calculated
using Eq. (7) with the values of the scattering parameters of
columns 2 and 3. The SMSA enjoys a DQE advantage of a
factor 2.5 over the grid. Equation (10) indicates that the
SMSA film can be underexposed by as much as a factor of
four and still contain as much information as a properly ex-
posed film obtained with the grid.

All radiographs were exposed using 100 kVp (3 phase, 12
pulse), the same (single) 3M alpha-8 screen, and Kodak
Min-R film. This screen-film combination was selected for
two reasons. First, the autoradiographic intensification
technique (1o be described below) is best suited to single
emulsion films. Second, the bright phosphor of the screen and
the fine grain of the film were insurance against film grain
noise competing with x-ray quantum noise at the lower ex-
posure used. : .

Radiographs were exposed to a gross density of 0.71 & 0.02
with the grid and SMSA, and then a series of radiographs
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(=)
FiG. 1. Comparison of normally exposed grid image (a) with underexposed SMSA image (b).

were exposed using the SMSA at 1/3 the exposure required
for the “normal” (0.71 o.d.) image. In Fig. 1 the grid radio-
graph and an underexposed SMSA radiograph are com-
pared. The density of the underexposed radiograph was 0.22,
with at most four disks visible under any normal conditions
of transillumination and 6 to 9 under scatter-illumination
through the ends of the film. In order to determine the in-
herent information content of the underexposed film it was
enhanced autoradiographically.

Autoradiographic intensification is a nuclear chemistry
techniqueS.? for retrieving the signal that has been recorded
and stored in the emulsion at silver particle densities which
are too low for easy visual or instrumental perception. The
retrieval is accomplished by chemically combining the silver
with radioactive sulfur-35 so that 0.167 MeV beta particles
are steadily emitted from the low density image. The beta
radiation is detected and recorded by making an autoradio-
graph of the activated original, i.c., by exposing a second film
to the radiation from the original for about an hour and then
developing this film by standard procedures. The original
image is reproduced on the autoradiograph with increases
in density and contrast that allow normal visual or instru-
mental evaluation of the signal. As used in this work the
autoradiographic technique resulted in a contrast amplifi-
cation of about a factor of 50.

3

b A e e L
(2)
FIG. 2. Comparison of normally exposed grid image (a) with autoradiographically enhanced SMSA underexposed image (b)

Medical Physics, Vol. 7, No. 1, Jan./Feb. 1980

(b)

The resulting intensified SMSA image is compared with
the grid image in Fig. 2. Three rows of disks—a total of
18—are now visible. Attempts to intensify the grid image to
such visibility were unsuccessful (16 or 17 visible). This
demonstration was quantified using microdensitometric
measurements of the image SNR’s.

IV. IMAGING MEASUREMENTS

This experiment was designed to embrace only large area
or low spatial frequency effects, i.e., to be free of questions
concerning resolution. Large area information density is
defined'® such that it is proportional (logarithmically or
linearly, depending on the dynamic range of the application)
to the large area SNR of Sec. I1. The determination of this
SNR requires two kinds of measurements, signal contrast
AP/(P 4+ S5 and noise contrast (P + §)~1/2,

The signal contrast can be obtained by measuring the re-
corded density difference

AD = (logie)YAP/(P + S), (an

between the signal disk and the background. The product of
7y, the contrast amplification factor of the screen-film system,
and the logarithmic factor is of order unity,!! and will in fact
be regarded as unity here since we will only deal with ratios
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TaBLE II.  Results of contrast and noise measurements.
Autoradio- Relative
graph Gross signal Relative
film type  densily ADs/AD, noise* SNRs/SNRg
M 1.28 5.93 £0.50 431 £0.32 1.38+0.15
AA 0.60 2.48 1.89 1.31
R 0.50 2.51 2.02 1.24

*Low frequency noise spectrum amplitude

in which it drops out. Density differences were obtained by
scanning across the center of the disk signals, and background
trends were obtained by parallel scans through background
alone using the PDS microdensitometer?! (15 X 600 pm
postslit, 4X objective, N.A. 0.11). Background trends were
normalized out in the determination of AD. Typical scans
are given in Fig. 3. The lowest contrast results were on the
grid film and range from 0.032 to 0.065 o.d.; the highest
contrast results were on the type-M autoradiograph (AR)
of the SMSA image and range from 0.229 to 0.336. The
precision of all numbers that were differenced was better than
1%.

Results of the measurements on the first five holes of two
grid images were averaged pairwise for comparison with the
measurements on the first five holes of a high contrast
SMSA/AR image. The ratio ADg/AD,, SMSA autora-
diograph contrast to grid contrast was 5.93 £ 0.50 and is
included in the summary of Table I1. 3

The noise contrast (P + §)~'/2, or the denominator of the
SNR, is obtained from a measurement of the noise power
(Wiener) spectrum Wp of the resulting screen-film noise.
Following Shaw?? we can define a noise equivalent number
of quanta (NEQ) inferred from a film noise measurement

Wp(f) = (logiee)?y? MTF2/NEQ, (12)

where MTF is the screen-film modulation transfer function.
This is simply a scaling of density fluctuations back to the
exposure axis. As above we can set ylogipe to unity. We note
that since the film cannot distinguish the scatter from the
primary contributions to NEQ, NEQ will be proportional to
S + P. Since both images have the same limiting low fre-
quency MTF we make the replacement

(P+5)=K/Wp(f—0), (13)

where K will be of order unity, and will cancel approximately
in the ratios below. In terms of the measurements described,
the SNR becomes

SNR = K'2AD/W)p /2(f == 0). (14)

Noise power spectra using the above optics (4.1 mm
postslit) and the technique described in Ref. 22 were obtained
for samples of all films used in this experiment. They are
given in Fig. 4.

The power spectrum for the conventional grid image has
the classical shape of filtered quantum mottle below about
6 mm~' (i.e., 6 cycles/mm) upon a pedestal of film grain
noise. The SMSA/AR films appear to be amplifications of
this kind of noise in the low frequency region, followed by an
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unsharp copy of the film grain, evident at frequencies greater
than 8 mm™!. The unsharpness is due to the 20-80 um range
of the beta’s from the radicactive silver sulfide. The precision
of these curves is about 8%. The repeatability (different
samples) is about 10%. We use the values of Wp at 0.4, 0.8,
1.2, and 1.6 mm~! as individual estimators of Wp(f — 0).
These values are not particularly sensitive to the lowest fre-
quency noise (trends) of film-coating and development
variations. The average of ratios of Wp!/2 for the SMSA to
Grid image at the four low frequency points is shown in Table
I1.

The SMSA film underexposure factor of three leads to a
theoretical patient underexposure factor of 1.9 on the basis
of Egs. (8)-(10), which assume no change in beam qualities.
We measured a value of 2.2 for the patient exposure reduc-
tion. The larger measured value is attributed to a small in-
crease in kVp (i.c., per cent transmission) that resulted with
the lower mA station employed to obtain the underexposed
film. The measurements lead to the theoretical estimate that
the SMSA /AR SNR will be 1.16 that of the grid image. The
ratio of SNR's from Eq. (14) and the image measurements
is found to be 1.38 £ 0.15 and is given in the last column of
Table 11. We conclude that the SNR in the SMSA/AR film
is significantly greater than that in the GRID film. Addi-
tional checks were obtained by a single disk contrast mea-
surement and NPS measurement on SMSA /AR films made
on AA and R film and the SNR ratios were found to fall
within the range of variation of the more extensive mea-
surements. The measurements support the visual impression
that the SMSA /AR film contains slightly more information
than the GRID film or the enhanced GRID film.

SMSA
2.00
1.50
L 1 1
P
‘o
& 1.25F
S
GRID
1.00

0.75

—_ 1 1

10 20
Position (mm)

F1G. 3. Typical scans for determining contrast of grid image and SMSA
image autoradiographs on type M, AA, and R film.
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FIG. 4. Measured Wiener (noisc power) spectra for grid image and SMSA
image autoradiographs on type M, AA, and R film,

V. DISCUSSION AND CONCLUSIONS

It has been experimentally demonstrated, both qualita-
tively and quantitatively, that the theoretical DQE advantage
of a superior scatter removal device can be used to decrease
patient exposure without sacrifice in inherent image infor-
mation content. Here the patient exposure reduction factor
was 2.2, and the image made with the superior scatter re-
maoval device had, as predicted, a slight increase in SNR. An
alternative method of reducing the SNR and patient exposure
with a superior scatter removal device that has been well
documented in the literature?-? is to employ higher kVp
techniques. This aspect is more difficult to accurately
quantify ahd is not addressed in the present paper.

The autoradiographic intensification used to process the
underexposed images in this study is not presently a com-
mercially available process. Notwithstanding, the results
reported here are immediately and practically realizable if
the intensification is achieved through brighter phosphors
or faster emulsions already commercially available. They
were not used in the current study because of the limited
speed selection available; the difficulty in matching the
spectrum of primary x rays absorbed in the intensifying
screen; and difficulties in interpreting the resultant noise
power spectra shape differences.

As discussed in Refs. 12, 13, 16-18, a DQE advantage can
be exploited either by maintaining SNR and decreasing ex-
posure, or by maintaining exposure and increasing SNR. The
recent introduction of rare-earth phosphors for intensifying
screens represented an increase in DQE of up to a factor of
two. This increase was used, for the most part, to reduce
patient exposure.!? The introduction of the SMSA represents
an increase in DQE of about a factor of two for large body
sections (and perhaps as much as a factor of 1.8 for mam-
mography?3.24) and can be used to cither advantage.

In addition to the possibilities for exposure reduction
previously discussed (and excluding questions of resolution),
there is also the possibility of optimizing the x-ray spec-
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trum—an area of growing theoretical interest, but little
practical experimental demonstration due in part to the
limited exposure latitude of film. We belicve that autoradi-
ographic intensification has immediate applications in this
area, for testing the theory and preparing for future advances
in image recording and processing modalities.

Finally, the use of the autoradiographic technique shows
dramatically the possible large amount of information re-
corded on film that is not effectively displayed by ordinary
processing. Recall the emphasis of Motz and Danos! that
unless the reader runs up against noise as a limitation to his
reading, he is not exhausting the information in the image.
In practice, contrast limitations to film reading are more
commeon than noise limitations; the signal that information
on the film has been exhausted is not frequently received. In
this light, our study is another documentation of the need for
an image display modality without the display limitations of
film.23
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A nonconventional and sensitive method of measuring scatter is described. The method was
employed to quantitate the scatter imaged in mammography with a conventional unit, a unit
equipped with a grid, and a unit equipped with a scanning multiple slit assembly (SMSA). The
results indicate that the grid technique significantly reduces the scatter imaged, while the SMSA
virtually eliminates it. The resultant increase in large area contrast is readily apparent on

radiographs with greater improvement obtained with the SMSA than with the grid. The effect of
the increase in contrast on small detail visibility was assessed with a phantom having simulated
fibrils and calcifications. Significantly more fibril and calcification detail was visible with the grid
and SMSA technique than with the conventional technique. The detail visible with the grid and
SMSA technique was comparable, and the lack of better performance by the SMSA unit is

attributed to its poorer MTF.

Key words: mammography, grids, scattered radiation

INTRODUCTION

It is well known that scatter radiation reduces visual contrast
in a radiographic image. This is true in mammography as
well, and in fact, the scatter-to-primary (s/p) ratio for this
modality ranges from 0.35-1.0.! Consequently, only 75%-
50% of the possible subject contrast is imaged, and im-
provements from 35%-100% are possible if scatter is elimi-
nated. In order to reduce the scatter to a minimal level, a
Scanning Multiple Slit Assembly (SMSA) was designed for
mammography,? and three major investigations were carried
out to test its performance: (1) measurement of transmitted
scatter-to-primary ratios, (2) use of the mammographic
phantom designed by Stanton et al.,? and (3) clinical trials.
The first and second investigations are the interest of this
paper and were carried out for a conventional unit, the
SMSA, and the conventional unit equipped with a special soft
tissue grid.* The results of the clinical trials have been pre-
sented elsewhere.5.6

PRINCIPLE OF SMSA

Although the principle and construction of the device has
been presented elsewhere,? a short description is given here
for completeness and orientation. The underlying concept
is that through the use of an array of long narrow x-ray
beams, the volume irradiated at any given instant is small,
thus reducing the production of scatter. With the long narrow
geometry, little of the scatter produced by a beam reaches
the image plane in the area defined by the beam and scatter
from neighboring beams is minimized by post patient colli-
mation. In the SMSA, slits between the source and the pa-
tient define the array of long narrow beams, and the post
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patient collimation is accomplished with slots between the
patient and film. The slits and slots are aligned with the
x-ray source and scan synchronously across the patient during
the exposure as shown schematically in Fig. 1. The design was
incorporated into a commercial mammographic unit,? and
was based on previous experience with a unit used for ab-
dominal radiography.’

EXPERIMENTAL MEASUREMENTS

Experimental method for s/p measurements

Typically s/p measurements are performed using a lead
beam stop at the center and above a suitable scattering me-
dium. The radiation emerging from the phantom beneath the
beam stop is scatter, and radiation at other points of the
phantom is scatter plus primary. To accurately measure the
percentage of scatter imaged, it is desirable to perform the
measurements with the same detection system as used under
clinical conditions. For the SMSA, the expected s/p value
was ~0.03,2 which implies that a dynamic range for the de-
tector response of ~30:1 would be required for the usual
measurement technique. Such a dynamic range is beyond the
capabilities of commonly used film/screen combinations.
Detectors having a greater dynamic range such as Nal-
(T1)/photomultiplier systems could be employed, but they
have a different energy response than the film/screen com-
bination. Such systematic errors can be avoided by employing
a film/screen system if the measurement technique is
changed.

In order to measure the expected low s/p ratios with a
film/screen system, a lower contrast object (aluminum disk)
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F1G. 1. Principle of mammographic SMSA.

was employed in place of the lead beam stop. Consider the
fundamental equation for the imaged contrast of an object
in the presence of scatter:

_ +
AD =7 log lp 5,] , (n
o+s

where AD is the density difference (image contrast) between
the test object and surrounding area, 7 is the slope of the
film’s sensitometric curve between the densities of interest,
p and s are the primary scatter energy fluences absorbed in
the screen adjacent to the object image, and o and s’ are
similar fluences associated with the object image.

For small objects, it is usually assumed that the scatter
associated with the object image is equal to the scatter at
adjacent locations. That is, s* is equal to s and Eqg. () reduces
to

— p+s
AD=%1 2
?og[ﬁ_sl e

Solving for s/p, one obtains

s_ 1 — (ofp) 10142/7) 3)

p 10DA) — |

Theoretically, for a given ¥ and permissible AD, s/p ratios
arbitrarily close to zero can be measured for appropriate
values of o/p. In practice, o/p is selected so that the range of
s/p ratios anticipated can be measured to a reasonable degree
of precision. Note that utilizing the linear portion of a typical
mammographic sensitometric curve (AD ~ 1.0 and ¥ ~2.2),
the minimum s/p ratio that can be measured with a jead
beam stop (ofp = 0) is 0.54, and if the entire useful range of
densities is employed (AD ~ 1.75 and y ~ 2.0), the minimum
s/p ratio that could be measured is 0.15.
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Measurements of s/p

In view of the preceding discussion, Al (alloy 1101) disks
of 1 mm thickness and diameters of 0.5, 0.8, 1.0, and 2.0 cm
were fabricated. The multiple diameters were employed to
enable extrapolation of the data to “‘zero” size, thereby as-
suring that the assumption of s’ = s is valid.

In order to obtain 7 over the range of densities of interest,
sensitometric curves were generated experimentally for the
particular emulsion number, film/screen combination, and
processor used. This was accomplished using a kVp “boot-
strap” technique as discussed elsewhere.® Experimental
studies have shown good agreement between kVp “bootstrap”
and inverse square sensitometry over the useful range of
densities as long as the former method is corrected for reci-
procity failure.? The agreement is particularly good over the
straight line region of the sensitometric curve and this region
was used exclusively in this work. A typical sensitometric
curve obtained with this method is given in Fig. 2.

A 14 cm diameter Lucite phantom was employed and the
scatter-to-primary ratios were measured for a 3and a 6 cm
thickness at 30 and 39 kVp (1¢), respectively. In all cases,
a molybdenum-tungsten alloy target x-ray tube!® and mo-
lybdenum filter (30 pum) was employed. In order to obtain
the s/p ratio, the object-to-primary ratio had to be determined
for each configuration. This was accomplished by collimating
the beam to a small, well-defined area (0.5 cm?), introducing
a 15 cmair gap, and obtaining the optical density for a par-
ticular phantom thickness with and without the aluminum.
The ofp ratio for each condition was obtained from the ex-
pression:

ofp = 10(80/7), 4)

a0

12r

Optical Density

0 i 1 2 b — i i 1 1 i L
0 0.4 [ 1.2 iE}
Log Relative Exposure
F1G. 2. Typical kilovoltage bootstrap sensitometric curve obtained with a
Kodak min-R film/screen combination. The curve has been corrected for
the small reciprocity failure that occurred over the factor of two difference
in exposure times (0.25 10 0.5 s) employed to generate the curve.
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F1G. 3. Plot of the ratio of scalter-to-primary radiation measured for the
cenventional unit, the unit equipped with a grid and the SMSA as a function
of aluminum disk area. The Lucite phantom was |14 cm in diameter and 6
cm thick.

The experimental procedure followed for the s/p measure-
ments consisted of making an exposure with the four Al disks
symmetric about and near the center of a Lucite phantom.
Values for the change in density (AD) from the center of the
disk to the region outside of the disk was obtained by aver-
aging four values at 90°, with respect to each other around
and just outside the disk. The density at the center of the disk
was subtracted out to obtain the density difference (AD). The
same measurements were performed for the conventional
unit, the SMSA, and the conventional unit with a special
grid.* In this latter case, the grid was supported above the film
cassette in such a manner to permit oscillations in one di-
mension parallel to the film to remove grid lines from the
images. Three separate runs were made for the three cases
to minimize random errors.

Phantom measurements

In addition to s/p measurements, a phantom was used to
assess detail visibility of simulated anatomical features
present in mammographic exams. The phantom used is that
described by Stanton et al.? and consists of polyethylene slabs
of water-filled containers of differing thicknesses to simulate
breast compositions of different water/fat ratios. Calcifi-
cations are simulated by the use of Al specks and different
sizes are included in the phantom. Fibrils are simulated by
the use of acrylic rods in an organic oil medium. For this
work, the phantom was set up to imitate a composition of a
ratio of 50/50 water/fat by volume for a total thickness of
4.7 cm. The phantom was imaged with the three modalities
under consideration at 36 kVp with the mAs varied such that
an optical density of approximately 1.2 was obtained. A
Kodak Min-R film/screen combination was used as be-
fore.

TABLE L. s/p Ratios for conventional, gird and SMSA techniques.®

3 cm, 30 kVp 6ecm, 39kVp
Conventional 0.40 £ 0.05 1.04 £0.15
Grid 0.14 £ 0.03 0.32 + 006
SMSA 0.05 + 0.02 0.08 + 0.04

* errors are based on propagation of uncertainties.
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TABLE Il.  Error propagation trends.®

¥ ofp AD s/p
2.14 0.60 0.20 1.07
2.09 0.60 0.20 1.02
214 063 0.20 0.91
2.14 0.60 0.215 0.94
214 0.60 0.43 0.08
2.09 0.60 0.43 0.06
2.14 0.63 0.43 0.00
214 0.60 0.445 0.05

) The underlined quantity indicates the parameter that was changed. The
difference in the parameters represents typical experimental uncertain-
ties.

RESULTS

The data and s/p ratios obtained for the three cases are
given in Table'1, and the results for the 6 cm phantom are
presented graphically in Fig. 3. In such an experimental
technique with calculations involving exponents and small
differences, it is necessary that the propagation of uncer-
tainties are taken into account. As the measured s/p ratio
depends on AD, o/p and ¥, then it is necessary to understand
which components have the greatest effect on the result. This
was accomplished by obtaining the equation for the uncer-
tainty in s/p as a function of the three parameters and their
individual uncertainties in the usual error analysis manner.
The actual equation obtained is quite complex and not readily
amenable to quick insights into the error propagation. In
order to provide perhaps a more meaningful appreciation of
the problem, the components of the s/p uncertainty are given
in Table II for two representative measurements, a high s/p
ratio and a low s/p ratio. The uncertainties given in Table [1
were calculated from the derived formula.

The images obtained with the Stanton phantom are pre-
sented in Fig. 4. The detail visibility was determined? for each
film for the specks and fibrils, and the results are summarized
in Table I11. '

DISCUSSION AND CONCLUSIONS

A new method for measuring s/p ratios has been described.
It should be noted that the method is not limited to mam-
mography, rather it is particularly suited for any situation
involving small amounts of scatter. The method can be em-
ployed to quantitate the amount of scatter imaged whenever
a film/screen combination is used as an image receptor. As
mentioned previously, the subject contrast of the disks can
be varied so that s/p ratios arbitrarily close to zero can be
measured for a given film/screen dynamic range.

Previously reported s/p ratios for 3 and 6 cm thicknesses

TABLE {[l. Detail visibility results.
Minimum Minimum
fibril size {mm) speck size {(mm)
Conventional 0.3 0.23
Grid 0.25 0.18
SMSA 0.25 0.18
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of a 14 cm diameter Lucite phantom were 0.40 and 0.85.11.12
The agreement with the results lor the conventional unit and
3 cm phantom thickness is exceptionally good. For the 6 cm
phantom thickness, there is a difference between the two
measurements. Since a Nal(TI) crystal/photomultiplier
system was employed previously, this difference can be at-
tributed in part to the difference in the energy responses of
the film/screen combination and Nal(TI) crystal.! The
different responses would give rise to a greater difference in
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FIG. 4. Radiographs of the Stanton phantom obtained with the conventional
unit (a), the conventional unit equipped with the Philips grid (b), and the
mammographic SMSA (c). All three films were made at 36 kVp (1¢) with
a Kodak min-R film/screen combination. The films were matched at a
background density of 1.18 + 0.05 with respective mAs values of 35, 70, and
450. The conventional unit and the grid unit cmployed a 65 cm SID. The
SMSA had a 81 cm SID and the fore slits absorbed 71% of the radiation
emerging from the x-ray tube.

the s/p ratios for thicker phantoms (i.e., 6 cm) where there
is a greater shift in energy between the scattered and primary
X-rays.

For the grid and SMSA s/p mcasurements, several fea-
tures are noteworthy. The SMSA does indeed reduce the
scatter significantly, and to the degrece expecied. The grid also
reduces scatter, but nol as effectively as the SMSA. Also of
impertance for antiscatter devices is their primary trans-
mission. For the SMSA, the primary transmission is 0.72 at
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FIG. 5. Plot of the system MTFs at the object plane of the Stanton phantom
for the grid unit and SMSA. The conventional unit had the same object
magnification factor and focal spot size (and therefore system MTF) as the
grid unit. The focal spot MTF was caltulated employing a rectangular model
which has been shown by Burgess to agree well with experimentally deter-
mined MTFs for spatial frequencics up to the first minimum."® The min-R
film/screen MTF employed for the calculation was measured by Gary K.
Sanderson of Eastman Kodak Co.'

30kVpand 0.74 at 39 kVp as compared to 0.61 and 0.65 for
the grid at the respective kVp’s and thicknesses of Lucite. The
primary transmission for the SMSA is lower than expected.
This occurred because the focal spot size was larger than
anticipated (1.8 mm rather than 1.0 mm) which resulted in
the fore slit x-ray projections spreading beyond the aft slot
area.

In addition, there is an obvious decrease of the s/p ratio
observed as a function of increasing size of the disks for the
conventional unit and to a lesser degree when the grid is used
(see Fig. 3). For the SMSA, however, the ratio is constant
within experimental uncertainties over the range of diameters
used. This indicates that the SMSA virtually eliminates all
of the scattered radiation.

Of equal importance is the performance of the SMSA in
regards to a detail visibility study. In the images obtained
with the Stanton phantom, the grid performed equally as well
as the SMSA in regard to detail visibility, although as can
be seen in Fig. 4 the film taken with the SMSA does have
greater large area contrast. In making this comparison of
detail visibility it is necessary, though, to consider the geo-
metrical magnification and system MTF. It was necessary
to increase the object to film distance for the SMSA in order
to put in the aft slots. This resulted in a magnification of 1.11
for the SMSA as compared to 1.06 for the grid. As the focal
spot size of the tube measured with a star test pattern was 1.8
mm, the increase in magnification results in a definite loss
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of resolution. To demonstrate this, the MTF for both the grid
unit and the SMSA was calculated and the results are plotted
in Fig. 5. The difference is substantial and it is noteworthy
that the greater contrast achieved with the SMSA compen-
sated for its poorer MTF and resulted in small detail visibility
comparable to that obtained with the unit equipped with the
grid. Employing a smaller focal spot would improve the
SMSA’s small detail visibility and in the near future a 0.4
mm focal spot will be incorporated into the unit. Another
improvement that is planned is to replace the current 1.6 mm
thick Lucite breast support cover with a 0.6 mm thickness
of carbon fibre (a 0.75 mm carbon fibre support cover was
employed for the grid s/p and primary transmission mea-
surements). It is anticipated that the carbon fibre support
cover along with the 0.4 mm focal spot will increase the
SMSA’s primary transmission to 90%-95%.
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Image Quality: An Educational and Scientific Problem’

Gary T. Barnes, Ph.D,
David M. Witten, M.S., M.D.

The preceding Opinion is discussed, and
a contrasting view presented. It is argued
that image quality standards do exist;
however, human, chemical, and mechan-
ical factors cause image degradation. This
problem cannot be solved by committee-
derived standards but may be improved
by educating radiologists as to the effects
of changing various performance param-
eters.

Index term: Radiographs, image quality

Radiology 143: 277, April 1982

OCTOR Barnhard expresses con-
cern over the lack of image qual-
ity standards and suggests that a di-
verse group be formed to develop a
standardized method for evaluating
image quality. His concerns are shared
by most radiologists, however, it is our
opinion that his comments do not ac-
curately reflect the present state of
knowledge concerning the physical
parameters that define image quality or
the ever-present human, chemical, and
mechanical factors that degrade it.
Widely accepted standards for eval-
uation of image quality already exist.
The descriptors of a screen-film system
are its sensitometric curve, modulation
transfer function (MTF), and level of
radiographic mottle. With knowledge
of these fundamental parameters, ob-
server performance can be predicted by
signal-to-noise ratio theory for simple
phantom situations (i.e., contrast-detail
curves). Images of patients are infi-
nitely more complex than those of
phantoms; however, as is emphasized
in the article by Gould et al. (1) which
Dr. Barnhard mentions, radiologists
will invariably rank images according
to their signal-to-noise ratio for the task
at hand. A lack of general under-
standing of this problem is well illus-
trated by Dr. Barnhard’s own difficul-
ties with the “fuzziness” of tomo-

! From the Department of Diagnostic Radiol-
ogy. The University of Alabama in Birmingham,
Birmingham, AL. Received Sept. 30, 1981; ac-
cepted Dec. 14. it

grams made with a rare-earth screen-
film combination. It has been noted in
the literature that the quality of thin-
section tomograms is particularly sen-
sitive to radiographic mottle (2). The
rare-earth screen-film combinations
used in his department apparently
have a great deal of mottle and are a
poor choice for this particular exami-
nation. We strongly suspect that had
Dr. Barnhard been aware of this he
would have chosen a different combi-
nation.

The much more complex problem of
image degradation by human, chemi-
cal, and mechanical factors is again one
that committee-derived image quality
standards could not solve but one that
education and continuing concern can
improve. Automatic processing as dis-
cussed by Dr. Barnhard is an excellent
example. Several factors were respon-
sible for the loss of image quality. The
first emulsions employed in automatic
processors were subject to noticeable
wet pressure marks and other pro-
cessing artifacts. These problems were
even more pronounced in the first
films used for 90-second processing,
but were quickly corrected by film
manufacturers. Other factors that were
primarily educational in nature com-
pounded these problems. The process
was unforgiving in that it was no
longer possible for darkroom person-
nel to sight-develop and compensate
for improperly exposed films (3), and
careful regular cleaning and mainte-
nance were required for optimal re-
sults. Both of these problems still exist
in many departments and require a
continuing educational effort.

Dr. Barnhard states that no real
standards exist and that changes come
about based on varying criteria. Al-
though not formally sanctioned, image
quality standards do exist. For example,
when a radiology department is con-
sidering changing to a new screen-film
combination, their standard is usually
the system they are currently using.
Also, industry generally has standards.
For a long time, Par Speed screens
combined with a medium speed film
was the standard of the screen-film
industry. As digital radiographic units
evolve, they will have to compete fa-

vorably with conventional radiographic
systems in providing radiologists with
patient information in order to gain
widespread acceptance. That is, diag-
nostic information content is the pri-
mary criterion that determines change.
Additional criteria are the convenience
of technologists and radiologists as
well as patient convenience and dose
Compared to the examinations of 1952
or even 1970, current studies generally
provide comparable or superior diag-
nostic information at a fraction of the
radiation dose.

In analyzing the examples that Dr
Barnhard gives, the importance of &
sound understanding of the technica.
aspects of medical radiography is ap-
parent. This understanding requires :
solid grounding in the fundamental:
during residency training followed by
continuing educational efforts. How:
ever, the underlying concern that Dr
Barnhard has deals with how much (o!
how little) image quality is necessary
for radiologists to perceive the clini-
cally important information associatec
with various examinations. That is
how much noise can be tolerated o
how much can the MTF be degradec
before the clinical efficacy of a study i
sacrificed. Although a committee suct
as Dr. Barnhard envisions could focu:
attention on these questions, we be
lieve the answers lie in scientific anc
educational efforts that demonstrat
and communicate to radiologists the
effects of changing various factors or
routine clinical practice.

Gary T. Barnes, Ph.D.

Department of Diagnostic Radiology

The University of Alabama in Birmingham
Birmingham, AL 35294
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