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In the case of a quantum-noise limited detector, signal detection theory suggests that stereoradio-
graphic images can be acquired with one half of the per-image dose needed for a standard radio-
graphic projection, as information from the two stereo images can be combined. Previously, film–
screen stereoradiography has been performed using the same per-image dose as in projection
radiography, i.e., doubling the total dose. In this paper, the assumption of a possible decrease in
dose for stereoradiography was tested by a series of contrast-detail experiments, using phantom
images acquired over a range of exposures. The number of visible details, the effective reduction of
the dose, and the effective decrease in the threshold signal-to-noise ratio were determined using
human observers under several display and viewing conditions. These results were averaged over
five observers and compared with multiple readings by a single observer and with the results of an
additional observer with limited stereoscopic acuity. Experimental results show that the total dose
needed to produce a stereoradiographic image pair is approximately 1.1 times the dose needed for
a single projection in standard radiography, indicating that under these conditions the human visual
system demonstrates almost ideal binocular summation. ©2003 American Association of Physi-
cists in Medicine. @DOI: 10.1118/1.1621869#

Key words: digital radiography, stereoradiographic technique, dose, observer study, human
perception

I. INTRODUCTION

A significant limitation of projection radiography is that rel-
evant findings are often obscured or mimicked by the x-ray
shadows of other anatomical structures~summation arti-
facts!. By comparison, stereoradiography allows superim-
posed structures to be spatially separated, reducing the con-
founding effects of overlap. Stereoradiography was first
proposed by Thomson in 18961 and continued to be used for
certain radiographic procedures until the 1980s. The first re-
corded use of stereomammography occurred in 1930.2 The
advantages and disadvantages of stereoradiographic tech-
niques are discussed in several radiographic textbooks and
articles, e.g., Curryet al.3 Improvements in image quality of
conventional film–screen radiographic systems combined
with the added effort, cost, and patient dose led to a decline
in the use of stereoradiography and stereomammography.3

Development of digital x-ray detectors and softcopy reading
has resulted in a renewal of interest in stereoradiography as a
potentially useful method of reducing summation artifacts.

The issue of dose requirements for stereoradiography is
generally either not mentioned4–6 in textbooks or it is sug-
gested that a stereoradiographic technique requires twice the
exposure of a single projection technique.7 For modern
quantum-limited imaging systems, exposure constraints set
fundamental limits on the detectability of small, low contrast
objects. For conventional single-projection viewing, the per-
formance of human observers has been found to be closely
related to these fundamental limitations, as illustrated by the
classic work of Rose.8 There is, however, scant literature on

the detectability of objects when two projections, each sub-
ject independently to quantum mottle, are viewed stereo-
scopically.

Human observers perform certain visual tasks more effi-
caciously when fusing information from both eyes.9,10 For
example, threshold measurements of sinusoidal patterns have
shown a decrease in threshold~i.e., an increase in sensitivity!
of a factor of& when viewing is performed binocularly as
opposed to monocularly.11 This increase in sensitivity is pre-
cisely as expected for an ideal observer combining the signal
from each eye. The quantum mottle in x-ray projections is
different from the sources of noise in these experiments; in a
radiograph, a given realization of the noise is permanently
recorded at the time of acquisition and it is presented to each
eye as a fixed pattern. For example, we note that flat random-
noise fields presented stereoscopically cause lustre12 ~i.e., the
image appears to shimmer! due to an attempt by the visual
system to stereoscopically fuse the random bright and dark
variations.

Thus, the question of threshold detection of objects ac-
quired stereoradiographically is different from detection in
other stereoscopic settings. To address this difference and
examine the role of dose in stereoscopy we performed an
observer study. Observer studies of stereoradiography have
been reported in the literature previously. Kundelet al.10

compared stereoscopic acuity and effects of monocular depth
cues under direct vision and in stereofluoroscopy, while
Goodsitt, Chan, and Hadjiiski13 studied depth perception in
stereomammography. Berksonet al.6 compared the number
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of false negatives/positives in mono- and stereoscopic chest
radiographs and Hsuet al.14 studied detection of simulated
abnormalities in stereomammography.

To investigate the detectability of small and low-contrast
objects under single-projection and stereoradiographic con-
ditions we performed an experiment in which human observ-
ers were asked to determine the limits of visibility of objects
in a contrast–detail~C–d! phantom, thus allowing the psy-
chophysical thresholds15 for the two conditions to be com-
pared. Stereoscopic conditions consisted of each eye being
presented with an independently acquired radiographic pro-
jection. Single-projection or ‘‘monoscopic’’ conditions con-
sisted of both eyes viewing the same radiographic projection.
From the point of view of signal-detection theory, the detect-
ability of objects under stereoscopic conditions should be
equivalent to the detectability of such objects in a single
projection acquired at an exposure equal to the sum of the
exposures used to acquire the stereoscopic views.

The ability of the human visual system to combine infor-
mation from both eyes in such a manner is referred to in the
psychophysical literature as ‘‘binocular summation.’’ While
binocular summation has been demonstrated to occur under a
variety of conditions, little attention has been paid to condi-
tions relevant to stereoradiography in which each eye is pre-
sented with a pattern of quantum mottle which is fixed at the
time of radiographic acquisition but which is independent of
the pattern of mottle presented to the other eye. Fixed but
interocullarly uncorrelated noise has been investigated, but
for the detection of sinusoidal patterns16 ~with only one ob-
server! or such patterns windowed by a Gaussian.17 While in
principle the image of any object can be expressed in term of
Fourier components, the human visual system shows signifi-
cant nonlinearities, so experiments using simple objects of
finite spatial extent are clearly suggested. In the work being
reported here, we have chosen to address this issue under the
simplifying circumstance that all of the objects in the C–d
phantom lie in a single plane that coincides with both the
imaging plane and the face of the monitor with which the
images were presented to the observer. This obviates the
need to address the issue of the varying abilities of observers
to fuse images containing objects in different planes.

II. MATERIALS AND METHODS

A. Image acquisition

Radiographic images of an RMI-180 mammographic C–d
phantom~Gammex RMI, Middleton, WI! were used in the
observer study. The Lucite™ phantom consists of 90 disc-
shaped objects aligned in nine columns. Adjacent objects
within the same column differ in diameter by a factor of&,
with a range of 7.07–0.312 mm. The thickness of the objects
in adjacent columns also differs by a factor of&, with a
range of 1.0–0.062 mm. This phantom was chosen based
upon the size and contrast of the objects. The phantom pro-
jections were acquired with a prototype amorphous-selenium
DirectRay flat panel digital x-ray detector~Hologic/Direct
Radiography, Newark, DE!,18 without a grid to avoid Moire
artifacts. Observers were presented with a subregion of 650

3810 pixels of dimension 0.45 mm, magnified approxi-
mately threefold from the original resolution of 139mm de-
tector elements~dels!, which included all the phantom
details.

Imaging was performed at 60 kVp and at six milliampere-
seconds~mAs! stations in the range of 2–100 mAs, using a
general radiography Bi-150 30/50 x-ray tube~Siemens, Mu-
nich, Germany! with tungsten target, a measured HVL of
1.34 mm Al ~at 60 kVp!, and a Heliophos 5S generator~Si-
emens, Munich, Germany!. Additional filtration of 6 cm of
Lucite was used to simulate tissue and appropriately harden
the beam. The block of Lucite was positioned near the x-ray
focus in order to reduce scatter and provide for uniform
beam filtration. The phantom was imaged in contact with the
detector~112 cm from the focal spot! and was placed within
a wide Lucite frame of equal thickness, providing uniform
scatter throughout the whole phantom area. At each mAs
station, we acquired five images of the phantom, ten bright
field images~same mAs, but with the phantom and frame
removed!, and ten dark field images~x rays off!. The bright
and dark fields were used for correcting the gain and offset
variations of the individual dels. Ten images of each were
chosen to reduce the effect of the x-ray quantum noise and
detector noise on the corrections.

B. Image processing

The raw acquired phantom images were corrected to com-
pensate for the effects of detector nonuniformity and ad-
justed for the nonlinearity of human contrast sensitivity.

1. Detector nonuniformity

A standard procedure for reducing the pixel variations due
to the gain and offset variations of dels is to apply a dark and
bright field correction. Corrected pixel values were com-
puted as

~ I i , j !corr5K
I i , j2E$Di , j%

E$Bi , j%2E$Di , j%
1 Ī new, ~1!

whereI and I corr are the original and corrected pixel values,
respectively;E$D% and E$B% are the averages of the dark
and the bright fields, respectively; andK and Ī new are param-
eters transforming the range~contrast! and the mean image
pixel values. Subscriptsi and j denote the position of the
pixel in the image array.

The existence of malfunctioning dels, whose correspond-
ing pixel values are not proportional to the incident x-ray
flux and which differ significantly from their neighboring
pixels, was observed and the corresponding pixel values cor-
rected. Recently, several researchers have investigated this
problem. Aach and Metzler19 proposed image deconvolution
using the spectral analysis of the defect image and Tang
et al.20 used wavelet analysis for identification and interpo-
lation of flat panel images used for cone beam CT.

In our case, the average value and the variance of all the
dark fields were computed for each del, and the same proce-
dure was repeated for all of the bright fields. First, dels for
which the digital value was constant across all of the dark-
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and bright-field images were identified as nonfunctioning.
The pixels corresponding to the nonfunctioning dels were
replaced by the average of their immediate neighbors. Sec-
ond, we computed the spatial variance within 333 pixel
neighborhoods of the phantom images, and averaged the spa-
tial variance values over a large neighborhood, of size 535
pixels, and two oriented small neighborhoods, of size 335
and 533 pixels. The averaged variance values were then
tested against the following criterion:

^s&sm

^s& lg
.C, ~2!

where^s& lg is the spatial average of the values of the pixel
standard deviations computed over the 535 neighborhood,
^s&sm is the larger of the averages computed over the 335
and 533 neighborhoods, andC is the criterion value. Pixels
satisfying the criterion were replaced by the average of their
immediate neighbors. Many of the affected dels were
grouped along several vertical and horizontal lines. The
value of parameterC that would correct all of the pixels
along these lines would also produce an undesirably high
number of replaced pixels randomly distributed over the im-
age. Replacing too many correct pixels might change the
statistics of the noise and affect the results of the study.
Therefore, we identified the lines of malfunctioning dels in
images and directly applied the correction, which affected
fewer than 0.3% of pixels. For the rest of the image, the
value ofC52.1 was used, which resulted in fewer than 3%
of pixels being replaced.

2. Nonlinear human contrast sensitivity

Human contrast sensitivity is a nonlinear function of lu-
minance. Relative changes in luminance are more easily no-
ticed in bright image areas than in dark areas.21 Perceptual
linearization is an image transformation that adjusts the
brightness so that equal changes in the quantity being dis-
played ~here, x-ray fluence at the detector surface! will be
equally perceived. The contrast sensitivity of the human vi-
sual system is approximated by Barten’s model.22 The model
was derived for a standard target of a 2 deg32 deg square
filled with a horizontal or vertical sinusoidal modulation of 4
cycles/deg, placed in a uniform background of the mean tar-
get luminance.21 The threshold modulation at which the tar-
get becomes just visible to the average observer defines the
just-noticeable difference~JND!, at the luminance value of
the background. The interpolation of the luminance levels
corresponding to 1023 JNDs is given by the grayscale stan-
dard display function:21

log10L~ND!5
( i 50

4 ai~ ln ND! i

11( i 51
5 bi~ ln ND! i

, ~3!

where ND is the JND index ~i.e., the number of just-
noticeable differences! andL is the corresponding luminance
value. Coefficientsai and bi of the rational polynomial in-
terpolation are given in the DICOM standard.21 We have
incorporated the grayscale standard display function into the
transformation from the flat-panel output 12 bit pixel value

to the monitor input 8 bit digital-driver value. This transfor-
mation consists of three parts.23 This decomposition offers
flexibility to perform observer studies using different moni-
tors or at different overall brightness or contrast levels.

In the first step, the monitor characteristic, relating lumi-
nance levels to the 8 bit digital driver levels, was interpolated
from photometric measurements made by a TEK Lumacolor
J17 photometer~Tektronix, Beaverton, OR!. The luminance
values were measured in the center and at the periphery of
the monitor. The luminance values corresponding to the
monitor input 8 bit digital-driver levels of 1 and 255 were
equal to 1.5 and 95.3 Cd/m2, respectively. The average val-
ues at 24 digital driver levels were used for interpolation. A
fourth-order polynomial fit was used for interpolation with
maximum error of 1.68 digital driver levels~0.6%!. Second,
the transformation from the luminance values to the number
of JNDs was approximated by the grayscale standard display
function, given by Eq.~3!. Third, the linear transformation
from 12 bit flat panel output to the JND index was used to
adjust the common overall brightness and contrast of all the
phantom images included in the study. The overall brightness
was selected in a small preliminary observer study as the one
which gave the most consistent increase among four observ-
ers in the number of details seen stereo- versus monoscopi-
cally. Based on that study, the midlevel between the largest,
highest contrast element and its annular neighborhood was
transformed to a JND index of 350, corresponding to a digi-
tal driver level of 90. Little variation in performance was
noted regardless of the average brightness used.

We have used two strategies for displaying the phantom
images. In the first approach, we kept the contrast between
the first phantom detail and its background fixed for all the
images displayed in the study. The average brightness in the
first detail and the average brightness around the first detail
were mapped to JND indices 328 and 372, corresponding to
digital driver levels of 73 and 110, respectively. In the sec-
ond approach, the images were modified to have fixed vari-
ance of the background noise. Each 12 bit pixel value was
multiplied by the ratio of the standard deviation of the back-
ground noise desired for display to the standard deviation of
the background noise calculated over the region around the
first detail. The JND indices were chosen to ensure visual-
ization of 63 s.d. about the mean. The average background
was mapped to JND index 400 and the mapping was scaled
to give a standard deviation of 50 JNDs in the background. A
discussion of the effects of the display strategy on the results
of the experiment is given in Sec. IV. In both strategies, the
linear transformation from the flat-panel output to the JND
index was calculated independently for each image to com-
pensate for the small deviations in actual exposure from the
exposure expected from the nominal mAs. An example of a
processed phantom image is shown in Fig. 1.

C. Observer study

1. Selection and display of images

Six medical physicists participated in the study. Each ob-
server was presented with 60 images, consisting of 30 for
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monoscopic viewing and 30 for stereoscopic viewing. The
monoscopic images were displayed so that both the left and
right eye saw the same image, while for stereoscopy, the left
and right eye images were different. Each of the observers
saw the same set of monoscopic images~there were five
images for each of six exposure levels!. A set of five out of
twenty possible stereo image pairs for each mAs was se-
lected randomly for each observer.

The two sequences of 30 images, one for mono- and the
other for stereoscopic viewing, were separately randomly
permuted and then interleaved into a single sequence of the
form:

...MnSnMn11Sn11 ...,

whereMi andSi represent mono and stereo images, respec-
tively. Next, the positions of the mono and stereo images, in
each mono–stereo pair, were randomly changed in order to
break the repetition of mono following stereo, and to de-
crease possible observer bias.

2. Test of stereoscopic acuity

The stereoscopic acuity of the observers participating in
the study was tested using a standard clinical test, the RAN-
DOT Stereotest~Stereo Optical Company, Chicago, IL!. The
test was administered to identify individuals lacking stereo-
scopic vision as a crude correlate of a test of binocular sum-
mation. The test consists of image pairs with or without an-
gular disparity. The images in a pair are orthogonally
polarized and the stereo effect is observed using appropri-
ately polarized glasses. The images are divided into three
groups with different content~geometric figures, animals,
and triplets of circles! designed to assess the stereoscopic
acuity in a wide range of patients’ age. The images in each of
the groups gradually decrease in angular disparity and
roughly cover the range of 20–500 arcsec when viewed from
40 cm distance. Stereoscopic acuity is measured by identify-

ing the image, and the corresponding angular disparity, be-
yond which the observer cannot distinguish between the ob-
jects with and without disparity. Table I shows the minimum
observable angular disparity for the six observers. One indi-
vidual ~observer 6 in Table I! was eliminated from discussion
below, based upon poor stereoscopic vision.

3. Viewing conditions and scoring

The C–d experiments were performed in a darkened
room, with a black monitor background. The distance be-
tween the observer’s eyes and the monitor was approxi-
mately 1 m, so that the smallest objects had an apparent
diameter of approximately 3 arc min. A 21 in. color monitor
was used in the study~GDM-5410, Sun Microsystems, Santa
Clara, CA! with a Creator 3D 9603680, 112 Hz graphics
card ~Sun Microsystems, Santa Clara, CA!, and a stereo-
scopic goggles system~StereoGraphics, San Rafael, CA!. A
transmitter, attached to the monitor, controlled the opening
and closing of the liquid crystal shutters in the goggles syn-
chronously with the two alternating images on the monitor.
Therefore, each eye was presented with the corresponding
image at a repetition frequency of 56 Hz. The goggles were
used for both mono and stereo experiments to provide a
comparable brightness level in both experiments.

Several training sessions for image scoring were orga-
nized for observers in order to establish a uniform decision
criterion. The observers were trained to inspect the objects
from largest to smallest and from greatest to least contrast.
The objects were inspected for general roundness~‘‘whether
or not more than 50% of the edge was visible’’!, size
~‘‘whether or not more than 50% of the object was miss-
ing’’ !, and the expected position in the detail array. The goal
was to prevent misinterpretation of the clustered background
noise as phantom details. A graphical user interface was de-
veloped allowing an observer to identify the smallest detail
seen in a column by clicking over the detail position.

We have analyzed the relationship between the inter- and
intraobserver variability by having one observer perform the
C–d experiment five times with the same image order as
presented to each of the other observers. Thus, we could
compare the average C–d performance of a group of observ-
ers with a single round of experiments, and the average per-
formance of a single observer after repeating the study mul-
tiple times. For further comparison, we have also repeated
the C–d experiments for all the observers without the use of

FIG. 1. An example of a phantom image used in the study. The image was
acquired with an exposure of 10mAs and postprocessed to compensate for
the effects of detector nonuniformity and to adjust for the nonlinearity of
human contrast sensitivity. The image is displayed with the opposite polarity
to film.

TABLE I. Results of the RANDOT stereo test for six observers. Tabulated
are the values of the minimum observable angle of stereoscopic disparity in
arcseconds.

Observer Damin (arcsec)

1 25
2 70
3 30
4 25
5 25
6 200
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the stereoscopic goggles. Due to the 112 Hz switching be-
tween the two stereoscopic images on the monitor, the ob-
servers were, effectively, presented with an average of the
left and right eye image. Therefore, we could compare the
performance of observers attempting to utilize information
from disparate images with the performance of observers
looking at the combined images.

III. RESULTS

The observers took, on average, 39 min~s.d.52.8 min! to
score a set of 60 combined mono and stereo images. Figure 2
shows the number of details seen mono- and stereoscopically
by a single observer, averaged over all images with the same
mAs. Figure 3 shows the difference between the number of
details for stereo and mono images, for all the observers.
When averaging over different observers, we have included
the results of all but one of the observers. This observer
reported uncorrected vision in one eye, corresponding to low
stereo acuity, and demonstrated a large value of the mini-
mum observable angular disparity in the stereo vision
RANDOT test~Table I, observer 6!. Furthermore, the differ-
ence between the number of details seen stereo- versus
monoscopically, for the observer in question~Fig. 3, points
labeled by triangles!, was significantly smaller compared to
the others.

The detection task in this experiment consisted of simple
low-contrast objects obscured by noise. The noise character-
istics of our detector can be well modeled by white noise.18

Thus, according to Rose’s model,8 objects should appear to

FIG. 3. Comparison between mono- and stereoscopic viewing.~a! Differ-
ence in the number of objects seen by stereo- vs monoscopy, for each ob-
server, for images displayed with fixed contrast.~b! Difference in the num-
ber of objects seen by stereo- vs monoscopy, for each observer, for images
displayed with fixed noise.

FIG. 2. Number of details seen in the C–d phantom for two image display
modes: fixed contrast~thin! and fixed noise~bold!. Shown are the average
number of details~symbols!, the standard error~bars!, and the linear fits
~lines!, for mono-~solid! and stereoscopic~dashed! viewing.
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be visible when their signal-to-noise ratio exceeds a thresh-
old value SNRT ~Rose’s ‘‘k’’ !. For simple objects in white
noise, the signal-to-noise ratio is given by

SNR5tdAKX, ~4!

whereX is the exposure,t is thickness of the object,d is the
diameter of the object, andK is a proportionality constant.
For single-projection viewing, one thus expects

SNRM5tdAKXM, ~5!

where a subscriptM has been added to indicate that this
corresponds to single-projection or ‘‘monoscopic’’ projec-
tion. For stereo, an observer would ideally combine signals
from both views with complete efficiency, giving

SNRSideal
5tdAKXS5tdA2KXM5A2SNRM , ~6!

where XS52XM represents the total dose for two projec-
tions. However, as the human visual system may not be com-
pletely efficient in binocular summation of the two views, we
write

SNRS5tdAKXS eff, ~7!

whereXS eff is the effective exposure that would result in a
single projection image in which observers should report the
same number of objects as for the stereoscopic pair.

A. Analysis of C–d curves

Under single projection or ‘‘monoscopic’’ conditions, the
expectation is that the objects at the limit of visibility should
correspond to a fixed threshold, and thus

log10 t1 log10d5 log10SNRT2 1
2 log10K2 1

2 log10X, ~8!

gives a line on a log–log plot of thicknesst versus diameter
d. For stereoscopic conditions,

log10 t1 log10d5 log10SNRT2 1
2 log10K2 1

2 log10XS eff.
~9!

As both lines have slope21 on a log–log plot, the vertical
displacement between these lines is independent of the value
of the horizontal coordinate, thus

log10dM2 log10dS5 log10

dM

dS
5 log10AXS eff

XM
, ~10!

wheredM anddS are the diameters at the limits of visibility
under monoscopic and stereoscopic conditions for a fixed
thickness and a given per-projection exposure.

For each observer we calculated their C–d curves by av-
eraging the size of the smallest visible detail in each column,
over a set of images, i.e., for the same exposure. Computing
the average detail size is problematic when no details are
visible in a given column for one or more images, since the
contribution of those images to the average is ambiguous. To
avoid this problem, we chose the median diameter for gen-
erating C–d curves. Figure 4 shows the average C–d curves
for a single observer~the same observer as in Fig. 2! and Fig.
5 shows the linear approximation of the C–d curves from
Fig. 4. See also Fig. 5.

Figure 6~a! shows the summation efficiencyRX

5XS eff/(2XM), calculated using the fitted C–d curves, as per
Eqs.~8! and~9!. The summation efficiency is the fraction of
the total exposure of a stereo image pair (2XM) at which a
single projection image would need to be acquired and still
result in the same number of objects visible as was observed
when two projections, each taken at exposureXM , were
viewed stereoscopically. If binocular summation was per-
fectly efficient under radiographic conditions, the ratioRX

would be equal to 100%.RX is shown averaged over the five
observers, with standard errors, for both display conditions

FIG. 4. C–d curves for a single observer~observer 1!, for monoscopic
~solid! and stereoscopic~dashed! viewing, and two display conditions:~a!
with fixed contrast and~b! with fixed noise.
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and for each per-projection exposure level. Figure 6~b! pre-
sents the average ofRX for five readings performed by a
single observer and both display conditions. For clarity of
presentation, the results obtained with different display con-
ditions are slightly horizontally displaced on the graph.

B. Analysis of threshold SNR

As the experimental C–d curves, such as those shown in
Fig. 4, are not quite linear as expected from the Rose model,
a second analysis was performed in which thresholds were
estimated in a manner that did not directly depend upon the

C–d curves having a slope of21. Figure 7 shows the num-
ber of objects with measured SNRM exceeding a given
threshold, SNRT . SNRM was measured experimentally from
contrast and noise per pixel for objects in each image. In

FIG. 5. Linear approximation of C–d curves for a single observer~observer
1!, for monoscopic~solid! and stereoscopic~dashed! viewing, and two dis-
play conditions:~a! with fixed contrast and~b! with fixed noise.

FIG. 6. Summation efficiency,RX5@XM /XS#/25@(dM /dS)2#/2, as a func-
tion of exposure, for two display conditions, and averaged:~a! over five
observers and~b! over five readings by a single observer~observer 3!. Bars
represent the range of61 s.d. error.
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Rose’s model these curves represent the number of visible
objects as a function of exposure for various values of the
SNR at the threshold of visibility, SNRT . Thresholds SNRT
of two through seven are shown; the number of objects de-
creases with increasing threshold. Superimposed on Fig. 7
are the fits to the actual performance of one observer from
Fig. 2. For monoscopic viewing, the data for this observer
fall between the theoretical curves corresponding to SNRT

thresholds of 5 and 7. This is in approximate agreement with
the generally accepted estimates of Rose’sk, particularly in
light of the relatively stringent requirements for scoring an
object as visible, detailed in Sec. II C 3. For an observer ca-
pable of combining information from stereoscopic images
the signal-to-noise ratio of each object should increase by a
factor of& ~i.e., SNRS5A2 SNRM), so that the object count
as a function of per-projection exposure would correspond to
a monoscopic signal-to-noise threshold ratio reduced by a
factor of&. Consistent with this, the real observer from Fig.
7 does show an increased sensitivity.

The results were analyzed by identifying a threshold SNR
under each viewing condition. For each scoring of the phan-
tom by each observer, the detected details had greater SNRM

than the details not detected, with only a few details near the
threshold not following this pattern. Thus, for the scorings of
the phantom by each observer, the threshold was calculated
as the mean of the smallest SNRM of the details detected and
the largest SNRM of the details not detected. The averages of

these per-scoring values over the five monoscopic viewings
give the monoscopic threshold SNRTM

for each viewer at
each exposure level, and similarly the five stereoscopic view-
ings give SNRTS

. Over all scorings by all observers, an av-
erage of five objects out of ninety were found to either have
SNR above the estimated threshold yet have not been scored
as visible or to have SNR below the estimated threshold yet
have been scored as visible. A hypothetical observer capable
of reducing the quantum noise in the phantom images by
using information from both images of the stereoscopic pair
would find the signal-to-noise ratio of each disk increased by
a factor of&. Thus as both thresholds are rated in terms of
the single-projection SNR, SNRM , one would expect for per-
fect binocular summation the ratioRSNR5SNRTM

/SNRTS
to

take the valueRSNR5A2. Figure 8~a! shows the ratioRSNR

averaged over the five observers, with standard errors, at
each exposure level. Figure 8~b! shows the ratioRSNR for
five readings performed by a single observer. Discussion of
the experimentally observed results is presented in Sec. IV.

IV. DISCUSSION

Our results indicate that humans can perform binocular
summation on pairs of radiographic projections in such a
manner as to increase the effective SNR by almost the factor
of& expected for an ideal observer. The results show trends
with exposure level and choice of display technique which
are not accounted for in detail by this simple signal-detection
theoretic model. Factors that contribute to the discrepancy
with the prediction of signal-detection theory include the
limitations of this model given the complexity of the human
visual system, limitations of the hardware used for display of
the images, and the possible effects of detector artifacts at
higher exposures.

Figure 6, using an analysis based on the experimental
C–d curves, shows that when two radiographic projections
are viewed, one by each eye, the visibility of objects against
background noise corresponds to a total dose of almost 100%
of the sum of the doses used for each projection, indicating
that the human visual system efficiently combines informa-
tion from each eye. As the experimental C–d curves, such as
those of Fig. 4, show a deviation from linearity not ac-
counted for by our model, an alternate analysis was per-
formed by attempting to estimate the threshold SNRM of
visible objects when viewed in single projections and when
viewed stereoscopically. Figure 8 shows that the threshold
SNRM ~computed based on the dose for a single projection!
is approximately a factor of& higher for the monoscopic
observation of a single projection compared to the stereo-
scopic observation of two independent projections.

Comparison of the standard error in parts~a! and ~b! of
Figs. 6 and 8 show that the level of interobserver variation
was comparable to the level of intraobserver variation. Some
differences were found between fixed contrast and fixed
noise presentations. Further, there appears to be a systematic
decrease in the observed efficiency of binocular summation
with increased dose.

FIG. 7. Number of details seen in the C–d phantom by an ideal observer,
with various threshold SNR values~thin!. The results of the human observer
from Fig. 2 for the fixed noise display and stereoscopic viewing~bold line!
are given for comparison.
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A. Effects of display conditions

The transformation from the flat panel 12 bit output to the
number of JNDs was implemented in an image-dependent
fashion, as described in Sec. II, by keeping fixed~a! the
contrast of the largest detail or~b! the standard deviation of
the background noise, in all the displayed images. Using the
first approach, images acquired with high nominal exposure
were displayed such that the background noise range was
limited to only a few 8 bit digital driver levels, with the
potential for quantization distortion. This distortion may ef-
fectively reduce the noise in images at certain exposure val-
ues. Although intuitively the noise reduction could be ex-
pected to improve the detection of the image objects, it is not
obvious how it would affect the advantage of stereoscopic
over monoscopic observations. The latter approach, however,
changed the contrast of the largest detail in the images with
different exposures, which could lead to possible saturation
of the display. Moreover, the perceptual linearization is a
nonlinear transformation that may affect the perception of
the noise patterns. The effects of these issues on the results
of the C–d experiment are not obvious.

For all performance measures and both display condi-
tions, we observed better agreement with theory at lower
exposures. Values of the summation efficiencyRX ~Fig. 6! at
the higher exposures showed more benefits from stereoscopy
for the images displayed with fixed noise, than for the im-
ages with fixed contrast. The SNR ratio~Fig. 8! is near
RSNR5A2 at low exposures, as expected for the hypothetical
observer combining information from each of the stereo pair
of images. At higher exposures, the ratio is less, but still
greater than one. More experiments are needed to clarify the
observed trend.

The summation efficiency values, averaged over the five
observers and all six mAs stations, areRX589.7%68.4%
for the images displayed with fixed contrast andRX

594.2%65.0% for the images with fixed noise. The root-
mean-square values of the SNR ratios over all six mAs sta-
tions, areRSNR51.3060.09 for the images displayed with
fixed contrast andRSNR51.3360.04 for the images with
fixed noise.

The total radiographic exposure needed to obtain a stereo
pair is equal to the sum of the exposures for each individual
radiographic projection. Figures 6 and 8 suggest that the
same C–d performance for a single conventional projection
taken at exposureXM , could be achieved stereoscopically
with total exposure that is less than twice the exposure for
single conventional projections. Taking the ratio of the total
exposure required for a stereoradiographic pair to the expo-
sure required for a single-projection image yielding equiva-
lent performance, it follows that

XS eff8

XM
5

2XM

XS eff
5

1

RX
. ~11!

Thus,

XS eff8 5
XM

RX
, ~12!

FIG. 8. SNR threshold ratio,RSNR5SNRTM
/SNRTS

, as a function of expo-
sure, for two display conditions, and averaged:~a! over five observers and
~b! over five readings by a single observer~observer 3!. Bars represent the
range of61 s.d. error.
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whereXS eff8 is the total dose required for a stereoradiographic
acquisition that would give the same performance on a C–d
experiment as a single projection acquired with a dose of
XM , andXS eff is our estimate of the single-projection dose
which would give the same performance as demonstrated
when two images each acquired at a dose ofXM are viewed
stereographically. Similarly,XS eff8 can be calculated from
RSNR by

XS eff8 5
XM

RSNR
2 /2

. ~13!

Thus, the total exposure required for stereomammogra-
phy, calculated using Eq.~12!, is 1.1260.13 and 1.0660.06
times that of a single conventional mammogram, for images
displayed with fixed contrast and images displayed with
fixed noise, respectively. When using Eq.~13!, the total ex-
posure required for stereomammography is 1.1960.13 and
1.1360.05 times that of a single conventional mammogram,
for images displayed with fixed contrast and images dis-
played with fixed noise, respectively. Thus, there is a mini-
mal increase in the total exposure and hence the dose re-
quired for this detection task in using a stereoscopic
technique.

The obtained reduction in the SNR threshold can be com-
pared with the results reported by Hsuet al.14 In that study
of stereomammographic detection of simulated objects, the
performance was evaluated by a ROC analysis. Reported
values of the area under the ROC curve,Az , were 0.82~ste-
reo! vs 0.74~mono! for their arrangement experiment, and
0.75 ~stereo! vs 0.71 ~mono! for their density experiment.
Assuming thatAz is equal to the probability of correct detec-
tion, the corresponding reduction in threshold SNR can be
computed as the ratio of stereoscopic and monoscopicd8
values,24 yielding RSNR51.42 for the arrangement experi-
ment andRSNR51.22 for the density experiment.

We have performed an additional validation of the
contrast-detail experiment results by comparing the perfor-
mance measures averaged over five observers with the aver-
age performance of repeated readings by a single observer
@see Figs. 6~b! and 8~b!#. There is little difference in the
results of these experiments.

B. Effects of viewing condition

Results of the C–d experiments with and without the ste-
reoscopic goggles are shown in Fig. 9. The error bars corre-
spond to the standard error of the average values (n55). For
clarity of presentation, the two data sets are slightly dis-
placed on the graph. The summation efficiency, averaged
over all five observers~solid lines! was compared with the
performance of observer 6, with low stereo acuity~dashed
lines!. While the average performance of the five observers
with ~bold! and without the goggles~thin! did not differ sig-
nificantly, observer 6 performed much better without the
goggles. This was expected as when using the goggles the
image shown to the uncompensated eye of the low stereo
acuity observer was effectively unused under either the ste-
reoscopic or monoscopic viewing conditions, therefore

showing basically no advantage of stereoscopy. Without the
goggles, an averaged image was shown to both eyes, and the
difference in the background noise for the mono and stereo
images became visible, without, however, the advantage of
parallax.

C. Effects of additive detector noise

The images used in this study were acquired radiographi-
cally, with a digital x-ray detector. All images, regardless of
mAs, were x-ray quantum noise limited, rather than detector
noise limited. Thus, in the C–d experiments reported, the
limiting factor for detection was the x-ray quantum fluctua-
tions. The experimental conditions resulted in detector expo-
sures in the range of 0.7–36 mR, thus the results reported are
likely to be generally applicable to digital radiography and
digital mammography. Extensions of this approach can be
envisioned to address the issue of the dose requirements for
tomosynthesis. However, in that instance, careful evaluation
of the dominant noise source in the individual projections,
and in the reconstructed data is necessary.

D. Other issues affecting the efficiency of stereoscopy

The following issues are potential sources of concern in
our experiment. Since it was, to the best of our knowledge,
the first C–d study of stereoscopy in radiography, no refer-
ence suggestions were found to address the experimental de-

FIG. 9. Comparison of the summation efficiency,RX , for the C–d experi-
ments with~bold lines! and without~thin lines! stereoscopic goggles. Shown
are the results averaged over five observers~solid lines! and for a single
observer with low stereoscopic acuity~dashed lines!.
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sign. Future experiments, modified to improve the following
conditions, may give a more accurate estimate of the advan-
tages of stereoradiography.

Observers used the stereoscopic goggles while viewing
both mono and stereo images, in order to keep the average
brightness level comparable and to avoid a bias of having the
mono and stereo images directly identified. The goggles re-
duce the brightness level of the scene for each eye. We have
not analyzed the amount of this brightness reduction, or the
spatial uniformity. Perceptual linearization was applied with-
out taking into account this brightness reduction, and this
might be of concern if the nonlinearity of the human contrast
sensitivity was not properly compensated. The reduction in
overall brightness when using the goggles presents a con-
founding issue in the experiments with and without goggles,
but as the experiments without goggles were intended chiefly
as a check of our experimental design and procedures, we
have not pursued this question. Note, also, that structured
anatomic noise is not included in this set of test images, but
its modeling is considered for future research.25,26 We have
also begun another approach to testing the hypothesized ben-
efits of stereoradiography using a 2-alternative forced-choice
experiment.27

V. CONCLUSIONS

A series of C–d experiments was performed, testing the
hypothesis that the radiation dose required for stereoradiog-
raphy is one half the dose for a single x-ray image viewed
monoscopically, due to the combination of images by the
human visual system. For images acquired at a fixed expo-
sure, more objects were detected under stereoscopic than
monoscopic viewing conditions. For the lower range of the
x-ray exposures tested, where the quantum fluctuations were
easily visualized, the increase in the number of details ob-
served was the same as expected for a hypothetical observer
combining the two projections to remove noise. With in-
creasing x-ray exposure, the increment between the number
of objects detected under stereoscopic and monoscopic con-
ditions decreased, but was always positive. The experimental
results indicate that a stereoradiograph can be acquired at a
dose approximately 1.160.1 times that of a single projection
radiograph. The study results are potentially influenced by
the brightness reduction of stereoscopic goggles, background
noise quantization, and the lack of anatomical noise. More
significantly this study has addressed dose requirements to
compensate for inefficiencies in binocular summation of the
images, leaving questions of dose required for stereographic
fusion for further work.
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