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An observer performance study was conducted to evaluate the usefulness of assessing breast lesion
characteristics with stereomammography. Stereoscopic image pairs of 158 breast biopsy tissue
specimens were acquired with a GE Senographe 2000D full field digital mammography system
using a 1.8XxXmagnification geometry. A phantom-shift method equivalent to a stereo shift angle of
+3° relative to a central axis perpendicular to the detector was used. For each specimen, two pairs
of stereo images were taken at approximately orthogonal orientations. The specimens contained
either a mass, microcalcifications, both, or normal tissue. Based on pathological analysis, 39.9% of
the specimens were found to contain malignancy. The digital specimen radiographs were displayed
on a high resolution MegaScan CRT monitor driven by a DOME stereo display board using
in-house developed software. Five MQSA radiologists participated as observers. Each observer read
the 316 specimen stereo image pairs in a randomized order. For each case, the observer first read
the monoscopic image and entered his/her confidence ratings on the presence of microcalcifications
and/or masses, margin status, BI-RADS assessment, and the likelihood of malignancy. The corre-
sponding stereoscopic images were then displayed on the same monitor and were viewed through
stereoscopic LCD glasses. The observer was free to change the ratings in every category after
stereoscopic reading. The ratings of the observers were analyzed by ROC methodology. For the 5
MQSA radiologists, the averagk, value for estimation of the likelihood of malignancy of the
lesions improved from 0.70 for monoscopic reading to 0j@20.04) after stereoscopic reading,

and the averagd, value for the presence of microcalcifications improved from 0.95 to (96
=0.02) The A, value for the presence of masses improved from 0.80 to 0.82 after stereoscopic
reading, but the difference fell short of statistical significafige0.08) The visual assessment of
margin clearance was found to have very low correlation with microscopic analysis with or without
stereoscopic reading. This study demonstrates the potential of using stereomammography to im-
prove the detection and characterization of mammographic lesion8005 American Association

of Physicists in Medicind.DOI: 10.1118/1.1870172]
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I. INTRODUCTION Getty et al® indicated that digital stereomammography im-

Mammography is currently the only recommended imagingP™oVed the estimate of the probability of malignancy of
technique for breast cancer screening. However, mammdnammographic lesions and allowed the detection of addi-
graphic sensitivity is often limited by the presence of densdional lesions that were obscured on screen-film mammo-
breast parenchynfalt has been reported that the false nega-9rams. Raffertyet al.™ also demonstrated that digital tomo-
tive rate of mammography in dense breasts can be as higiynthesis mammograms could reveal additional lesions
as 25%° One of the main factors contributing to these Obscured by dense breast tissue and improved visualization
missed cases is the camouflaging effect of the overlappingf the margins and spiculations of masses.

structures in the projection x-ray images. With the advent Stereoscopic imaging requires acquisition of a left-eye
of high-resolution digital detectors for mammography,image and a right-eye image. In conventional film-based
a number of new breast imaging techniques such astereoradiography, two filmimages were obtained by shifting
s'[ereomammograpﬁyfL2 digital tom(‘_)syn'[hesié?_l5 and the x-ray source, along a direction parallel to the image
computed tomograph§ € are being developed in an effort plane, to the left and the right of the central axis of the
to alleviate this problem. These techniques attempt to vievimaging system. When the two film images are placed prop-
the breast in three dimensioni8D) or to slice the breast erly and viewed so that the left eye sees only the left-eye film
volume into thin planes so as to reduce the superposition aind the right eye sees only the right-eye film, the parallax
breast tissue structures as imaged in two-dimensi@®@)  between the two images creates the depth perception. Stereo-
projection mammograms. An observer performance study bgcopic imaging was utilized for various types of radiographic
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examination$®%> However, it did not receive widespread We found that a 2 mm depth discrimination could be
acceptance in clinical practice, mainly because of theachieved with over 90% accuracy on magnification images.
doubled film cost and increased patient expo$fite.addi-  We also investigated the accuracy of using a calibrated vir-
tion, radiologists had to read the stereoradiographs with &ual cursor to measure the absolute depth of fibrils in stereo-
somewhat cumbersome film stereoscope or had to be trainestopic image§:7'”0ur results showed that the average root-
to read the stereoradiographs without aid using a “crossmean-square errors of depth measurements in stereo images
eyed” technique. with the virtual cursor ranged from 0.2 to 1.3 mm, depend-
In recent years, direct digital detectors have become avaiing on the stereo shift angle and the imaging geometry.
able for medical imaging. Stereoradiography may become @hese studies demonstrated that stereoscopic imaging can
viable approach with digital imaging because there are n@rovide both qualitative depth discrimination and quantita-
additional film costs. Furthermore, digital detectors have dive measurement of fibrous structures in a breast. In the
linear response, wider dynamic range, and higher contragiresent investigation, we conducted an observer performance
sensitivity than screen-film systems so that good-qualitystudy using receiver operating characteri$R©C) method-
digital stereo image pairs may be acquired at essentially thelogy to investigate the effects of stereoscopic reading on the
same total radiation dose as that for a conventional singleaccuracy of detection and characterization of mammographic
projection screen-film image. Maidmeat al’? found that lesions using images of biopsied breast tissue specimens.
human eyes can integrate the noise in the left-eye and right-
eye images such that the detectability of simulated low confl. MATERIALS AND METHODS
trast objects on a uniform noisy background in a single im-
_— . A. Data set
age was comparable to that of viewing the left- and right-eye
image pair when the total dose of the latter was about Digital stereoscopic image pairs of the breast tissue speci-
1.1X of the dose of the single image. Maidment’s experi-mens were acquired with a GE Senographe 2000D full field
mental design evaluated the efficiency of noise reduction byligital mammographyFFDM) system. The study was ap-
binocular summation without utilizing the potential addi- proved by the Institutional Review Board. The GE system
tional advantage of stereo depth perception in signal deteasses a flat panel digital detector composed of a Csl:Tl scin-
tion. It is likely that this additional advantage would further tillator and an amorphous-Si active matrix array. The detec-
reduce the total dose requirements for stereo imaging to thir has a pixel size of 10@m X 100 um and an output gray
same as or even lower than those for a single-projection imlevel resolution of 14 bits. The raw images are routinely pro-
age. Digital stereoscopic images can be viewed more conveessed with GE proprietary software and converted to 12 bit
niently than stereo film radiographs because of the electroniprocessed images. We employed axl.Bagnification ge-
display. Different methods for displaying digital stereoscopicometry(no grid, 0.15 mm focal spoind a stereo shift angle
images are still being developed. One common method is tof +3° for imaging the stereoscopic specimen radiographs.
display the left-eye and right-eye images alternately at a very The conventional method for stereoradiography is to
fast refresh rate on a monitor. The images are viewed with aove the x-ray source to the left and the right of the central
pair of special goggles that typically consist of liquid crystalray by a chosen stereo shift angl@°+(or stereo shift dis-
electronic shutters. The shutters are synchronized with th&nce #) for acquiring the left-eye and right-eye images. In
display so that the left eye of the reader is allowed to se¢he early days of radiography, it was determined by trial and
only the left-eye image and the right eye is allowed to seeerror that a total tube shift equal to 10% of the focus-to-film
only the right-eye image. For high-resolution medical imageglistance produced satisfactory stereo rediitghis is
such as mammograms, no commercial stereo display systeraguivalent to a tube shift of about 13%% tarr}(0.1)). In our
are available at present. previous studie$;”**we also found that +3° would pro-
Stereoradiography provides structural information of thevide sufficient stereoscopic vision without causing excessive
object being viewed in 3D. It has been reported that theeye strain. The FFDM system was not designed for stereo-
spatial distribution of microcalcifications may be associatedscopic imaging. It does not have an electronic or mechanical
with the malignant or benign nature of the cluée?  lock mechanism to keep the x-ray tube stationary at the ap-
Masses may be better separated from the overlapping fibr@ropriate shift angle, nor do the collimator blades adjust to
glandular tissues in stereo than that in a 2D mammogrammaintain complete coverage of the detector when the x-ray
making it easier to visualize the margin characteristics andube is shifted. We designed a stereo image acquisition
determine whether spiculations are present. Therefore, steaethod for phantoms and specimens in which the object is
reomammography has the potential of providing additionakhifted instead of the focal spot. As illustrated in Fig. 1, the
diagnostic information that may improve the characterizatiorexposure geometry for the object relative to the focal spot
of malignant and benign lesions and reduce unnecessary hithen the focal spot is shifted to the left is equivalent to that
opsies. when the focal spot is stationary and the object is shifted to
We are developing stereomammography techniques usinpe right by the same distance. Similarly, the geometry when
a digital mammography system. In our previous studies, wehe focal spot is shifted to the right is equivalent to that when
examined the effects of stereo shift, geometric magnificationthe focal spot is stationary and the object is shifted to the left.
x-ray exposure, and display zooming on visual depth disA small error is caused by the slightly shorter focal-spot-to-
crimination of crossing fibrils in stereo phantom imaé’éé? detector distance in the object-shift geometry because the
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Fic. 1. Imaging geometry for acquisition of stereoscopic image pairs in
magnification geometry. Left panel: a conventional “focal-spot shift”
method in which the focal spot is shifted to the left and to the right of the
central ray by a distano to expose the left-eye and right-eye image. Right
panel: an equivalent “object shift” method in which the object is shifted to
the right and to the left of the central ray by the same distancé, can be
seen that the image exposed by the(ffsgeometry is equivalent to that
exposed by the objedlL) geometry. Similarly, the image exposed by the
f.s.(R) geometry is equivalent to that exposed by the obfBftgeometry.

x-ray focal spot moves along an arc. This error is estimated
to be less than 0.1% for a +3° stereo angle shift and a ful-
crum of rotfatlrcl)n at 46 cm fromdthr? fiC?l Spot. USII’]Ig thl;a. 1G. 2. The platform fits on the magnification stand of the FFDM system:
geomfetry _0 the GE SySt_em an_ t .e +3° stereo angle shi ) the sliding plate on top of the stationary base at the central position,
used in this study, the object shift distaneg,can be calcu- marked as 3(b) the sliding plate was shifted to the left position at 2.4 cm,
lated to be +2.4 cm from the central position. For a givenmarked as 1, andc) the sliding plate was shifted to the right position at
stereo angle shift, the linear shift distance is the same fo?'4 cm, marked as 2. The stepwedge phantom shows where the tissue speci-
L men would be placed.

both the contact geometry and the magnification geometry.

The phantom-shift technique was also used in our previous

phantom studie&) !

To facilitate the shifting of the object in a direction paral-

gists. The mammography technologists were instructed to
e use high dose, identical techniques for the left-eye and right-
lel to the chest.wal(focal spot §h|ft directiopfor the FFD_M _eye images. The targetffilter combinations were mainly
system, we built a platform using Lexan plates shown in Flg1\/I0/Mo with Mo/Rh in some cases. The kilovoltage ranged

2. The platform has a stationary base that fits on the magnkom 24 to 27 KVp and the mAs ranged from 40 to 80 mAs
fication stand. The object is placed on a sliding plate on to%lepending on the thickness of the tissue specimen. ’

of the base. The sliding plate can be moved manually be- All stereo image pairs were visually inspected for align-

tween two guardrails in a direction parallel to the chest wall. ; -
ment and exposure by an experienced physicist. Some
The central position and the left and right shift distancessam P y P Py

locations easily and precisely. Two fiducial markéssnall
metal rings)were affixed to the sliding plate. Their positions
in the images were later used for alignment of the left-ey
and right-eye images of the stereo pairs.

included. This resulted in a total of 316 stereo image pairs
from 158 specimens for the observer experiment. Based on
epathological analysis 39.9% of the chosen samples were
proven to contain malignancy. The lesion types and the num-

: . , L of lesions of each type for the samples used are listed in
to the radiology department for specimen radiographs Wel%able I. Examples of stereo image pairs of the tissue speci-
imaged additionally with the stereoscopic technique if the

FFDM system was available. The specimens were therefore

rando_m sz_amples _W'thf)Ut selection. Each specimen COUlgLgie 1. The lesion types and number of tissue specimens in each type.
contain microcalcifications, mass, both, or normal tissue
Some specimens were obtained with ultrasound-guided bi- Lesion Malignant Benign Total
opsy of mammaographically occult masses. The normal tissue

. . . Mass 21 31 52
was usually a result of a second biopsy to excise additional ji.rocalcifications 14 38 52
margins if the first tissue specimen was found to have a close Both 24 9 33
margin. Two sets of stereo image pairs were acquired of each Npo visible mass or 4 17 21

sample. These were acquired in approximately orthogonal microcalcifications

orientations, whereby the second set was obtained by rolling

h le over by approximately 90°. The exposure tech- Total 03 % 158
the samp Y app y 90°. P (39.9%) (60.19%)

niques were manually chosen by mammography technolo
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Fic. 4. Stereo display workstation composed of a MegaScan 8 mega-pixel
monitor driven by a Dome Md8-4820-LS stereoscopic board and a PC. The
system can display full-field2300x 1800 pixels)digital mammograms at a
refresh rate of 120 Hz.

display full-field (2300x 1800 pixels)digital mammograms

at a refresh rate of 120 Hz. It operates in a page flipping
stereoscopic mode with the left- and right-eye images dis-
played alternately. A pair of CrystalEyes LCD stereoscopic
glasses was used for viewing the stereoscopic images. The
stereo images were displayed with in-house developed soft-
ware that provided functions to shift and align the left-eye
and right-eye images, adjust the contrast and brightness, and
store the selected alignment and windowing settings. The
stereo display workstation is shown in Fig. 4. The physicist
selected and saved the settings for each image pair which
became the default settings when this image pair was dis-
played the next time. The same display conditions could
therefore be used for all radiologists in the observer study.
The radiologist had the option of adjusting the window set-
tings if they deemed it necessary. The software could also
switch the display to show the left-eye image alone or the
right-eye image alone so that the observer could read the
monoscopic image and the stereoscopic images of the same
case sequentially, as designed for the observer experiment
described in the following.

Fic. 3. Examples of stereo image paflsft-eye image and right-eye image C. Observer performance study

of breast tiss_ue specimer{a‘} specirT_]en with mi_croca_lcifications—inyasive A user interface was designed for the observer experi-
ductual carcinomagb) specimen with mass—invasive ductal carcinomas, . . . .
(c) specimen with radial scar and microcalcifications—fibrocystic change,ment' The user interface d'SPIayed Images Sequent'a”y ac-
and (d) specimen with mass—fibrocystic change and fat necrosis. cording to an input list. Slide bars were provided to record

the observer’s confidence ratingscale of 1-100yegarding

the presence of a mass, the presence of calcifications, the
mens are shown in Fig. 3. likelihood of malignancy of the lesion if present, the likeli-
hood of the margin being clear. The observers were also
asked to provide an assessment of malignancy in terms of the
BI-RADS categories(1=negative, 2=benign, 3=probably

The images were displayed on a stereo workstation thatenign,  4=suspicious, 5=highly = suggestive  of

consists of a MegaScan 8 mega-pixel CRT monitor drivermalignancy)z,g and a visual estimate of the margin clearance
by a Dome Md8-4820-LS stereoscopic board and a PC. Th@®=positive margin,1=0-2 mm, 2=2-5 mm, 3=greater
monitor was adjusted with a photometer to meet the DICOMthan 5 mm). Five Mammography Quality Standards Act
grayscale standards, and the room lights were dimmed to MQSA) qualified radiologists participated in the experi-
very low level during the observer studies. The system cament. The experiment was designed to have each observer

B. Stereo image display
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read the 316 specimen images in two sessions. The tw@eLE Il. Performance of radiologists in detecting microcalcifications in the

views of each specimen were read independently and We't'@sue specimens with monoscogingle projection reading and with ad-
tional stereoscopic reading. The averageand A<Z°'9) were derived from

. . i
arran_g_e_d to be read_m t_he two separate sessions '[_0 reduce ﬁhgaveraga andb parameters of the individual ROC curves. The improve-
possibility of memorization. It may be noted that this was Notments ina, and A% were both statistically significant with=0.02 and

equivalent to using 316 truly independent samples in the=0.004, respectively.
observer experiment. This increased the sample size but the

possible correlation between the two views may cause a A,
slight underestimation of the variances in the data. The read-

ing sequence was systematically arranged in a counterRadiologist Monoscopic ~ With stereo  Monoscopic ~ With stereo
balanced design so that no specific cases were read by all

0.9)
AZ

1 0.97£0.01  0.98+0.01 0.76 0.79
observers always in the first or the second session. The case » 0.95+0.01  0.96+0.01 0.58 0.67
reading order was different for each observer. The observers 3 0.94+0.02  0.95+0.02 0.48 0.55
first read the left-eye image alone as a monoscopic image 4 0.94+0.02  0.95+0.01 0.58 0.65
and entered their assessments in all categories. The stereo- 5 0.92+0.02  0.92+0.02 0.30 0.36
scopic images were then displayed and were read with the Average 0.95 0.96 0.57 0.63

LCD glasses. The observers were free to change their ratings
in every category after reading the stereoscopic images. The
observers were allowed unlimited time to read each case.
They were also free to break the reading sessions into shorter
ones. The radiologists were informed of the fact that the For the analysis of the visual assessment of the margin
samples were randomly collected from the biopsied tissustatus of the specimens in comparison with pathologists’
specimens so that the proportion of malignant and beniganalysis, we first combined the margin assessments from the
cases would be similar to that in their clinical practice. Theytwo orthogonal views of the same specimen by taking the
were therefore also aware that some specimens could bginimum margin clearance seen by the radiologist in the two
found to be negative for lesions or malignancy by pathologi-views. This simulated the situation in which the radiologist
cal analysis. was allowed to see the margins from the two different pro-
Before a radiologist was recruited as observer, he/she urections and estimated the minimum margin clearance from
derwent a standard Randot Circles Stereo(®ttreo Optical all visible borders, as they do in reading specimen radio-
Co., Inc., Chicago, IL}to evaluate their stereo acuity. The graphs in their routine clinical practice. The correlation of
reader viewed ten sets of circles on the test pattern througthe radiologists’ assessment of margin clearance with the re-
polarized glasses. Each set contained three circles, one eflt of pathological analysis was evaluated by the Pearson’s
which would appear to be at a different depth from the othergorrelation coefficient. Since pathological reports included
when viewed stereoscopically. The reader was asked to idemrargin assessment only for malignant lesions, only this sub-
tify the circle that stood out in each of the ten sets. All set of cases was used in the correlation analysis.
radiologists participated in our observer performance study
could correctly identify 9 to 10 of the circles, indicating that
their level of stereopsis was at least 30 s of arc at a viewin
distance of 16 in. Prior to reading the test stereo images, th . RESULTS
observer also participated in a training session to become The radiologists’ accuracy in detection of microcalcifica-
familiar with the reading task and the user interface. tions in the specimen by reading a single-projection image in
comparison to that with additional stereoscopic reading is
shown in Table II. In this ROC analysis, all samples with
microcalcifications(malignant and benignwere considered
to be positive cases. The samples with mass alone or without
The confidence ratings and the BI-RADS assessments @ither mass or microcalcifications were treated as negative
the observers were analyzed with the8MRMC program3.o cases with respect to microcalcifications. The detection of
The area under the ROC curws,, and the partial area index microcalcifications in the small volume of tissue specimens
above a sensitivity of 0.909\(20'9), were used to compare the appeared to be easy with or without stereoscopic reading.
performance between monoscopic reading and monoscopithe A, values for the five radiologists ranged from 0.92 to
assisted with stereoscopic reading. The statistical signifi0.97 with an average of 0.95 for monoscopic reading. Nev-
cance of the difference iA, between the two was estimated ertheless, the radiologists still improved their performance
by the two-tailedp-value from theLABMRMC program and with additional stereoscopic reading, with tAgvalues rang-
the Student’s paired t-test. The averafgeand A(Zo'g) values ing from 0.92 to 0.98 and an average of 0.96. The improve-
were obtained from the average ROC curve that was derivethent, although modest, was consistent over all radiologists
from the average slope and intercept parameters of the indithe A, value of Radiologist 5 improved from 0.918 to
vidual readers’ ROC curves. For the classification of malig-0.922). The partial area indek(zo'g) values for the radiolo-
nant and benign lesions, all samples were analyzed togethgists were also high, ranging from 0.30 to 0.76 with mono-
regardless of the lesion type. scopic reading and improved to a range of 0.36 to 0.79 with

D. Data analysis
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TasLE Ill. Performance of radiologists in detecting masses in the tissue 0.80
specimens with monoscopisingle projection reading and with additional
stereoscopic reading. The averageandA”® were derived from the aver- 0.75 1
agea andb parameters of the individual ROC curves. The improvements in
A, and A% both fell short of statistical significance with=0.08 andp 0.70 1
=0.11, respectively. 0.65
<N
A AP 0.60
Radiologist Monoscopic ~ With stereo  Monoscopic ~ With stereo 0.55 1 —O— with stereo
—sA= monoscopic
1 0.83+0.02  0.84+0.02 0.19 0.22 0.50 ' ' ' ' '
2 075+0.03  0.79+0.02 0.11 0.18 0 1 2z 3 4 5 8
3 0.81+0.02  0.82+0.02 0.24 0.28 Radiologist
4 0.83+0.03 0.83+0.03 0.25 0.24 Fic. 5. The area under the ROC curves for the five radiologists for classi-
5 0.80+£0.03  0.81£0.02 0.16 0.17 fication of malignant and benign lesions. The observers show a modest but
consistent improvement in performance with additional stereoscopic
Average 0.80 0.82 0.19 0.22 viewing.

additional stereoscopic reading. The improvementa,iand
A(zo.g) were both statistically significant witp=0.02 for A,
andp=0.004 forA'>?. .

The radiologists’ accuracy in detection of masses with the

two reading conditions is compared in Table Ill. Similar to : . .
9 b stereoscopic reading. Since the BI-RADS assessment of cat-

the ROC analysis for microcalcifications, all samples Withe ories 3 or above indicates the need of call-back for further
masses were considered positive. The samples with micrd-J

. : . . ... _evaluation, and categories 4 and 5 indicate a recommenda-
calcifications alone or without either mass or microcalcifica-

: . : tion for biopsy, we summarized the changes in the BI-RADS
tions were considered negative for masses. For monoscopic

. . . categories across the threshold between categories 1, 2 and 3,
reading, theA, values of the radiologists ranged from 0.75 to )
- , - .4, 5, and the threshold between categories 1, 2, 3 and 4, 5.
0.83 with an averagd, of 0.80. With additional stereoscopic Bv counting the number of lesions having an increase in the
reading, theA, values for four of the five radiologists im- cgte ories%cross the threshold as ositig\]/e and a decrease as
proved. TheA, ranged from 0.79 to 0.84 and the averdge ne agtive the average number of Ier)ions that had significant
was improved to 0.82. However, the improvements in both 9 ' 9 . X d SI9
(0.9) o o . changes in BI-RADS categories over the five radiologists for
A, and A fell short of statistical significance witlp ; ) . i
B L . the malignant lesions and the benign lesions were calculated.
=0.08 andp=0.11, respectively. . S .
; . _— The results revealed that the radiologists improved their as-
Table IV shows the comparison of the radiologists’ assess- : . ) . .
sessments of malignant lesions with stereoscopic reading.

ments O.f the I|keI|_hood of mahgnan_cy of the tlss_ue SPeCle o, malignant lesions, the BI-RADIS assessments for an av-
mens with and without stereoscopic reading. With mono-

. . . : erage of 1.6 lesiong1.6/63=2.5% per radiologist were
scopic reading, th@d, values of the radiologists ranged from 9 $ . AP 9
. . L changed from negative or benign to call-back, and an aver-
0.65 to 0.74. Their accuracy improved significantlp . ~ . .
. . ; . Qge of 2.2 lesiong(2.2/63=3.5% per radiologist were
=0.04) with additional stereoscopic reading to the range o : .
changed from categories 1, 2, and 3 to recommendation for
biopsy. However, for benign lesions there were also in-
TasLE IV. Performance of radiologists in classification of malignant and Creases in call-back and biopsy recommendations but the
benign lesions in the tissue specimens with monoscgle projection
reading and with additional stereoscopic reading. The ave@&@mdA(ZO'g)
were derived from the averageandb parameters of the individual ROC
curves. The improvements i, andA>® were both statistically significant ~ TagsLe V. The average number of lesions per radiologist of which the Bl-

0.67 to 0.78(Fig. 5). The partial area indeA(zo'g) also im-
proved significantlyp=0.04)from a range of 0.07 to 0.12 to
range of 0.09 to 0.19.

Table V shows the changes in BI-RADS categories with

with p=0.04 andp=0.04, respectively. RADS category was changed after stereoscopic reading. BI-RADS catego-
o ries 3 or above represent a call-back and categories 4 or above represent
A, A(Z 9 biopsy recommendation. Positive change indicated an increase in the num-

ber of lesions from the lower to the higher categories and negative change

Radiologist Monoscopic  With stereo  Monoscopic ~ With stereo ndicated a decrease.

1 0.72+0.03 0.74+0.03 0.07 0.09 Average number of lesions per radiologist
2 0.73+0.03 0.78+0.03 0.12 0.19
3 0.74+0.03 0.74+0.03 0.09 0.11 Change in BI-RADS From categories 1, 2 to From categories 1, 2, 3
4 0.65+0.03 0.67+0.03 0.10 0.11 assessment categories 3, 4, 5 to categories 4, 5
5 0.68+0.03 0.70+0.03 0.10 0.13
Malignant lesions 1.6 2.2
Average 0.70 0.72 0.10 0.13 Benign lesions 1.2 0.4
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05 ' ' ' ' ' The observer performance results indicated that the data
= ) with stereo set used in this study was quite difficult even in specimen
g 047 menosterie / I radiographs. The mass detection task was challenging even
£ 03 . \ I for experienced radiologists, probably because the samples
8 contained a variety of abnormal and normal specimens in-
S 021 I cluding focal densities and mammographically occult masses
5 that were imaged with ultrasound during the wire localiza-
E 0.1 1 I tion procedure. The characterization of malignant and benign
S lesions was also difficult because these lesions had been rec-

0.0 | ommended for biopsy so that they all appeared to be suspi-

1 2 3 4 5 cious to some degree. There were also cases in which the

Radiologist lesions were partially removed by core biopsy so that the
appearance might not be typical. The variety of cases was

Fic. 6. The correlation coefficients between the radiologists’ assessment of . .
9 dpcluded because the ROC experiment measured the relative

margin clearance and pathological analysis. The black bars were obtain _5' > o . ;

with monoscopic reading, the white bars were obtained with additional steimprovement with additional stereoscopic reading for the

reoscopic reading. given set of samples rather than the absolute performance of
the radiologists in clinical practice.

Breast tissue specimens are routinely radiographed and
changes were less, with an average of (L2/95=1.3% read by radiologists to determine primarily if the lesion rec-
and 0.4(0.4/95=0.4% lesions per radiologist for the two ommended for biopsy is included in the specimen and sec-
types of changes, respectively. ondarily if the cancer extends to the margin in lumpectomy

The correlation coefficients of the radiologists’ assesscases. The results are used by the surgeon to determine if
ment of margin clearance with pathological analysis are plotadditional excision is needed. The low correlation between
ted in Fig. 6. The assessment of margin status visually ihe visual assessment of margin clearance with the patholo-
tissue specimens was found to be very unreliable. The comgists’ report is somewhat unexpected. It therefore indicates
relation coefficients for all radiologists with or without ste- that visual assessment of margin status does not correspond
reoscopic reading were below about 0.3. very well with microscopic analysis. It is likely that the

specimen radiograph is useful for estimating whether the le-
sion is far from the specimen’s boundaries. However, if the
IV. DISCUSSION lesion is close to the margin, i.e., within a few millimeters,

The purpose of our study was to evaluate the potentiaspecimen radiographs are not capable of showing whether
advantages of stereo full-field digital mammography for themicroscopic amounts of malignant tissues are present at the
detection and characterization of breast lesions. Because bbundary.
the difficulty of collecting a large data set of stereoscopic In this study we used a sequential reading method,
whole breast mammograms with lesions, we used sterenamely, the observer first read with monoscopic viewing and
specimen radiographs for this preliminary study. Detectiorprovided their ratings, and this was immediately followed
and characterization of lesions on specimen radiographs iwith stereoscopic viewing and second ratings. The second
different from similar tasks on FFDMSs. Since the location ofratings therefore represented diagnostic decisions resulting
the lesion is confined to a smaller and thinner tissue sampl&#om a combination of the information from the conventional
than the whole breast, specimen radiographs should alreadggonoscopic reading with that from the additional stereo-
provide superior visibility of lesion characteristics as com-scopic reading. This will likely be the reading mode used if
pared to whole breast mammograms. Therefore, these astereoradiographs are available clinically because the left-eye
more difficult tasks for achieving improvements in the detec-and right-eye images are readily available for monoscopic
tion and characterization of the lesions. Nevertheless, owiewing and because there is no need to trade off any exist-
results indicate that the additional stereoscopic reading dithg benefits of conventional reading in exchange for the ste-
improve the visualization of lesions and the accuracy of asreoscopic viewing. The radiologists may switch between the
sessing their malignant or benign characteristics in specimemonoscopic and the stereoscopic images to extract comple-
radiographs. Although the results cannot be generalized dmentary information or to confirm their observations. This
rectly to reading whole breast mammograms, the potentiahformation gain may be obtained without or with a minimal
for information gain and improvement in accuracy with ste-increase in patient exposure compared with current screen-
reoscopic reading have been demonstrated. In a study Hiym mammographic techniques. Further studies of interest
Getty et al® comparing the characterization of mammo- include comparisons of the detection and characterization of
graphic lesions on film mammograms alone to that with adiesions under the following sequential reading conditighs:
ditional reading of whole breast stereomammograms, theynonoscopic reading of either the left-eye or the right-eye
observed an improvement iA, from 0.83 to 0.86. Their image alone(2) monoscopic readings of both the left-eye
slightly larger improvement imA, with whole breast mam- and right-eye images by switching back and forth between
mograms than that obtained in our study appears to corrobdhe two, and(3) with additional stereoscopic reading of the
rate our expectations. image pair. These comparisons will reveal if the slight shift
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in the perspective obtained from monoscopic readings ofhat the increase in detection sensitivity is accompanied by a
both the left-eye and right-eye images will in itself provide slight increase in recalls. It is not known how the reading of
sufficient information to improve the detection and charac-specimen radiographs in a laboratory experiment would
terization performances or if the additional stereoscopidranslate to clinical applications. However, the observed im-
reading with depth perception is essential. Another study oprovements in the ROC curves indicate that there were true
interest is a comparison of monoscopic readings of the twamprovements in the performances of the radiologists with
orthogonal views of the specimens with stereoscopic readingdditional stereoscopic reading and that the radiologists did
of one of the views or both views. This study will reveal if not simply relax the decision thresholds along their original
the 3D information obtained from orthogonal views is supe-ROC curves, which would also result in an increase in sen-
rior to that from stereoscopic reading of one of the views orsitivity and a decrease in specificity. The improvements in
if additional information can still be gained from stereo- the ROC curves show the promise that, if the radiologists
scopic reading of both views. Likewise, a comparison ofbecome more experienced with stereomammography and
monoscopic readings of CC view and MLO view mammo-more confident in utilizing the additional 3D information for
grams to stereoscopic reading of the MLO view mammo-assessing the lesions, they may be able to adjust their deci-
gram alone or both views will be an interesting study tosion thresholds along the resulting higher ROC curves such
evaluate how stereomammography may be implemented ithat the sensitivity will be gained without a tradeoff, or even
clinical practice. with an increase, in specificity in comparison to their deci-
To simplify image acquisition and the observer experi-sions along the lower ROC curves associated with mono-
ment, we used the left-eye image of the stereo pair as thecopic reading alone. Further studies will be needed to inves-
monoscopic image for reading. Since the stereo shift angle isgate if this can be realized and thus lead to a reduction in
only £3°, the diference in projection between an image recalls.
taken at the central positidno-shift) and the left-eydor the One limitation of stereoscopic viewing is that human eyes
right-eye)image is very small. Each image of the stereo pairvary in their stereo acuity, although it is believed that stereo
should be very similar to the central image. Furthermore, wecuity may improve with training. The radiologists partici-
instructed the technologists to use exposure techniques mugiated in this study were impressed by the 3D appearance of
higher than those used for a conventional specimen radidhe stereoscopic images. The image quality of our stereo dis-
graph. The use of high dose techniques was intended to olplay workstation is excellent without perceivable flicker.
tain monoscopic images of which the image quality wouldHowever, some of the radiologists still experienced eye fa-
not be limited by quantum noise. This experimental desigrtigue if the reading time was long. These problems may be
reduces the likelihood that the information gain with stereo-alleviated with a different display method or viewing elec-
scopic reading is due to the reduced noise when two mondronics as well as improved reader ergonomic factors.
scopic images were integrated into the stereoscopic image.
Although it is difficult to perform a quantitative measure- , CONCLUSION

ment to prove that this was indeed the case, all monoscopic )
images were visually evaluated and only low noise, high We have performed an observer performance study using

quality images were accepted as case samples for the oROC methodology to evaluate the improvement in mammo-
server experiment. graphic lesion detection and characterization by stereoscopic

We adjusted the display monitor with a photometer toreading. Our results indicated that statistically significant
meet the DICOM grayscale standards. We did not attempt t&WO-tailedp<0.05)improvements were achieved for detec-
take into account the attenuation by the LCD glasses in thtion of microcalcifications and for classification of malignant
adjustment because there are no DICOM standards for set'd benign lesions. The detection of masses was also im-
ting up a stereo display at present. The LCD glasses do gdroved but the improvement fell short of statistical signifi-

grade the perceived image quality to some extent, such as@&NCe: This study Fiemonstrates the potential of using .ster_eo—
reduction in brightness and an increase in noise. Howevef@mmography to improve the detection and characterization

since the degradation would have a negative impact on st@f mammographic lesions.
reoscopic reading, one may expect that the advantages of
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