PRE-PRINT OF PAPER IN IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, 12(5):1117-1124, 2006.

Enhancing Depth Perception in Translucent Volumes
Marta A. Kersten, A. James Stewart, Niko Troje, and Randy Ellis

Medical Computing Lab,
School of Computing,
Queen’s University

ABSTRACT

We present empirical studies that consider the effectsenéspsis
and simulated aerial perspective on depth perception mslaent
volumes. We consider a purely absorptive lighting modelylich
light is not scattered or reflected, but is simply absorbet@ssses
through the volume.

A purely absorptive lighting model is used, for example, whe
rendering digitally reconstructed radiographs (DRRs)jchare
synthetic X—ray images reconstructed from CT volumes. Surg
make use of DRRs in planning and performing operations, so an
improvement of depth perception in DRRs may help diagnasis a
surgical planning.

Keywords: Stereo, Stereopsis, X-ray, Radiograph, Volume Ren-
dering

1 INTRODUCTION

It can be difficult to perceive three dimensional shape and&ire
in translucent, volume—rendered data. This paper inwesstigper-
ceptual cues that might be used to enhance depth percepsoch
data. Figure 1: A DRR of a pelvis, generated from CT data. No depth
The cues used to perceive depth by humans in everyday life hav cues are present. A DRR may be rendered as black-on-white, or as
been thoroughly studied. For computer—generated images; h white—on—black to appear like a conventional X-ray, as shown above.
ever, what cues and the way in which these cues should be com-
bined to convey depth remains an ongoing topic of research.
With opaguevolumetric objects, shape and depth can be per- DRRs can be used to show intra—articular features not eisibh
ceived when perceptual depth cues — such as shadows andghadi surface-rendered CT image [16].

occlusion, perspective, and texture gradients — are usef1]9 Although volume rendering has gained widespread accepianc
However, very little is known about the effects of these caes the medical community, a DRR rendering may be preferred by ra
depth perception of purely absorptive media. diologists and surgeons (especially orthopaedic surgeoressur-

A purely absorptive mediuris one through which light passes  face (i.e. opaque) rendering of volumetric data as it cawshese
with no reflection or scattering. This is approximately whap- otherwise—hidden features. Furthermore, radiologistissamgeons

pens with X—ray images of human anatomy. Such images show nohave substantial training and experience interpretingitimages,
solid surfaces and have no depth cues. The lack of solidessfa  and may be reluctant not to use that knowledge.

and depth cues makes it especially difficult to understaadtiuc- However, radiologists and surgeons have very few depth cues

ture of the volume [1]. to use when working with two dimensional X—ray images. The
To study the effects of different perceptual cues in purboap- goal of our work is to determine whether the cues of sterscgsil

tive media, we look at digitally reconstructed radiografiDRRs). simulated aerial perspective can provide better depthepéion in

A DRR is a synthetically computed X—ray image that is caltada  purely absorptive media. To the best of our knowledge, ndistu

by integrating the attenuation of light as it passes throagiol- have considered how these two cues can aid depth perception i

ume toward the viewer (see Figure 1). Each pixel value of a DRR sych media.

image is a function of the CT values encountered along thepro

tion rays. DRRs are of particular interest because theyratsly

simulate plain radiographs [20] and, therefore, are usetany 2 CUESFOR DEPTH PERCEPTION
medical applications. In intensity—based 2D-to—3D irdperative

registration, DRRs are computed from many different vieiwiso 21 Stereopsis

to find one that most closely matches a fluoroscopic image [15] . ) . :
For radiotherapy treatment, DRRs provide reference imeges- Stereopsis is the perception of depth due to differencekeaneft

sist in patient positioning [24]. In planning of orthopagdurgery, ?cr)}daggm gegr';a)‘l ;‘;Z?::-tw-rohgl %i?l?/rgglf?er:eorft()ixqralggsagfdttrms

points that lie at different depths in a 3D scene are offsghfthe

center of projection by different distances in the retinahges.
Itis not obvious that the stereopsis cue is effective whewirig

purely absorptive media: In an absorptive medium, the reftright




(a) (b)

Figure 2: Does stereopsis work in absorptive media? With absorptive
media (left) the two eyes see different images of a particular point
because light from behind is attenuated differently along each path.
With surface rendered objects (right) the left and right eye see the
same feature in the same 3D position, displaced differently in the
projections on the left and right retinas.

eye can focus on a point within a volume and see two different Figure 3: An example of perceived depth from aerial perspective.

images. This occurs because the retinal images are protiydbe
integral along two different rays thaiass througtthe focal point
toward each of the eyes, as shown in Figure 2.

This is similar to the situation of specular reflections @msipar-
ent objects: The left and right eye see the specular spoffareint
positions on the surface because the spot positions argeietv
dependent. This suggests that specular highlights alometaro-
vide surface depth information in either monoscopic oresiscopic
views [11].

Our experiments consider whether stereoscopic viewingoan
vide depth information in a purely absorptive medium, eveugh
the images projected onto the left and right retinas arerifft due
to the translucent nature of the medium.

Opacity and spatial frequency are two factors that migtecaff
stereopsis in absorptive media. As overall opacity inarsadistant
features will become more obscured by close features, whight
mimic the perceptual depth cue of occlusion. Low spatia|dency
may make it easy to detect and track large clusters. On the oth
hand, high spatial frequency introduces edges which maynaid
finding correspondences between the retinal images.

Our experiments considered how stereoscopic renderiegtaff

relativedepth perception in absorptive media, and how opacity and

spatial frequency affect the accuracy and speed of the depth
ception. We use the term “stereoscopic” to refer to viewirithw
3D glasses.

2.2 Aerial Perspective

Aerial perspective is the perception of depth due to theesdag of
light in the atmosphere, as shown in Figure 3. Light that ctSleff
of a close object does not scatter much before reaching theébay
the same light that reflects off of a distant object undergoash
scattering, causing the darker portions of the object toebeiced
in contrast [6]. Objects that exhibit more contrast are mezlito
be closer than objects that do not.

In a purely absorptive illumination model, however, thesed
reflectance and no incident illumination. Rather, lighttieauated
as it passes through the volume. Therefore, a distant elifter in
translucency is indistinguishable from an equal, clostedifice in
translucency (see Figure 4).

Our experiments considered how aerial perspective affetas
tive depth perception in absorptive media. For aerial potee,
we considereanonocularrendering (i.e. without 3D glasses). The
aerial perspective cue was modelled by decreasing cortsedis-
tance from the viewer increased. This had the effect of addim
approximate “uniform scattering” effect, as is presenthia a&tmo-
sphere.
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Figure 4: (a) In a scattering medium, incident light reflected off
a close object or feature does not scatter as much as that off a
more distant object. Scattering causing dark portions of the distant
object to appear lighter. (b) In a purely absorptive medium, there is
no incident light and the difference in adjacent translucencies (e.g.
[t —t2|) provides no depth cue.

3 RELATED WORK

A number of studies have shown that stereoscopic viewinga@hn
in perceiving depth, grasping, recognizing, or understandhe
shape of computer generated objects [9, 25]. Other stulds;
ever, show that the benefit of stereoscopic viewing is taglee
dent [22] and for certain applications there is no benefité¢oen-
scopic viewing [5, 23].

3.1 Stereopsisfor Diagnosisand Surgery

In the medical field, clinical application studies have sh@romis-

ing results for stereoscopic volume rendering of imagem ftbe
X-ray domain. One study considered the effectiveness oéate
scopic imaging in finding abnormalities in computer—getezta
mammograms [8]. Mammograms (the standard imaging modality
for screening and diagnosis of breast cancer) are devoi@uthd
cues, making it difficult to detect abnormalities. The statipwed
that stereomammography improves the detection of cerissnd
abnormalities, which can lead to early detection and béttegmno-

sis of breast cancer.



In laparoscopy, a minimally invasive surgical techniquedito
diagnose and treat a range of abdominal or pelvic problenrs, s
geons work with 2D video pictures provided on a monitor. It is
known that, because of the need for video imaging, there ere p
formance limits to traditional laparoscopic systems dugheo2D
representation of the 3D anatomy. Thus, there is a need ®apev ;
some mechanism to improve depth perception [5]. Studies; ho . |
ever, have provided a mixed picture of the usefulness otgter ' _ s
scopic imaging for laparoscopy. Some studies [7, 5] haveotdem o oA |f |
strated no statistical advantage, whereas others [3, b@jexha sig- | |
nificant improvement in speed and outcome of laparoscopista |
In monocular systems, other available cues (such as moton p || |
allax, relative position, occlusion, perspective, andhtiigg) have | I
been used to compensate for the loss of depth perceptiongedd | |‘
by the use of 2D images [5]. | ) AN

Mora and Ebert [18] studied whether stereoscopic rendering | et {
using “order independent volume rendering” methods, icig -
maximum intensity projection (MIP) and X-ray projectionRR), N
can provide enough information to understand volumetrita.da
While no formal user studies were done, the authors’ expegie
was that stereoscopic rendering with these methods allbes t
viewer to better understand the volumetric data.

Calhounet al. [4] stated that stereoscopic viewing may provide
better visualization of the 3D structure of complex anatpsuch

subject

as.stplnalddata. Tdhellr pretllmln?ry r?SUItS SUQ.geS.t th.at %?‘)"I Figure 5: Experimental setup: The cylinder model was orthographi-
0gISts and nonra |o_og|s S preier s ert_aoscoplc viewingediica cally projected onto the screen and subjects were asked to determine
data sets to conventional monocular display. the direction of rotation.

3.2 Transparency

Transparency is often used in medical and scientific imagmg We use the term “monocular” to refer to viewing without 2D
way to enhance shape and depth by superimposing multipie-tra ~ glasses. Subjects actually used both eyes, but the terms “no
parent layers of information [11, 14]. In medical imagingarts- stereoscopic” and “2D” would not adequately convey theedhff
parency can be used to integrate images from different ritizdal ences in viewing modes.

For e_xample, 2D anatomical CT data can be overlaid Wlth f_MRI Subjects pressed either the left or the right arrow key ocohe-
data in such a way that one can see through the functionaleimag puter keyboard to indicate their classification. Presshrey key

parency may help to more effectively visualize radiatiosales  gyring which time subjects were shown a blank screen, the nex
with respect to a patient's anatomy. Kasedal.[14] performed a  stimulus was presented. Subjects were timed and were asked t
number of psychophysical experiments to study transpgreitt spond as accurately, but also as quickly, as possible. nfirgiry
stereoscopic viewing, transparency and spatial frequemeymul- tests showed that subjects performed better with blacksbite
tiple surface transparency. DRR rendering, so this was used. (Note that Figure 1 is wbite—

To date, research on the perception of transparency andfuse opjack.)
transparency to enhance depth perception has focused wimgie
an opaque object through a transparent layer [17, 25] wher@ar
junctions exist [2]. In these experiments, at least thrgerexist:
a background; an opaque surface; and a transparent layetimgpv
these surfaces [12]. To our knowledge, no studies on péocejot 4.1 Apparatus
purely absorptive media (where no opaque objects exist lzere t

is no presence of partial occlusion) have been done.
P P ) Images were generated at greater than 15 frames per secand on

2.8GHz Pentium 4 processor. They were displayed on a VieigSon
Professional Series P95f+ CRT display and viewed by theestij
through e—Dimensional Wireless 3D LCD shutter glassesio
USA). The P95F+ display, with PerfectFlat screen techngldis-
plays distortion-free (stereoscopic) images. The windiag was
300x410 pixels and the stimulus occupied 260 by 285 pixethén
center of the window. Subjects sat approximately 50 cm away f
the monitor. An interpupilary distance of 6 cm was used t@ate
the stereo pairs.

4 METHODOLOGY

Our test data consisted of a vertical cylindrical volumé totated
about its vertical axis, as shown in Figure 5. Test subje@sew
asked to determine the direction of rotation ... that is, tivbethe
front surface was rotating right—to—left or left-to—right DRR im-
age was computed by backlighting the cylinder and comptitieg
attenuation of light as it passed through the cylinder. Timder

was rendered under orthographic projection to remove arsppe- In order to present flicker-free images to subjects, twoghin
tive cues. were done. First, the maximum monitor refresh rate 100HH#50

In a monocular orthographic view with no depth cues, the ro- per eye) was used. Second, each experiment was conducted in a
tation direction is ambiguous because the order of the w@tém dark room with no fluorescent lights which could have intexfe

coefficients along each ray toward the eye has no effect omthe  with the infrared recepter of the glasses and caused flingeilo
age, and subjects are expected to have 50% accuracy. subjects reported flickering.



4.2 Illumination Models

For DRR rendering, the radiance visible to the eye cominggalo
ray w was defined as

L(w)=Loe foT(9ds @

where the ray through the volume is parameterized betwgand
s1, the attenuation coefficient is), andLg is the radiance of the
backlight.

To implement contrast reduction, we used the general volume
rendering integral

L(w) = /:C(s) 7(s) ds & o T du )

whereC(s) is the “radiance density.” To get the purely absorptive el &

model of Equation 1C(s) is set to zero everywhere except where )

the backlight enters the volume (i®(s;) T(s1) ds= Lo). Figure 6: The cylinder surface (a) was modelled separately so that
Contrast reduction is then achieved by shifting radianaeside the i.nterior opa<.:ity could be varied without changi.ng the.surfa.ce

ties,C(s), toward white from their usual solid black. At distarte opacity. The cylinder surface was texture mapped with Perlin noise

. . : : and the attenuation coefficients of the volume inside the cylinder (b)
IL%”\]/éruem\ge\\llvvzr’sgtormalIzed so thelt € [0....1] for all points in were generated with a Perlin noise function.

C(s)=(1-k)d (3)
wherek was a “contrast factor”. This is identical to the OpenGL Perlin noise and the simple cylindrical stimulus were used t
fog model. ) ) avoid bias from any domain-specific knowledge that the ta@ist s
Fork =0, points near the back of the volume emitted the same jects might have. Subjects with a medical background, fangxe,
radiance as the backlight, resulting in complete loss ofreshat  might perform better with anatomical shapes than wouldrathb-

the back. Fok = 1, points near the back emitted no radiance, re- jects.
sulting in no change in contrast. For any valuekppoints at the
front did not change in contrast. To study contrast reduckipwas

varied from 0.75 to 1.0 in increments of 0.05. 4.4 Stereoscopic Experiments

43  Stimuli Fifteen subjects were each presented with 100 instancesating
cylinders. Five opacity values,= 0.0, 0.1, 0.3, 0.6, and 0.9 (from

The attenuation coefficients of the volume inside the c@mdere equation 5), and five persistence values, 1, 2, 3, 4, and 5 (from

generated with a Perlin noise function [19], which perndittes to equation 4), were considered. Opacity was varied by afjettie

vary the overall opacity and spatial frequency of the mediiime density of Perlin noise within the cylinder. Each combioatof

attenuation coefficient;, at pointx inside the volume was defined  opacity and spatial frequency were shown to the subjectsetin
by a sum of scaled harmonics of a predefined random noise func-mono and twice in stereo (one time in each direction, leftrigit

tion, N(x): and right—to—left, in order to avoid personal bias). Thesti were
_ n-1 N(bx) presented randomly, interleaving stereoscopic and mopasan-
Perlin(x) = % a (4) ages and the order in which instances were presented wasmand
i=

ized for each subject. Subjects wore the stereoscopicagiagsall
where Ya s the persistence (the relative amplitude between adja- Imes so that the absence of glasses alone did not allow them t
cent harmonics) ant is the relative frequency between adjacent distinguish whether they were viewing monoscopic or sterepic
harmonics. N(x) is created with a seeded random number gener- IMages. Subjects were evaluated on correctness and decisio
ator. For the purpose of our experiments werset 2 andb = 2. sponse time.
To study the effect of spatial frequency, the persistentgeawas
varied from one to five. With higher persistence, more weight ! . ) .
given to higher frequencies. 45 Simulated Aerial Perspective Experiments

The cylinder surface was modelled separately from theiorter
so that the interior opacity could be varied without chaggine
surface opacity (Figure 6). At a particular point on the iitte the
opacity was varied using a parameterized transfer funcfigm):

Fifteen different subjects were presented with 24 casestafing
cylinders where contrast on the back surface and withinythedzer
was reduced, as described in Equation 3. The cylinder orteras
rendered with a low opacity(= 0.1) and the same low frequency
da = ds (1) Perlin noise &= 1, b= 2,n = 2) was used. Six contrast valuds (
in Equation 3), each shown four times, ranging from 0.75 €oiA.
T4+7(2v-1) forv < 0.05 increments, were evaluated.
T+(1-1)(2v-1) forv >

®)

NI Nl

wheredsis the infinitesimal distance along in Equation 2, and 5 RESULTSAND DISCUSSION
da is the opacity of that infinitesimal segment.

To study the effect of opacity, we used values &fom 0.0 (com- For the experiments, we measured each subject’s clasiificair-
pletely transparent) to 0.9 (almost opaque). The samenRwalse rectness and decision response time, then analyzed theisiata
was used for the surface and for the interior volume. an analysis of variance (ANOVA) test.



5.1 Stereoscopic Experiments

A one—way ANOVA test showed that viewing mode (monoscopic
or stereoscopic) significantly affected classificationrecmess
(p < 0.001). Mean classification correctness over all persistence
and opacities for monocular viewing was 51.7% (SE 1.5%)¢ctvhi
as expected, was near the chance value of 50%; stereops@/adp
overall classification correctness to 80.1% (SE 1.6%). Hselts
for mean classification correctness are plotted in Figuneh&re
correctness is a function of opacity. The results for meansifi-
cations where correctness is a function of persistencelaitegin
Figure 8.

These results are strong evidence that stereoscopic negder
provides good relative depth perception in purely absezptiedia.

5.1.1 Opacity

A one-way ANOVA test showed that opacity has no significant ef
fect on classification correctness within absorptive niafe(p =
0.80). This is apparent in Figure 7, where the mean classificati
correctness is essentially unchanged for various opaaities. We
analyzed monocular viewing and stereoscopic viewing seekyr

to determine if there are differences for the two presematieth-
ods.

For monocular viewing, a one—way ANOVA test showed that
opacity has no significant effect on classification corres# re-
gardless of the persistence values used-(0.98). These results
are plotted in Figure 9.

For stereoscopic viewing, a one—-way ANOVA test showed that
opacity also has no significant effect on classification exdrress,
regardless of the persistence values uged (0.37). These results
are plotted in Figure 10.

5.1.2 Spatial Frequency

Spatial frequency had no significant effect on classificatiorrect-
ness p = 0.83). These results were presented in Figure 8, where
the mean classification correctness as a function of pensistwas
plotted. We analyzed the presentation modes separatelgietad
mined that there were no differences for either monoculewivig
(p=0.41) or for stereoscopic viewing(= 0.46).

Plots of classification correctness as a function of penses, for
all values of opacity, are shown in Figure 11 for monoculaming
and in Figure 12 for stereoscopic viewing.

5.1.3 Response Times

Interestingly, stereoscopic response times (mean = 6@&3 S& =
0.24) were similar to those of monocular response times rireea
5.93 secs, SE = 0.26) although a reasonable assumption Wweuld
that stereo viewing would reduce response times, as it dhoake
the decision task easier. ANOVA test results showed thaetives
no significant difference between response times for theview-
ing groups p = 0.64). We posit two possible explanations for sim-
ilar response times. One possibility is that there was antztén
fusing the stereo pairs when they first appeared. Anothesiluibs
ity is that the monocular cases were ambiguous and thus ked su
jects, upon recognizing the presentation mode as being cotaro
to quickly choose a direction based on personal bias.

The ANOVA test showed that both opacity and spatial frequenc
had an effect on response time. Opacity had a significanttedfe
response timeg= 0.011). Increasing opacity was associated with
longer response times, as plotted in Figure 13. We specitiiate
this was because it was more difficult, with increased opafur
the subject to find features to follow, either in the volumewnithe
surface, in order to determine the direction of rotation.
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Figure 7: Mean classification correctness as a function of opacity.
As expected, mean classification correctness for monocular viewing
was near 50% (SE 1.5%). Mean classification correctness increased
to 80.1% (SE 1.6%) with stereoscopic viewing. The standard errors,
1.5% and 1.6% respectively, are too small to appear clearly in the
plots.
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Figure 8: Mean classification correctness as a function of the persis-
tence of spatial frequencies. Mean classification correctness increased
from 51.7% (SE 1.5%) for monocular viewing to 80.1% (SE 1.6%)
for stereoscopic viewing.
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Figure 9: Mean classification correctness as a function of opacity,
for various persistence values, in monocular viewing. Persistence no
significant effect on classification correctness.
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Figure 10: Mean classification correctness as a function of opacity, for
various persistence values, in stereoscopic viewing. As for monocular
viewing, opacity has no significant effects on classification correct-
ness.
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Figure 11: Mean classification correctness as a function of persis-
tence, for various opacity values, in monocular viewing. Persistence
has no significant effect on classification correctness.
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Figure 12: Mean classification correctness as a function of persis-
tence, for various opacity values, in stereoscopic viewing. Persistence
has no significant effect on classification correctness.
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Figure 13: Mean response time as a function of opacity. Opacity
significantly affected response times of the two viewing modes.
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Figure 14: Mean response times as a function of spatial frequency.

Higher persistence was significantly associated with longer response
times.

There was a marginal effect of spatial frequency on response
time (p = 0.065). Response times change with persistence, as
shown in Figure 14, but not in a recognizable way.

5.2 Simulated Aerial Perspective Experiments

Results showed that at contrast factors between 0.75 abd B8
effectiveness of contrast reduction matched that of spmisas a
depth cue. Mean classification correctness with contrastctén
between factors of 0.75 and 0.85 was 81.1% (SE=4.9%), ard wit
stereoscopic viewing for a low opacity cylinder= 0.1 was 81.3%
(SE=0.8%). Furthermore, at a contrast factor of 0.75 thecéffe-
ness of this depth cue exceeded that of stereopsis; clasisificor-
rectness was 91.7% (SE=3.135%).

A one—-way ANOVA test showed a significant effect of contrast
reduction on classification correctnegs< 0.001). Classification
correctness was about 50% with no contrast reducken1.0) but
quickly improved with even slightly reduced contrast. Fgd5
shows a clearly increasing trend in classification accuaxyhe
contrast of the cylinder was decreased. Lower contrasbifact
however, resulted in a perceptible loss of information e distant
parts of the volume.
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Figure 15: Mean classification correctness as a function of contrast.
Even slightly reduced contrast improved classification correctness.

(8]

6 CONCLUSION AND FUTURE WORK
[0

We have presented a discussion of stereoscopic volumermegde
of purely absorptive media, an examination of the perceptib
relative depth in DRRs using stereopsis and simulated |gesia
spective, and psychophysical experiments to investideteeffec-
tiveness of these cues.

[20]

. . 11
The experimental results suggest strongly that relatiyptrdean [11]

be perceived using stereoscopic viewing in purely absa@ptie-
dia. Interestingly, the data’s opacity and spatial freqyehave
little effect on accuracy with stereoscopic rendering. #svalso
interesting to find that simulated aerial perspective glesia cue
that can equal that of stereopsis, at levels of contrastitimtuthat
seem not to obscure parts of the data. But we have not detemin
experimentally the extent of data loss that comes with eshire-
duction.

[12]

[13]

(14]

To extend the stereoscopic work presented above and tcegealu
the scalability of our results, we proposed a quick and et=ses-
scopic DRR technique to measure acetabular coverage (@&. h
much of the acetabulum or hip socket is covered by the femoral [15]
head) inorder to diagnose hip dysplasia [10]. In this stodsg non-
expert observer viewed 20 pelvic CT scans (10 preoperatide a
10 postoperative) of patients treated using computetassjzeri-
acetabular osteotomy. The observer picked points on thesdDRR
separately outlining the femoral head and the acetabulira.ott-
lining was performed separately in monocular and stergoscen-
dering modes for each of the 20 CT data sets. A two—way indepen
dent sample t-test showed that whereas the stereoscopitgee
correlated to a currently accepted method for measurintaboe
lar coveragd(= 2.148, p = 0.038), the monocular equivalent did
not correlate (= 0.825, p = 0.415). These results suggest that
stereoscopic viewing of DRRs is a viable technique for meagu
acetabular coverage. Furthermore, stereoscopic reigdefriDRRs
provides more information than monocular rendering.

[16]

[17]

(18]

[19]

[20]

Future work will consist of studies with surgeons to detewni
how depth perception improves their performance at pdaticu
tasks. We will also measure experimentally the loss of daaa t
comes with contrast reduction, and will test different cast re-
duction functions.

[21]

[22]
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