
Introduction

We have used digital radiography for musculoskeletal
imaging in the Pediatric Orthopedic Clinic at Children’s
Hospital of Michigan for 4 years and there has been
good acceptance of the images by clinicians. During
this time we have attempted to optimize the processing
parameters of the Fuji Digital Radiography system
(Fuji Medical Systems USA, Stamford, Conn.) for each

age group and body part, using table top and Bucky
(moving grid) techniques. We decided that the next
step in improving the image quality would be to investi-
gate the effect of various air gaps on scatter reduction,
sharpness of bony trabeculae and line pair resolution,
using a knee phantom to simulate an average skeletal
part in children.
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Abstract The effect of various air
gaps on computed radiographic
musculoskeletal images was investi-
gated using a knee phantom. Scatter
to primary radiation ratios were
measured using the beam stop
method at air gaps ranging from 0 to
30 in. (0–762-mm). Bony trabecular
sharpness, line pair resolution,
quantum mottle and visualization of
low-contrast beads in the soft tissues
were evaluated. A significant reduc-
tion of scatter to primary radiation
ratio, from a value of almost 1 at ta-
ble top to about 0.4 at 10-in. (254-
mm) air gap and about 0.2 at 25-in.
(635-mm) air gap placement of the
computed radiography (CR) imag-
ing plate, was obtained. A progres-
sive improvement in bony
trabecular sharpness and line pair
resolution, compared with the table
top and Bucky images was observed
on 10-in. (254-mm) through 25-in.
(635-mm) air gap images. Sharpness
of the bony trabeculae and line pair
resolution were best on the 25-in.
(635-mm) air gap images. The skin

entrance radiation dose does not
have to be increased for air gap dig-
ital radiography. The radiographic
noise or quantum mottle is highest
on the Bucky image, higher on air
gap images and minimal on the table
top images, despite a high scatter to
primary radiation ratio at the table
top. The lower quantum mottle on
the table top images allowed for
maximal visualization of low con-
trast densities in the soft tissues. Air
gap radiography further improves
musculoskeletal computed imaging
by reducing the scatter to primary
radiation ratio without an increase
in the skin entrance dose. For signif-
icant reduction of the scatter to pri-
mary radiation ratio and best
evaluation of line pair spatial reso-
lution and bony trabeculae, a 25-in.
(635-mm) air gap with digital radi-
ography would be optimal. For
evaluation of low contrast densities
in the soft tissues, table top place-
ment would be the technique of
choice.
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Materials and methods

A 0.3-mm focal spot radiographic tube was placed 40 in.
(1016 mm) above the table top. A standard knee phantom with a
line pair phantom (Nuclear Associates, New York) taped to the un-
der surface of the knee and acrylic beads of varying sizes from 1 to
5 mm in diameter taped over the soft tissue portion of the phantom
was used. Fuji Standard III Imaging receptors were used and all
images were processed on an AC-1 plus image processor using the
same processing parameters (density, contrast, frequency filtering
and edge enhancement). The images were obtained using Bucky
placement, table top placement of the receptor, and placement of
the receptor at 5, 10, 15, 20, 25, and 30 in. (127, 254, 381, 508, 635,
and 762 mm) below the table top after moving the table top aside.
There was no modification of radiographic equipment. A table
top technique of 65 kVp and 3.2 mAs was used for all images, in-
cluding those obtained on the Bucky apparatus. The scatter to pri-
mary radiation ratio at various air gaps below the knee phantom
was measured. These measurements were obtained using film den-
sitometry and the beam stop method [1] by M. Goodsitt (Depart-
ment of Radiology, University of Michigan). Film density
measurements were translated into radiation exposure values us-
ing the characteristic curve (also called the H and D curve, after
Hunter and Driffield, who first used such a curve) [2]. It was as-
sumed that exposure levels in shadows of the beam stops repre-
sented only scattered radiation, while the levels immediately
surrounding the beam stop represented scattered radiation plus
unscattered primary radiation [1].

Two board-certified radiologists and a board-certified orthope-
dic surgeon independently evaluated all images without knowing
the experimental conditions of the study. Each physician assessed
sharpness of the bony trabeculae on each image on a 1–5 scale,
with 5 being the best. They evaluated line pair resolution on all im-
ages using a 12 × magnification loop. They then evaluated quantum
mottle on each image on a 1–5 scale with 5 representing the great-
est mottle. They next evaluated visualization of the low-contrast
acrylic beads in the soft tissue portion of the phantom, with 1 being
least and 5 being most visible.

Results

The scatter to primary radiation ratio decreased from a
value of almost 1 at table top to about 0.4 at a 10-in.
(254-mm) air gap and about 0.2 at 25 in. (635-mm)
(Fig.1). Line pair resolution per millimeter on Bucky
and 10-inch (254-mm) air gap images was similar (Ta-
ble 1). A progressive improvement in bony trabecular
sharpness and line pair resolution, compared with the
table top and Bucky images was noted on the air gap im-
ages from 10 through 25 in. (254–635-mm) (Figs.2, 3, Ta-
ble 1). Sharpness of the bony trabeculae and line pair
resolution were best on the 25-in. (635-mm) air gap im-
ages. The quantum mottle was highest on the Bucky im-
age, higher on air gap images and least with the table top
technique (Fig. 4). Visualization of the low-contrast
beads in the soft tissue area was best on the table top im-
ages (Fig. 5). The 25-in. (635-mm) air gap images were
next best for detection of the low-contrast beads. A
combination of visualization of beads in the soft tissues
and trabecular sharpness was best achieved on the 25-
in. (635-mm) air gap images (Fig. 6).
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Fig. 1 Scatter to primary radia-
tion ratio (S/P ratio) at various
air gaps below the knee phan-
tom are displayed. S/P ratio de-
creased from a value of almost
1 at table top to 0.2 at 25 in.
(635-mm)

Table 1 Line pair resolution per mm at various positions of the
phosphor plate

Receptor placement Mean Standard
deviation

Table top 2.59 0.27
Bucky 2.79 0.44
Air gap, 5 in. (127 mm) 2.50 0.32
Air gap, 10 in. (254 mm) 2.78 0.17
Air gap, 15 in. (381 mm) 3.09 0.39
Air gap, 20 in. (508 mm) 3.20 0.33
Air gap, 25 in. (635 mm) 3.30 0.20
Air gap, 30 in. (762 mm) 3.20 0.33



Statistical analysis

The inter-observer variability was evaluated using
weighted Kappa analysis. The average Kappa value for
all three paired observers was 0.73 for trabecular sharp-
ness, 0.05 for beads in soft tissues, and 0.52 for quantum
mottle. Values of weighted Kappa above 0.75 indicate
excellent agreement beyond chance, whereas values be-
low 0.40 indicate poor agreement [3]. Thus, trabecular
sharpness alone was evaluated by our observers with
fairly minimal inter-observer variability.

Discussion

Computed radiography (CR) is ideal for pediatric mus-
culoskeletal imaging. Storage phosphor CR is a digi-
tized imaging system, which uses conventional
radiographic equipment to expose an image on a photo-
stimulable imaging plate (IP) instead of a film–screen

combination. Scatter reaching the IP is significantly
less when a grid is employed. However, a grid absorbs
about 40% of the total radiation emerging from the pa-
tient, which makes it necessary to increase the skin en-
trance dose [4].

The present project demonstrates that air gap radiog-
raphy further improves musculoskeletal computed im-
aging by reducing the scatter to primary radiation ratio
without an increase in the skin entrance dose. An air
gap between the patient and the imaging plate reduces
scatter reaching the receptor and also geometrically
magnifies the object. Scatter to primary ratio is reduced
significantly from a value of almost 1 at table top to
about 0.4 at 10-in. (254-mm) air gap and 0.2 at 25-in.
(635-mm) air gap placement of the IP (Fig. 1). Sharpness
of the bony trabeculae and line pair resolution at 10-in.
(254-mm) air gap are better than the table top images.
For best evaluation of the sharpness of bony trabeculae
and line pair resolution, a 25-in. (635-mm) air gap would
be optimal (Figs.2, 3, 6). This represents only 1.6 times
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Fig. 2 Trabecular detail.
Scores for each observer and
total scores for each imaging
technique are shown. The low-
est score was seen using the ta-
ble-top technique, where the
scatter to primary ratio is high.
The highest scores were
achieved at air gaps of 25 in.
(635-mm) and 30 in. (762-mm),
where the scatter was mini-
mized

Fig. 3 Line pair resolution. The
line pair resolution for each ob-
server and the total line pair
resolution for all three observ-
ers are displayed for each im-
aging technique. The line pair
resolution was maximized using
a 25-in. (635-mm) air gap



geometric magnification. Standard reduction of a
14 in. × 17 in. (356-mm × 432-mm) image to a
10 in. × 12 in. (254-mm × 305-mm) hard copy by CR,
therefore produces a near life-size image of the object,
so that many body parts (elbow, knee, hand, wrist,
shoulder) can be imaged using air gap placement of the
IP.

The quantum mottle is inversely proportional to the
total number of photons reaching the imaging plate.
When the same exposure factors are used, the quantum
mottle is highest on the Bucky image, higher on air gap
images and minimal using the table top, non-grid tech-
nique (Fig. 4). When the air gap is used, more of the scat-
tered photons do not reach the receptor and the total
number of photons incident on the IP decreases result-
ing in greater quantum mottle. The lower quantum mot-
tle allows maximal visualization of the low contrast
densities in the soft tissues (Fig. 5) despite a high scatter
to primary radiation ratio on the table top images
(Fig.1). Thus for visualization of low-contrast foreign

bodies in the soft tissues, table top placement of the re-
ceptor would be the chosen technique. For the best
overall imaging technique for soft tissues and trabecular
detail, a 25-in. (635-mm) air gap would be chosen
(Fig.6). Based on the above experiments, we have dem-
onstrated that the same table top non-grid radiographic
exposure technique can be used for air gap imaging
with CR. The skin entrance dose does not have to be in-
creased for air gap placement of the IP due to the linear
response over a very wide dynamic range of the CR sys-
tem [5, 6].

Murphey et al. [7] reviewed digitized radiographs of
the original radiographs in 42 patients with non-dis-
placed or minimally displaced fractures and found that
all fractures were seen on digitized images with
2.88 LP/mm or greater resolution. Following a review
of 122 digitized images of plain radiographs selected to
represent a wide variety of musculoskeletal lesions, We-
gryn [8] reported that 2.5 LP/mm was adequate to visu-
alize all the abnormalities seen on plain radiographs.

122

Fig. 4 Quantum mottle. The
score of each observer for noise
and the total score for all three
observers is displayed for each
imaging technique. The noise
was greatest for the Buckey
technique because of reduction
of both scatter and primary ra-
diation reaching the receptor.
The noise was lowest for the ta-
ble-top technique, where scat-
ter radiation reaching the
receptor was maximized

Fig. 5 Low-contrast objects
(beads) in soft tissue. The
scores of each observer and the
total score for all three observ-
ers are displayed for each
imaging technique. The visual-
ization of the beads was best
accomplished using the table-
top technique, where the total
photon flux (scatter and pri-
mary radiation) was maximized



We know from our work compared with that of previous
investigators that the line pair resolution achieved using
an air gap of 10 in. (254-mm) or greater is more than ad-
equate for routine diagnostic musculoskeletal imaging
[6–12]. To date, we have performed air gap radiography
in a few patients in the Pediatric Orthopedic Clinic for
evaluation of the appendicular skeleton with good ini-
tial results. Modification of the radiographic tables
used for acquiring CR images to include an adjustable-
height cassette holder underneath a transparent table
top for visualization of the field of collimation on the
cassette would facilitate easy air gap placement of the
IP for routine clinical use of this technique.

In conclusion, computed radiography is an alterna-
tive to film-screen radiography in the evaluation of the
musculoskeletal system in children. A significant reduc-
tion in the scatter to primary radiation ratio, improve-
ment in bony trabecular sharpness and line pair
resolution can be achieved using air gap placement
with CR without an increase in the skin entrance dose
compared with the table-top technique.

Acknowledgements We thank Maureen A.Humphries for techni-
cal assistance, Drs. Thomas Slovis, Carl Stanitski, and Joseph Reed
for acting as independent observers in this study, Mitch Goodsitt,
PhD for measurement of scatter to primary radiation and Anthony
Schork, PhD for performing the statistical analysis. Statistical sup-
port was provided by the University of Michigan Multipurpose Ar-
thritis Center, NIH grant P60-AR220557-12.

123

a b

Fig. 6 a Table top and b 25-inch (635-mm) air gap images of the
knee with a line pair phantom. A marked improvement in bony
trabecular sharpness and line pair resolution is noted on the 25-
inch (635-mm) air gap image compared with the table top image
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