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Abstract 
Augmented reality i s  a technique for combining supplcnlerltal imagery cuch t1131 i t  : ippt ; i i -% ;LS 

part of the sccne and can he used for guidance, [raining; and Io~ational aids. In  tht meclic:il 
domain. augmented reality can be uscd to corrthine medical imagery to the phyrici:rn’.: v i m  (11 
a patient to h e l p  the physician cstahlish a direct relation betwren the irn;igt.ry i ~ n d  lllz p i i t k~ i l .  
This pi-oject report wil l examine medical augmented reality systems for IISC iii ii .:ui-:ic:il w -  
ting. Four areas wil l  be examined: ( 1 )  applications for augmented reality syrtzm In  inc i l ic i i ic .  
( 2 )  survey o f  baqic technoloFies used for building augmented reality systems i n c l u r l i i y  Ilk 
current state of the. art in medical augmentcd reality sytcrns. ( 3 )  the devclnpment of ;I ilrii 
augmented reality system and (4) tcsting and validating an augmented reality system for c l i n -  
cnl use. The goal of this project report i s  to dewlop ;I new design of a mediciil aiigmeiited t r ~ x -  

ity sysiem; the design wi l l  draw upon a number o f  different technologies in i in irttcinpt i o  huilrl 
;I mort: practical and capable system. 

Key Words: Augmented Reality, Compirter Assisted Surgery, Rcgi5irntion. Triicki 11;. l l i s p l q  
Devices; Image Overlay, Surgical Guidance, Tclcmcdicine. 
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1 Augmented Reality 
Augmented reality is a technique for combining supple.mental imagery that ;tpprnrs 10 hc part of [IIC scciw 
used for guidance. training. and locational aids to the user. The supplemental imagzry ciin bc i t s  simplc it 'i  

ar row offering directional guidance to the user; or as complicated as a three dimensinnal i i i d ~ l  d [Iic 
scene. This projecl report will examine a nuiiiber of d rent techniques for buildin:. leslin: ilnd vidid;i~iii; 
a medical augmented reality system for surgical USC. 

The medical domain can benefit greatly from augmented reality. Adviinced imaging Izchniquc\. w c h  i i \  

Magnetic Resonance Imaging (MRI), or Computerized Axial Tomography (CT or CAT). o l l r  ti ~ ~ v - i n v ~ i -  
sive look inside a patient. These imaging techniques can be combinrd w i t h  augmented reality IC! givc i t  p l y  
sician the ability look beneath the surface of their patient's skin to the anatomical structuirr helwv. I n  
addition, the imager). can be used to offer supple.mentn1 localizalion, guidance and Iraininy itidcs dririily wr- 
gcr).. Augmented I-eality has the potential of greatly reducing surgical timcs. while irnpro\~iiig o\m111 patictit 
otitconies. While there are many used for augmentcd reality in medicine, this project r q m T  will focus on 
augmented reality system for use in a surgical setting. 

1.1 What is Augmented Reality? 
In the realm of medicine. augmented reality is a display technique that offers guidance :uid 
physician in locating anatomical structures on the patient. Augmented reality combines sulipleiiiciit;iI i n -  
agery lo the physicians view of the patient (Figure 1 - 1 ) .  Traditional methods used by phq"ici;ins t n  vic\v 
medical imagery include: films on light tables, imagery on a workstation monitor. etc. Howew-.  it iiiLijor 
drawback with traditional approaches is the lack of a direct relationship between the patient and Ihc iinay- 
cry. When tlie imagery is used to locate anatomical structures during surgeiy the sui-geon view:. t l ic s t n w  
r im in rhc imagery and then tries to locate it  on the patient. To aid in the localization of [he m~itmiiciil 
s[riichtres, the surgeon is often required to mentally transform the imagery to that nf the smie (>riciit:itiim 
and poqirion a s  the patient. 

Augmented reality provides to the physician a dire.ct spatial relationship between imagery atid piilieiil. 
Through the use of augmented reality, a physician can view the imagery while at the same time viewing 1 1 1 ~  

patient. The imagery is overlaid on the patient to appear in the eract orie.nration 2nd position ds the umc- 
rpnnding anatomical structures. The ability to view the imagery in the correct position and oriciitiitioii while 
vicwing the patient allows the physician to visualize internal structures in proper pnsition over thc piiticiit, 

The dit-ect relationship between the imagery and the patient can be beneficial to 21 surgeon. During ii mrgiciil 
procedure it  is orten ncccssar). to locate structures on the patient that haw been vicwcd in h c  iiiia:cvy. 
Without tlie use of augmented reality, a physician may have a difficult time of locating various suhciitiiiic- 
ous structures. For example, in neurosurgery, when a surgeon locates a brain lesion (tuiiini-) i i i  ii CT nt- hlR1 
scan. they might have a difficult time visualizing the exact location of the tumor in the pitient bcihrc s w  
gery. A substantial amount of time is spent localizing the tumor on the patient usin; a tr~ditional imcthotl 0 1  
viewing tlic imagery, such a< films viewed on light tables 191. Often, the lack of c i x t  Iociiliziition will iiiii\c 

a surgeon to make the initial incision on a patient's head significantly larger then tlic iicluill h i i c  i-cqiiiic.cl. 
With the use of augmented reality; the exact tumor location could he pro.jected from the im;igci-y ( I i rc i~Iy  
over the patient. thus allowing the size of the incision and the time needed to plan the incision's loution 
he reduced. 
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Figure 1 - I  : (a) a surgical exposure of a femur (leg hone) and hip. (h) The s;ime surgical exposure this lime. 
with anatomical reconstructions of the bones overlaid on the vicw of the exposure to  siinulatr- tlic 
view a surgeon would see through an augmented reality system. 

1.2 Potential Uses for Augmented Reality in Medicine 
Vinually any visual imaging modality can be used with augme.nted reality. Some of the inorr coinincrnly 
used imaging techniques in addition to MRI and CT are: Magnetic Resonance Angiography ( M R A ) .  Digital 
Subtractive Angiography (DSA). and Ultrasound (US) 1261. All of these techniques produce multiplc ~ ~ 1 ~ 1 n ; i i -  

imagery slices that are spatially combined to create a volumelric data set. With the uoluinrtric data set. it i c  

possible to reconstruct three dimmsional models of the anatomy being studied. In neurostir:ery, for i‘x;iiii- 

ple. a tumor seen i n  a volumetric MRI scan can he rec0nstructe.d into a three diinensional model to ;~Ilo\v 
the surgeon to visualize the entire tumor volume from any direction. By using a wide variety of ~ i w d  i n -  
agery and 3D reconstructions, augmented reality can he applied to a number of different qrpIic:itims iii- 
cluding surgical Fuidancc. localization of anatomical structures, and surgical training. 

Augmented reality offers a surgeon the ability to view pre-operative guidance cues to redch ;I desired su-- 
- eical goal. Pre-operatively planning a procedure, followed by the execution of this plan i n  the operain: 
room. allows for a better surgical outcome. For example. a surgeon ciin use imagery to pre-opet-utively de- 
fine an approach to a lesion located deep within a patient’s brain such that it avoids critical blood VCSLIZIS 
and brain tissue. Intra-operatively, the surgeon can follow the pre-operative plan presented by ;in augmenrd 
reality system. Such an approach allows the surgeon to visualize and avoid critical structiii-es id~ntifi;ible i n  
the imagery that are located along the path to the lesion, thus polentially reducing trauina t u  the cri1ic;d 
strtictures. 

I n  addition to pre-operative planning and intrii-operative execution. augme.nted reality provides ~ h c  iiic;iii\ 

for a rcmote expert surgeon to offer guidance and consultations on a case (Figure 1-21 [ 131. For exnmple. ii  

surzeon i n  a small rural town in ccntral Pennsylvania would like the assistance of an expert stiryeon in 1-c- 
moving a lesion from a patient’s brain. A remote expert surgeon in Pittsburgh is c:dled and askcd t u  ashiit. 
The remote expert views the imagery from the casc and pro\;ides navigational aids to thc rural iur:eoi~ I O  



help guide them to the correct surgical sight during surgery. The rural surgeon can l o l l ow  these iiidv ]>re- 
sented by an augmented reality system. Without the remote assistance of the expert sur:con. the palie111 
would have to he flown to the expert's hospital for the case to be performed. Hou.cvcr, if ;in expert c u i  assist 
on Ihc case remotely by using an augmented reality system. the cost of trmspcrrtinf l l~e  patient ca11 h e  >avc<I 
by performing the ciisc in Ihc patient's local hospital 121. 

.. 
%1 1996 Branko Jar:maz 

Figure 1-7: An eaample of an expert surgeon (left) remotely assisting a surgeon on a c a w  (right) 

Another area in  which augmented reality is being used in medicine is surgical training. For cwiiplc .  \vIicii 
ii ne\v student is learning a procedure_ they often have a difficult time discriminating hetween :irc:iv t l i i i l  ai-\' 
safe tn work in, and ones that should he avoided. Through the use of augmented rcdily. tlicvc rc;ioii\ c i in  

be identified. An expert surgeon can define safe and dangerous regions that are visually prcsctitcd t(> the 
student during surgep with an augmented reality system. AI the same time. the student‘\ surficiil i i is l i - i i -  

inents can be tracked to determine if they are locared within the safe region. If thc i i isIr~~mcn~s arc  milvide 
ofthe safe region. the system can notify the student of the potenrial problem. The ability lo c:isil! \:ic\v Ilic 
safe and dangerous regions during surgery can potentially aid the student in learning thew hriund:iric> r ~ w r  
than by traditional methods. 

I n  all of the above augmented reality applications, it  is critical that the ovcrlaid irnafe.; he ; ~ c c i i ~ ; i I ~ ~ l ~  Ipm- 

tioned i n  the scene, If the imagery being presented to the surgeon i s  not correctly positioned. iniicciiriilc i l l -  

formation will he conveyed. In the following chapters. the problem of pro\.iding accuwtc ovcrl i iys t o  ~ l i c  
surgeon will be addressed by examining a number of different technologies iricludinf: p;iticnt~iina:rr). rL~y- 
istration, display techniques and patient-surgeon tracking. 

2 Augmented Reality Systems 
All augmented reality syste.ms have to solve some basic technological hurdles in ordcr l o  hc i i s c ~ ~ i l  in i i  ri'iil 

wwld applicalion. Thcsc technological hurdles include: image-patient registration. type of dispkiy dev ice \  
and patient surgeon tracking. The success of the augmented reality systems ielies on srlrhtiii:~ t he  I n s i c  
teclinologies that solve these hurdles in a way that make the system safe and easy tn use. 4 iiiiiiilic~ oI(li1- 
fei-ent display techniques can he used when building augmented reality systeinh. A f w  ot'tlie m t c  of tlic 
xi medical ougmcnrcd reality systems. each utilizing a different display technique. will be evalti;itcd lor L+ 

3 



fectiveness orconveying supplemenral imagery to the user and their ease of use in ;I mrdic;il s e t l i t i ? .  

2.1 Basic Augmented Reality Technologies 

2.1. I Registration 
The direct relaiion hetwccn imagery and the world' provided by :in au~mented reality system i s  I ~ Y I  iu  t l ic 
overlaid imagery i s  not correctly aligned to the world. The process of tiligning the overlaid itiiiigcry i\ iitllcil 
regirtration and is composed o f  several parts. First, the anatomical structure of  intcrcst i\ sciitnicd. i ~ n d  L~ 

relation between thc imagery and a 3-dimensional modal i s  created. A registration sensor i s  then uszd to 
collcct data frnm the anatomical structure o f  interest to be used for the registration process (F'igui-e 2-1 t .  T l ~ c  
registration process relates the data from the registration sensor tn that nf the model tn find J t t -~ ins fo r~ i~~~ t ion  
between the anatomy and the overlaid imagev. When the imagery i s  adjusted by this tr~nsfnrmntion. i t  he- 
comes correctly iiligned to the anatomy. Two of the most frequently used techniques to pcrform rc<istrLitioti 
i n  the medical domain arc fiducial based and shape (surface) based. These two techniques ciicli haw l l i c i r  
own advanrages and disndvantagcs. 

Both the fiducial based and shape based registration methods work under very similar principles. Rnth tecll- 
niques require points (X,Y, Z position) in the imagery and on the patient. Thc two poini sets iirc ~i i i i~ct icd In 

find the transformation that relates the point sets together. The matching process works by rn in in i i~ . in~ ~ l i c  
distance between the point on the patient and acorresponding point in the imagery. Otic tcchniquc to tincl 
the minimal disrance between these two data sets i s  to use a sum o f  squares algorithm Fig1Li-c 2- I :. Tlic \ti111 

o f  sqiiares approach finds the u n k n o w  transformation, T, tliat minimizes the distance het\veen t l ic  t\vo h t a  

sets: 

w8here d, i s  the distance between the patient point. PI, and the model point P,,, [ I  I ]  

Fiducial based and shape based registration differ frotn each other by the patients poitit'. (PI,) :itid tiimlcl 
points (P,) used in the registration process. For shape based registration, PI, can be iiiiy i i rbi lrxy ~poiiit t > t i  

ihc surfacc o f  Ihc anatomical structure to be registered and P,,, i s  the closest corresponding point 011 i i  thrcc- 
dimcnsional reconstruction (produced from the medical imagery) o f  the anatomical structure. On the  otlict- 
hand. for fiducial based registration P, i s  the location o f  a fiducial marker placed on the  piitirnt and P,,, i \  
the same fiducial marker located in the imagery data set. Fiducial based r e g i ~ t ~ i t i o n  i s  c o t i s t ~ n t i ~  t ( i  t l ic  
fiducial markers while shape based registration can utilize any arbitrary poinis on the p~itietit 

Shape and riducial bascd registration do, howe\;er. have sonic limitations. Shape h;ised rcgisti-~iti(iti i s  w r y  
~ensitive to the points co1lecte.d. If points arc collected on the patient such that the s y t e m  i s  not c ~ ~ t i ~ t ~ - ~ ~ i t i ~ c I  
(l imit the relatiue freedom o f  movement due to point ambiguity). and a limited numhei- of points arc UYCCI. 
the eccuracy of registration will be low [23]. Fiducial based registration requires fidrtci;tl niiirket-s 111 Lhr r i l -  

fixed to the p t i en t  prior to the imagery being collected. By requiring the fiducial market-s IO he Iprcxtit 
when the scan is performed. the initial diagnosis scan can not be used. instcad anothei- sc;m is I-eqiiii-cd ;~d& 
ing time and cost to the procedure. Once the scan has been comp1e.te.d. registration can he pet-fill-med \\:it11 

as few iis 3 markers if the fiducial miirkers remain stationary and are accurately localized in the imagery MIJ 
on the p;ttient. 

I .World througliout this paper is refet-ring to the direct scene ofrheparierit ac srrn by tlir dwto i .  \\.ithiiiii , i i i ~  

aclditional aides. 



Figiirc 2-1 : The Registration process. The anatomy is scanned producing the imagery in ;i cool-cliiiatc 
system relative tn the scanner. From the imagery a model is created along with a t i -~~i i~l irr t i iat ion 
that related the model coordinates to the imagery coordinate system. A registration sctisor is Ihcti 
used to collcctcd data from the anatomy. This data is used i n  the resistration process. The 
registration process finds thc relation between the model and the registration scnsor 10 i i l l i iw f r ~  I l i c  
position and orientation of the overlay to he correct. The grayed out portion of the im;rFc i \  ~ i , w l  

for the display and tracking process of augmen1e.d reality. 

Another method of performing registration. called physical templateing, is currently being iiiwstiptcd 111- 
use with augmented reality systems. Template based registrarion does not use any points collected l'rcim t l ic  
imagery or the patient; instead, ii template of the anakmical skuctitre to be registered is crcited lrom t he  
CT 01- hlIU imagery I 171. The template is created by rapidly protutyping. via methods s d i  ;IS stcrw lithog- 
raphy, the inverse o f  the 3D reconstruction made from the. imagery (Figure 2-2) .  The registratinti p i - o c w  
t3kes place by fitting the template onto the anatomical structure to he registered. Since the trmpl;ite is cre- 
ated directly from the imagery, the relation between the imagery and the patient is alrendy knnwri. A l l  t h t  

is required tn find the pnsition and orientation of the patient i n  space is to rneasuririg thc Iociilioii ~ I I I C  lc i t i -  

plate in space. Template base registration only works however with rigid structure,? ,such ;is bonc. S i ~ l l  I ihsuc 
strtictures can not be registered with template base registration. Template based re$stt-atinii has ;11o i iot ycr 
been implemented for use with artgmenled realily systems, but has been successfully u.;ed foi- other  indica1 
applications requiring accurate registration [ 171. Tcmplate based rcgistration has the potential l c i r  produciti? 
rapid registration in the operating room while requiring littlc work on the parr of [he surgeon to tiblain lhc 
rcpistration. 

3D reconstruction L- 
Figurz 2-2: A template build from a 3D recunstruction for use in template based renistratimi 
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2.1.2 Display 
Tlic wpplemental imagery or overlays are presented to the user by means  of;^ <liy)liiy dev i cc .  TWLI type% 111' 

overlays can he used: planar (?-dimensional) or stereoscopic i3-dirncnsional or \:@I urnell-ic), cii i l~ iic&.\\i 

telei:isions. Stereoscopic nverlies? commonly used to enhance ii 3-dimcnsionnl. I-cqiiirc ii dc<lic;ilcd d i \ p L i ~  
dcvicc in front of each eye to present ii slereo pair to thc tiser (see Section 2.2.1 oil lklMI>/HL~l) m L 1  

Section 2.2.3 on surgical microsc0pe.s) or ;i slightly more. cumplicatcd sinFlc d i s p l q  dcvicc dcrcoxq>ii  
rcchniquc. 

Thcrc are twn methods o f  presenting 3-dimensional imagery from a single display: p l m x  dci-eoxty,ic LIi-  

play devices incorporating spatially coded imagery to separate the left and right image. ;md vol1iinctric di%- 
p l a y  presenting lruc 3D imagery in a three. dimensional workinf volume. P lanx  stzi-Lwscopii. r y s k i i i s  
present 2D specially created left and right image on the same display and use a fi1tt.i- to dirccl l l i e  ~ ( i i - r z i l  
iiiiafe to each eye. If the two 2D images are created correctly, the bi-air wi l l  nicrgc thz images 1ogcilii.i- 111 

form a stereoscopic image. Some of the most common filterin: methods for sepai-;iting the i m i i p  frii- LYICII 
rye  include active shutter glasses, polarized glasses (Figure 2-3). and color filter y l x s e s  . Thc pi-ohlc~n \villi 
these methods i s  the need for the users to wear special glasses to see the stereoscopic ovei-liiy. Onc %iii;k 
disphy stereoscopic system that does not require the use of special glasses uses a lent ici i lar k i i h  I S I .  l - i w  
ticular lens systems spatially combine ii stereoscopic pair into a single image ur;illci-ii;iliiig s l r i p  of Ic f l  i i i ~ d  
riyht images. A lenticular lens (a lens with cvcnly spaced "ripples" acrnss it) i s  pliiced ~ n c r  the  c ~ r i i i p o \ i l c  
image and directs the left and right image strips to the cnrrect eye. 

i a i i n ~  il difrcrerit display devices. Planar overlays use planar display systems such LIS complit-- c I Illollll,!r,\ \ I I ~  

I 

R L R L  
Left Im,ige 

Figure 2-3: A polarization based planar ste.reoscopic display system The left and riyht im;i;c rirc yxitiiill> 
combined to form one image. This composite image i s  projected throush ii poliiriziii; lilki- witli 
strips of polarizers rotated 9D"from each other. The uscr wcars a pair ofpolnrizing g I : i ~ ~ c ~  i i i  

which the left and right cyc polarizers arc rotated 90" from each other i ~ i  separate the k-tt aiid iri;Iit 
image. 

Volumetric displays produce a true 3D image without the need for special $ ~ s s e s  tn he worn hy pi i ikxt i i ig 
the oh,ject into a 3-dimensional workspace. One such system works by projectins ii vosel ( 7 ~ ~ i i i i ~ i i , ~ i I i i i i i l  
picture clement) onto a spinning helix. The 3D position of the \~oseI can he continlied hy iidjiixtiiig ilic i i i i i c  

I ..4ll of thcsc icchniqucs are commonly used i n  the entertninineiit industry to p r z w i t  stcrcoscopii i i w v i c \  
from a i ingle screen. 
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:it Lvhich the voxcl is projected on the helix [24] 

2.1.3 Tracking 
Once thc imagery is registered to the patient and displayed, it is desirable to allow the paticiit tu bc ~re-po.~+ 
tioned. poi- example, during the procedure, a patient is sometimes moized to obtain a bettel- xpp~-mcl1 I l ic  

surgical site. To prcvcnt having to re-register the patient to the imagery each time thc paticill i , \  imivcd. p i i -  

tienl tracking bccomes necessary In addition, it is desirable for the surgeon to be able tu c l i a n ~ c  htxd 1xisi- 
lion (vnntagc point) while maintaining a registered overlaid image. If the surgeon's vantage priinl c l i a n p .  
the overlay must be updated to the new position to maintain the correct regisIration. 

Tracking is used to maintain the correct registration hetween image and patient if the paticnt o r  lllc s w  
:eon's vantage point has moved (Figure 2-4). Tracking measures the position of the patient and the ,MI- 

:eon's vanrage point relative ton known coordinate system. If either the vantay  point or the patient Ihwc 
moved from the time the initial rcgistration was performed; a tracking sensor is used to update the re:istm 
tion betwren the imagery and the patient (Figure 2-3 .  

Five of the most common techniques for pcrforrnin: tracking arc: optical (both infr;ircil i i i i r l  vi~ibIc:i. i m y -  
netic. ultrasonic, 3D optical range sensor? and radio frequency. With the exception of ttic i - i i n y  wiser. 

markers must be attached to the object being tracked and need to he rigidly fixed y o  niotioii tx twcc i i  them 
can not occur. The relation between the markers is known_ and is used to obtain the position ;ind oriemaIim> 
of the object being tracked. If the markers move relative to one another and the motion is not accountcd ~ ( I I - .  

trncking errors will be introduced 

World 
Object 

Overlay 
Image 

Correctly registered 
wurld object and overlay 
image 

Obscrver and world object 
tracked to maintain correct 
registration 

Obscrvcr'F u;int;isc l x i i i i t  

translated t o  the triglit 

Ob,ject i n  world i i invcil 
.Away from obsci-vcr 

Figure 2-4: (a) The world object and the overlay image. chj The overlay objcct correctly i-cyisk~t-cd l o  
world ob-ject and tracked regardless of head or object motion (c) The cl'l'ccts o lno l  t i - x k i i i c  thl, 
object or vantage point movements. Both types of motions will causc the uverliiid iiniapery IO iio 
longer be registered to the world. 



Optical trackers work by sensing tlie position of rigidly fixed markers usin:_. cilhcr infrared 0 1  v i s i l i c  lislit 
sensors. The relation hctwcen these markers is known. thus allowing thc calculntinn of tlie pipsirion and ori- 
cn~atioti of tlie markers (a  minimrim o f  3 markers is required to obtain the 6 degrees of fi-rrdom (L)OF) df 

the system). Magnetic systems work by artificially creating thiee orthogonal magiietic fields. A I-cccivcr i \  
placcd in this magnetic field with three orthogonal pickup coils. By sensing 'hc vo1laF.c iici-o+ itic I l i rcc  
coils. it is possible to determine the position and orientation ol' the dcvice. I!ltriiwiic sctimr\ arc vcIy s i n -  
ilar to optical oneq. except that they use sound instead of light. Three microphones inexsrirc l l i c  time i l  tahL~s 
for sound to travel from the transmitter (spark p p j  to each of the rnicrophunes. The position o f  thz 11:1n\- 
mitter is derived from the time required for thc sound to reach cach micrnphnnc via triaiigula~ii~~i. A i iu i i i t iu  

of differrnl range sensors arc currently being developed. Range sensors retiirii the distnnce t o  ciicti ~ p i > i i i t  i i i  

the scene. a depth map, as opposed to the intensity iis a regular ciimera does. The depth map is used \villi :I 
surface based registration approach to find the position and nrientatinn of the iihject. Radio ft-cquerrcy triick- 
srs are very similar to optical systems. The system locates the nhject i n  space by triangtilating the tr,iiisinit- 
ter's location relativc to a number of receivers. 

I" J x 

Figure 2-5: The tracking process. The registration process (grayed out area) from Section 2. I .  I toiind t l ic  
initial position of the anatomy. The coordinate system the iregistration seiisor used is ciiiihratc t o  
the display device to obtain the relation between the sensor and the display. Trackin? i h  t l i cn  i i d  
to measure the position of the surgeon's vantage point and the anatomy. Any cliangc i n  positiiiii 
from the initial starting point is then used to update the registratinn betwceii thc o~cr l ; iys  iiiid iliz 
anatomy. 

2.2 S p e s  of Augmented Reality Systems 
Augmented reality systems can be built using a number of different display techniques. Exli techniques l i a h  

its advanrages over the other systems. Three of the most commonly discussed sys tem for use i i i  ~ncdi~iilic 
include heads tip displays/head mounted displays. "Magic" windows, and iiiicroscnpe ovrrlay syrtein.;. 

2.2.1 Heads Up DisplaydHead Mounted Displays 
Hcad Mountcd Display (HMD) and Head's Up Display' (HLD) consist of an displiiy dt.\zice mi)uiitcd w i t l i -  

I .HUD in this cilsc rcfcrs t~ a hcad warn system and not a system that presents the iiu;igsry ~ l i l i r i d ~ ~  1 3 1  :I 

headset such as system foiiiid in some aircraft cockpit, 
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i n n  headset that presents imagery directly to thcuser’s eyes. HMDs only allow the tisei-Io view t l ic  di<$iL), 
device and occlude the dircct view ofthe world. To enable the user of a HMD to see the \ k : o ~ - l d  :I c:iiiicrii is 
used to prescnt the world on the display dcvicc. HUD, on the other hand. nllo\v the user i o  wc 1 1 1 ~  rlisplay 
devicc, plus a direct view of the world (Figure 2-6). To circumvent the porenti;il problcw o f  cliiiiiii;itinf 
small anomalies in the world, due to the limited resolution of cameras and displtiy devicch. i i  Illlr). i \  mili-i‘ 
desirable than ;i HMD for clinical use. 

HUD/HAMMD have ii number of  problems that currently limit their successful iiw iis medical arifiiiciii<,il I C -  

ality systems. First. the resolution available on HLJD/HMD is poor. Most modcralcly priccd HXIIXI 11111 
($IK - $IOK) are only capable of 640 X 480 pixels in gray scalc. Radiolosists and pliysiciim will {:ll?ii 

complain about viewing imagery on low resolution displays for fear o f  missing small derails oltlic imagci-y. 
Second. HMD/HUD have a limited field of view that limits the surgeon’s ability to see t l ie ent i rc  s i i rF iu l  
site thus potentially by reducing the effectiveness of  the system. Another problem with HCIL)/HMll diic to 
the close proximity of the display to the user’s eyes is so cal1e.d “simulator sickness“. Simulator sickncw 
comes about from not updating the display fast enough when there is motion i n  the scene m c l i  ;is whzii tlic 
world object moves or the user‘s head moves thus changing the background view. T h i s  kick ol.di\pl; iy I I I I -  

dating \vi11 produce a lag between the. perceived motion and thc actual motion. throwin: off the uwr‘s s c n ~  
of balance [ 161. In addition, any perceived difference hetween the augmented eii\:ii-oniiieiil ilnd the iii‘ttia 
environment can also cause simulator sickness such a perceived motion in the o\~erIi~ys relative to the \\wILI. 
Finally. current HUD/HMD are bulky and heavy; making them uncomfortable to wear ( ivcr  cxli.ndc~l Ipcri- 
ods. 

Figure 2-6: (;I) Heads Up Display. A beam splitter is used to combine the displtiy device \\:it11 ;I v i o v  01‘ the. 
world. (b j  Head Mounted Display. The display device occludes ii direct view ofthe woi-Id. Te vie\\: 
the world, ii ciimerii mounted on the. HhlD is used to present the world scene on thc displiiy dmiw 
to the user. 

2.2.2 “Magic” window and planar displays 
‘WIagic” windown arc movable displays placed over thc patient uscd to add wpplemental im:i:_.cry t i1  t l ic  
world (Figure 2-7) 1251. The window is usually made out of an acti\.e matrix LCD pniicl r11:1i is li$itwi.ifht 
:ind h i f h l y  movable. The  display devices occludes a direct view of the world. thus rcqtiiriti: ;I i i ~ i i ~ c r i i  

mounted to the back o f  the display to capture a view of the \vorld. The view form tlic c;iiiier,i is c~~iiitiiiicd 
with the overlaid imagery and presented on tlie LCD panel. 

9 



Tlic magic window system dues havc a number of pi-oblems that must be uvercutiic hd'nrc it can Iw LI~CLI i l l  

;L mcdical setting. As with HMD. thc magic window does nut  allow a dircct vicwing ofthe world. l l i s t ~ x l  ;I 

camera is uscd to capture the world scme that i s  then displayed on the LCD panel. Such :1n iipproiich t o  
display the world again limits its resolution. potentially eliminating small featiii-ev. I n  iitldilirin. i i v  l l ic  user's 
\ziew point changes, the background scene must also change to be correct (Figut-e 2-81, This wi l l  conipliciitc 
the device some by having to add a camera tracking and motion contrul syslem. 

Figure 2-7: The magic window display. The surgeon can views hoth the patient hy the :lid o f a  caiiict-ii m d  
the supplemental overlay (the bone outlincs) 

0 -0 

Fifure 7-8: The effect of the background when the head is moved relative to ;i tixed miigic window Thc 
background will di-astically change as the head is moved thi-ougli position I - 3 a s  s l i o w i  i n  thc 
inock magic window displays. 

I O  



2.2.3 Siirgical Microscope Augmented Reality System 
The frequent I ISC ol'surgical microscopes in thc nperating room make them idcill pli~tfornls li>I swnc ail;- 
mcnlcd reality applications. Srirgical microscope augmented rcality nysteins cotillline I I K  view ol'tli i. llil- 

licnt and the ovei-laid imagery by projecting the itnagcry onto a hc;lln splittei- I ~ i i l c d  I\ illiiii 1111, 

microscope's optical path (Figut-e 2-9j 1201. The surgecin tlicn view\ the xigmrntetl t' i ivirniiii icnt h? Im !L i i y  
throuyh their ocular (eye piece) to see the overlaid imagery and the patient. By presei i t in~ l l ~ c  c ~ \ c I l ; i i i l  i iw 
q e i - y  into rhc microscope's optical field, the resolution of the world is not liniitcd. The ti-:ickinf l p r o ~  
determine the surgeon's vantage point in order to maintain the correct regIs[riition i s  hiinl>lificd I)! no 
in: to  track the surgeon's head; instead, the micrnscope i tsel f  is tracked. The stirgcon's v:ii 
microscope's view of the world because the microscope constrains what the wi-gcr in 5 

hxed systems also allow for a second wrzeon to view the augmented environnie~~l hy [hc :id(Iitioii ~11:i \cc'- 

oiid ocuI;ir to the scope. Addins a secnnd user to the system i s  somelimes iinportirnt to :iIlo\v wr:con\ ;mI 
lhcir assistants to have a common view of the supplementnl imagery. 

Bcnm 
Splirtcr 

%&- 
F i p r t :  2-9: Schcmatic of an augmented reality surgical microscope 

Surgical microscope augmented I-eality systems do have a few drawbacks. The IIW 01' I l i i c r ( l \coIx  :iIIqIiicIIi- 
cd  rcality i s  limited to cases where ;I microscope is  avail;rblc. Surgical microscopcs a s o  prc'retlt i i  \ ~ n i l l l  l'iclcl 
of vie\\; (apprnximately l O c m  X 10cm); for some surgical procedures, i t  m;iy he desii-iildc to h a w  i i  imuc.11 

larger f i e l d  of view. 11) addition, a sur:eon's peripheral view d the su~sounding opcm[iiig romri  i\ liiiiil<ol 
by having to look through the ocular to see the. augmented environment. Findly. ;in :iclelitirinal ~ ~ I L ' I I I  i'r 

required IO track any changes i n  the magnification of the microscope to  m:iintain t l ie  CCII-I-KI sc:ilm; of llir 
ovcrlaid imaFcry. The tracking of changing magnification is easily solved. hut cines reqiiit-c ;iddition IIILY~I- 

;inisins. 

2.3 Current State of the Art Systems 
In the early to i i i id Yo's, Dr. David Rohcrts froin Dartinnuth medical center and Dr. Pat!-ick K d l )  Itrmi K'i'l.: 
medical center independently performed some of thc  earliest work in dcvclnping m e d i c i  atignlerltcd rcalil) 
syqterns 1 1  9.1 51. Since thcn, a number o f  groups from around the world I imc b e p n  dcwlopitig mcelii,iil 
au_cmented 1-enlity systems [7.16.13,5.18]. M c ~ l  oflhcsc groups approxh tlic pi-ohlciii n f i i i y i i c i ~ t c ~ l  wiilir! 
slightly diffeisntly; however. lhcy all use one of the atmw mentioned display tecliniqucs. 

Some of the leading work in the field using HUD/HIvfD for augmented reality is currently heitis Ipcrt'oriiicd 



hy Henry Fuch'  group from the LTni\zersity o f  Noi-th Carolinn [3j. h c h s  e t  ~ 1 .  liiivc h w i  h u i l d i y  ,I \!'.4ciii 

k i t  enables a u'ier to view reconstrucled ultrasonic imagery oi ;I [ctus that :ippeai-s to hc iiisidc tlic prc:ii:inl 
patient. The system collects irltrasnnic iniageiy and in ncnr r m l  t ime updxcs ;i 311 \oIuiiic ireiicleriiig t? f ' l I l e  
fetus as i t  ii ioves. The volumc rendering i s  registered [o the patient by  tracking the positinn 01 the t i l t i ~ : i s o u l J  

imazer and where the user's head i s  located relative to the imager. Once thc iiiiiigcry i x  t-qiww~l l o  ! l ie  
pitient, i t  is presented lo Ihc user who i s  weni-in? a HMD. Aloiig \ i i th the 3L) rcconwiiction. ;I \ , i t \ \  o d f l i c  
patient i s  added 10 the display from a cameril mounted on t l ic HMT). 

A number o f  group have initially proposed a magic window type splem hit[ arc cur~cntly only u\in; i i  v1c1- 
eo monitor with a camera to capture the world scene [ 10,5,2S]. Vidcn monitnr sy\ tem\ w e  >iiiiilitr IU in;igic 
\viiirlnws. hut are mounted outside uCrhe surgical field requiring the surgeon to look away  1'i-oiii thi, s~ir;ic;il 
sight to v i m  the augmented environmcnt. Grimson e t  al. [IO] have combined M R I  I - ~ ~ ~ ~ I ~ S I ~ ~ ~ ~ I ~ ~ I I I ~  oI 1 1 1 -  

mor> with a views o f  the patient's head to assist  in localiring tlie site o f a  craniotomy iopcnirig ( l i e  skull i t 1  

cnposc the hrain for tumor removal). The system they have. developed coiisists ofthe lollowing p i i i l s :  ii i i i i i i -  

CKI looking down the sight lines o f  the surgeon (fur colleclion of the !xi>rld image'). Iavx I-iinyc hndcr ( i ixc i l  
for I-egistralion arid tracking), and a monitor (Tor displaying the world and nverlaid imqc ry ) .  The sroi~p II;I\ 
dcvorcd a significant amount of time to thc dc\.elopinent o f  automatic registration and patient trachiiis tz i l i -  
i1iquc.s. The 3D range finder is used to collect a three-dimensional depth map 0 1  tlir p i i i tv i l .  Tlic dL.pih iniip 
i s  matched to n model of the patient created from the imafery by means of surfiicc hassd registr:tti(>ii, The 
currcnt system has been used on i i t  least 8 different neurolofical c3ses at Brighiurn and W o m c n ' x  f 1 t i s p i ~ ; i l  
i n  Boston, MA. While using the system. they have repoited a great reduction in wrgical t i i i i c  i i i i c l  ;III iiii- 
proved accuracy in the placement of thc incision [9]. 

Davey et 31. have proposed a similar system to that of Grimson's gruup [SI. The iinjor cliTcrcncc IX,I\\ 
their work and that of Grimson's i s  in their application. Davey's gruup ih usin; lhc sysiciii hi d~:lciinine i t  
there are any changes in the anatomy between the time the MRI, CT or DSA \vi is tahcii iind the lprtwiit. TIic 
registi-ation process between the image and the patient i s  curent ly  done by hand They propox I l i c  1 ~ '  01 
;I stereoscopic cameia based system and surface based registration to ohtain i'astei-. mor-e xuiriiic iin:i;e- 
patient registration. but have nut yet implerncntctl i t .  The Davcy system i s  also integ~te?i l  \ v i l l i  iiii IS(; \.ic\v- 
in$ wand (ISG Technologies. Mississaoga, Canada) to assist in  intra-surgical Ioca1iz;itioii aid  yu id ; i~~w.  'l'lic 
1SG viewing wand i s  a commerciiil system that ilIlo\vs a surgeon to point to 311 miitoiiiiciil Ic.atu~-c oii the 
piitient and then view this specific feature in the imagery on a workstation. By coii ihininf the ISC; v ic \v ins  
\vartd with their system, additional guidance and surgical cues can be obtained snd ;in i i i t t i i t iw i i i k r l x c  1~5r 
the surgeon i s  provided 10 a s s i s t  in the detection of anatomical changes between wlicn t l ic  ini:ipi-y \VV;IX i i i -  

quit-ed and the present. 

The surgical microscope i s  currently the most conunonly enplored technique fur niedic:il a u ~ n i e n r c d  ~ c ~ ; i I i i y  
.;?.>terns. A number o f  groups are working on developing complete microscope systems [20 .  71. I n  ;idilitiiiii. 
:I commercial system has been developed [ 2 7 ] .  Roberts' group from Dartinoutli W;IF one ofihc h i  10 5t:iri 

developing and clinically using an augmented reality system hascd on a surgical microscope. Tli,. cllii-clli 

system consists of a stereoscopic microscope. a sonic di:itizcr. a mininiiirc CRT arid I ~ i m  y p l  imi- toi. iniiic'~ 

fusion The gi-oup hiis been developing a low cost. accnratc sonic digitirer to a l h v  fix c;i\y trackit ic 01 111c 
rnicroscope and fiducial localization. The complete system hns been u c d  ill ;ipprvniniiiicly 3 1  C;IW I\ i l l 1  
I-eliitivcly good results 1181. 

Edwards et ill. have been developing a system that i s  very similar to t l ie  Roberrs surgic i  niicr+cc~l~e 171. 
Both systems currently only present simple contour outlines :ind giiid:ince cues :IS owri:iici iiiiayc,t-y. I I<)\\ ~ 

ever. thi-ou:h the itsc or  depth cues Edwards' group has been developing tccliniqiic.. i o  I I ~ . L :  I I I C , , ~ .  \ i i i i ldc 
overlays appear morc realistic. 



Carl &is% i s  the first company to introduce aproduct based on a n  augmented reirlity enIi;inc<-il s u y i c x l  i i i i -  

croscopc[27]; called the  MKM system. As o f  January I, 1996. 27 of t h e w  system l iaw b iw i  v!1~1 \n)iI& 

wide at ;I price of ;ipproximately $8WK per yyhlem. The systems perform autom:itic rcFi4i-;ititiii lwt \ \ ,c? l l  

tlir p t i e i i t  and the imagery using fiducial marks localcd i n  the microscopic field of v i e w  Thc cui~i-cill \y.4e111 
does not iilloiv f,or patient tl-acking; if the pnticnt iiioves. the imafei-y must be re-registcrccl lo 111c ~ i i i l i c i i l .  111 
adtlitim. the nrerlaid imagery presented to the surgeon only consists of contours IIIC ;liii itolnicitl 5t1~11c'- 

lurcs and simple guidance inSormatiorl. 

2.4 Limitations of Current Systems 
Despite the pioneering work performed by the groups mentioned above_ ;dl of the ctment s y r t t v h  II;IY~, 
some limiting factors that will prevcnt wide-scale acceptance in t l ie  medical cominunity: 

The use of fiducial bascd registration. 

* No patient tr:ickin: systcm 

The quality and resolution of rhc overlay i s  Ion. 

* Limited work on dewloping proper overlays. 

* The surgeon must lonk away froin the surgical sight to set. the inigmenrcd c i i \ ~ i I ~ i i i i i ~ c ~ ~ t  

* The I-ea1 world scene i s  limitcd by a camera and display de\:icr. 

The use of fiducial hased registi-ation is required by some or Ihc above hystcms lo  obt;iiir l l ~ c  rc:istr:Nii)r 
hctwccn the plrtient and imagery. Fiducial based registration rcqnircs rigid fixation n l  i i i i i i-kcrs to  1 1 1 ~  Ipiit ici it. 
A n y  motion of the markers rrlative Io each othcr wi l l  decrease the accuracy of the q i s t i - i i t i i m  l.'iclticiiil 
hased registration also requires a x i i n  to be performcd once the rnarkcrs have heell : i f f i x c d  Tlx zidtlitioniil 
scan i n t i s t  be performed so that the markers can be located in the imagery. Thc fiducias m u s t  Ihc ;iccur,rtcly 
located in both the imagery and on the patient in the operating room to tniniinize regiwaion errni- 
(Section 3.2.3). The accurate localization of fiducial marks can he difficult in ;I sui-gical scttiiig il'tI11. m:irh- 
crs arc not placed in an easily assessable spot for the procedure. 

\I:ith the exception of Fuchs' group. none of t he  above system have incorporated rei i l - t i i i ic p ; i l i L w l  t i - : ~ k i i y  
With out patient tracking. the overlays must be re-registered to the patient whenevei- they x c  rc-position<Ll 
The re-positioning o f  a patient i s  commonly performed thi-oughout the procediti-e to i i l h v  the s u r g ~ ~ ) ~ ~  10 

giiin the hcsr approach the surgical sight. With t l ie lack of patient trackin:. the ahow sy\teins gc:itI! liiinl 
(he ability for the surgeon to re-position the patient so that they can obrain the best possible ;ippro;icIi. 

111 a l l  o f  the ahow augmented reality systems. the resolution of t he  overlays i s  vet-y 101v i l c s s  tlicii (40 h 

$80). I n  order to provide accurate navigation and legnlization overlays to the surgeon. the rcsolutioii ~f t11c 
overlays must he increased. In addition to the limited resolution of the o\:erlayi. very l i t t l e  \\wi-k Ihr  giiiie 
into dcvclopiiig and creating overlays that wi l l  provide. the  best localizntion and guidxicc iiilormrit i iw lo IIIC 
surgenn for the procedure at hand. It i s  a general conclusion i n  published w o k  that the qtiality md I!]JP if 

the owdays  should be impro\:ed to make augmented reality systems mol-e ncceptable: Ihowwci-. i t  i y  i i i iclc.; ir 
what these improvements should be. 

All of the mrinitor bayed systems rcquirc the burgcon to luuk away from t h e  paritlit to v i w  tlic iin;i:L,r!. I I  
the siirgerin can not view the arigmenred envirc~nnirnt dil-ectly over the patieiit. liiiviiig to Ioi& ;in+ i : m  
Frcatly diinitiisti the siyi f icnncc of thc direct relation created by the augmrnred re;ility systcin h c ~ u  



im:igery ;ind the patient. Finally HMDs, magic windows and planar displ3y ~ystcm< dl limit thr. ~ ~ . ~ ~ I ~ I I I I I ~ I I  

of tlie wrirld hy using a camera to c;iptnrr the wnrld sccnc. Thc limited ~.esoltition of t l ic  \voIId i s  II(II ;ICL'C[)I 

nhlc to surseons due to the potential o f  climinating sinal1 hut critical ~lnatomicul I'~;IIUIWS. 

3 The MRCAS Augmented Reality System 
The Medical Kribulics arid Computer Assisted Surgei), (MRCAS) group of C;ri-nsfic h ~ l ~ ~ l l w i  L : I ~ I Y ~ ~ I ~ S I I ~  i i  

working n n  developing a new medical augmenled rcality system. The n e w  nr1gmc111c.d rcdi ly sy\lcnl i s  lhc- 
ing designed i n  an attempt to overcome some of the limitationf found with tlie ciirreiit 5t;ite i i f  tlic i i i - t  ~ y s -  
tems. Currently, a developmental and research prntntype of the MRCAS syste in  c s i s t .  I I~IIVCICI-. ;I IILW 

clinical versiun or the. system will be built and tested by the wnnner of 1096. 

3.1 RilRCAS Augmented Reality System - Overview 
Thc basic concept o f  the MRCAS system parallels some preliminary work prrformed in Llic c ~ l y  XI).\  I>! 
Christopher Schmandt at hlassachusetts Institute of Technology[Z2] and i s  siniilxr ;I iiiici-(ncolii, h:iwd 
nugnented reality system. The user views the patient through ;I heam splitter ( i i  h:1 l1-s i l~c iccI  iiiiiri-ui-i i i l i i c l i  
i s  both transparent and reflective. Positioned above the beam-splitter is ii display device (CRT i i i i i i i i l cw  ( 1 1 -  

video pmjector). The patient is seen directly thruugh the beam-splitter. while ;I I-ellcc~iiin n1 t h ~ .  \ iilw < l i s -  
],lay ;ippears to t h a t  within the workspace (Figure ?-I). The MRCAS syslem i s  capable of ~prcscnling hulli 
2-dimensional and 3-dimensional overluys. For presenting stereoscopic imagery. cui-i-ently ;I [ x i -  o< lic]uid 
crystal shutter glasses ;ire used. A 6 degree of freedom head tracking system i s  i n ~ c ~ i - : i t ~ I  \vi l l i  1ht. i w h y  
device allowing the user to change their vantage point, while mainlnining the i n i ~ i ~ c / p ; i ~ i e ~ i ~  rc;is~r:ititw 111 
addition to head-tracking, ii 6 degree of frectlom patient tracker i s  i n l c p t c d  inlri the s y s t z n i  l o  :illiiu lo r  
piitirnt motion. 

An adwntage of the MRCAS approach o w r  some of the other systems i s  th;il sincc il h < . r  i i i i t  l i i i i i l  1 1 i ~ .  
iresolution of the world, the likelihood ofeliminating small ;inalumic;il feattires iii t l i e  w i r l d  i>  irciimvcd ' 1 . 1 1 ~  
MRCAS \yslem also offcrs a larger field nf view than a microncnpc bnccd \y.;tciii iiiid d c i c ~  i i i 1 1  liiiiil 1 1 1 ~ .  
rurgenn's psripheral view of the operating room. I n  addition; the system can hc huilt tin take 111) c o n ~ i ~ l c r d ~ l ~  
less room in an opeiating room than a microscope system. The first hlRCAS augmented reaity s!.;tcm i t a h  

de\zeloped a? ii platform to testing different user interfaces. registration and ti-licking techniques. 

A number of limitations with the ctiment develuprnental prototypr of hlRCAS ;iuyiirnte.tl reiilily .\!stem 
must be overcome before the system can be used in a clinical environment. First. t l ie  i w i c  01 rqisw,itioii 
between patient and imagery must be addressed. Second, the CUI-I-ent system for prrsciitiii: stci.co,,ccipic 
overlays limits the auailable display devices that can he used. Third, when the system is usxl to IprcwnI ~ I C -  

reo imagery. Ihc available resolution on the display i s  not adcqualc. Fourth. the cui-ved ~iiir1icc V I  lhc. CRY 
display uscd limits thc registration accuracy and distorts the owrlay images. Finally. :I iicw Irxching q y \ k i i i  

nr configumtion i s  needed for both head tracking and patient tracking to cliniiii;~tc llic i i c c d  ( 1 1  ;I i l i r ~ ~ ~  I i i i c  
of sight between the nh,ject being tracked and the tracker. 



Figlire 3- I: The MRCAS augmented reality prototype system. The Patient would he locatcd mi l l i c  work 
tahle. 

3.2 Selecting Basic Technologies for the Clinical MRCAS System 
The current  version o f  the MRCAS augmented reality system was huilt as a dcvelopinc~i~;il ~i1:111;1r11i l o  t r y  
diffei-ent overlay techniques and system configurations. The new clinical ver.\ion ol'thc MRCAS s?\ lc i i i  I C -  
quires solutions to he found for the ahovc mcntion limitations. Sevcral arcti5 wi l l  hi. c x i i i i i i ~ i ~ ~  IO I -~X>IVC 
thczc i \si ies including: stcrcoscopic display techniques. display deviccr; registration (f idi ici ; i l  h a w s .  sIi;ipc 
hased; plus a new novel template based system) and finally patientlsurgeon trackin;. 

3.2.1 Stereoscopic Displays 
Thc MRCAS systcm currently uses active shutter glasses to produce the stereoscopic ovcrl;iys. TIK ;iilivc 
shurter glasses (CrystalEycs, Stcreo Graphics Inc.; Sari Rafael CA) run thc display ;it t\vicl. i l s  irLyilar Ci-uiic 
1-ate. The increased Crame rate is uscd to scquentially display the correct ski-eo image to eiicli i.xi.\ w l i i l c  
attempting tn eliminate image flicker. The user wears a pair of active sliuttei- ;lnsscs ~ y n c l i r i m i z ~ d  \vil l i  1111. 

inoiiitot- to occlude one o f  the eyes while the other eye v i e w  i t s  pait o f t l i r  stereoscopic i i i x y c  I I:i:ilrc 7 - 2  ). 

For active shutter glasses to work without producing ii flickering display. the displiiy d w i c c  uscil i i i i i z i  hc 
capable of running a[ the increased refresh rate. Most high definition monitors and \:ideo projcctoi-< ;II-C cii- 

pable ril'running al the faster rate. However. a problem arises when liquid crystal display ( LCD) 01- ~ ~ I a s i i i i i  
displays arc uscd. These displays arc not yet capable of the vcry fast rcfrcsli i-iite required hrcausc or t l ic 
time it takes for each image displayed to "die" out. For example. if the display has just f i i i i s l i c i l  lpi~c>ciiliii: 

tlie l e f t  image and i s  changing over to presenting the I-iglit image. t l ie left image 113s some f i i i i te  i i i i i o i ~ ~ i t  01 
ti tric hcfnrc i t  i s  no longer visihle. This image persistence wil l producc a hlccd-thi-ou$i h c ~ \ v ~ ~ i i  i l i c  Icdi mid 
right eyes, thus greatly diminishing the stereoscopic effect. 



Left 
Image I: Right 

Imugc 

Figure 3-2: The Active shutter glasses. When the left image is displayed 011 the wi-eeii. I l i c  I-iglil cyc ~ l i i 1 1 1 ~ ~ 1 ~  
is b1uckt.d so only the left eye can see the screen (a). When the right image is displiiycd. the 1ef1 cyL. 
is blocked so only (he right eye can see the screen (b). 

With the limitation of usable display deviccs introtluccd by tising ac t iw  shutter g l~ i \ \c \  rnr p rcsc i i~ i i i <  \IC- 

reoscnpic overlays, a new approach is nccded. 4 number of stereoscopic techniqurs i i l c l t i ~ l i n ~  color li11~1- 
glasses. polarization ;.lasses. iictive shutter glasscs and lenticular lens systems. ;I\ w c l l  ;I\ ii  ~ o l t i i i i c t i ~ i c  <li,x- 
play based on tlie spinning helix syslrms (Section 2.1.1). wcrc a11 evaluated for use with the iicxt sciiei-:ilioii 
nf tlir MRCAS augmented reality system. The stereoscopic display technique hi- tlic iricdic;il ; i i i~ i i icn t~~I  
reality systeni should: 

* Nnt impede the Yiew of the world (i.e. darken, colorize. reduce the I-e~olti l ion I>! \voi-ld. ~ ' t c .  I. 

* Not make the user sick or be bothersome to use (i.e. flicker? catise eye straiii. o r  Icquirc I i c i i v ~  
head wear). 

* Re easy to integrate with the existing system. 

. Present high resolution stereoscopic irnngcry. 

* Re compatible with a wide I-nnge o f  display technologies (i.e. LCD. CIU. EL).  

The different appi-oaches for presenting stereoscopic overlays for use with the MKCAS .Augiiicntcd rc;ilitk 
system are compared in Table 3-1. After reviewin;. a11 of the different techniques Iryainst the iihnvc criiei-iii. 
a polarization based stereoscopic system was selected fur use with the next generation of tlic blI<c'AS xis- 
mented reality system foi-a number of reasons. First, because a passive polurizei- is pl;iccd over l l i c  display 
device (Figure 2-3) and no special displiiy timing is required, polarization based stel-eoscnpic \ ys t c iw  aIc 
compatible with a number of diffrrent displiiy devices including LCD and C R l  bnscd systems. ,A> \vi11 be 
seen i n  Section 3.2.2, LEDs are more desiriible as a display device for use in tlir Ml<CAS > y \ ~ c i i i  I l ic i i  ii  

CRT based display due to the flat image they produce and the sinallerphy~ical ~ ~ I U I I I C . .  Second. pnliiriz:i1i~w 
based stereoscopic systems require much lighter p;issive polarizing glasses to he wni-ii than ilinse I-CLIIII~~LI 
b y  active shuttei- glasses. The smaller. lighter weight glasses iirr much iiiore comfoi~iihlc I O  \\:eai- m e r  c x -  
tended periods of time. 

Tlic one prohlem with polarization based stereoscopic display systems that mist lhc I I V ~ I - C O I I I C .  15 111;ii 1 1 1 q  

darken the environment as a result of the polarizing filten. If ;I polarization system c a n  nnt hc lounc1 i l i i i t  
doc\ nul dnrkcn [he environment significantly, thc active shutter g1asst.r will be used with the i i c u  yiiei-ii- 

l ion zyslem thus limiting the types of display devices. Finally. tlie volumetric ~ i p ~ ~ r n i ~ c l i c s  w l i i l c  \ i i i l ~ l c  I O  

IIC with  the MRCAS system (Section 1.2.2), \vas  nut considei-ed because i t  currently i \  i i n  cxpc r i i i i c i i t ~ i l  \ y ~ -  
tenis; offering limited \.iewing ansle, and low resolution disp1;iy.. 



Active Shut- 
t u  t i l ; l s s t s  

Priliirizcd 
C;l i l \srs 

Coloi- Fi l tc r  
Glasses 

Lriiticulnr 
Lens 

noo Volu- 
iiietric Disulav 

Table 3-1 : Different ways of displaying stereoscopic imagery with MRCAS pwtotypc ;ltlfnieole<l x i l i t y  
s y s tein 

3.2.2 Displays Devices 

The display de.vice presents the overlay imagcry to the riser. To cnwrc a h i f h  qt~:i l iry ovcrl;iy i.Iii;li n ~ ~ o l i i -  

tion, non-distorting. and easily viewed), a number of stringcnt design criteri;i should tie coii\icIcrciI \vIicn 
selecting a display for the MRCAS augmenled reality system. The display dcvicc should: 

Produce ii  bright image 

Be flat or project a flat image 

Be compatible with one of the stereoscopic techniques discussed iii  sect ion Scction -3.1. I i l  
stereoscopic overlays will be used. - Have a high resolution (at least 1014 x 708) 

* Be portable. 

* Be easy lo inlegriitc with the system 

20% Ycs Yes - Yes- 
Sumc Some 

<=3(l"i Yes NO Yes- 
Limited 

:I)% NO YO Yes- 
Swnc 

10% YCS NO NO 

NO Yes - Yes xi0 
Limited 

The MKCAS system projects an image onto the beam splitter to produce the overlay iinafrry. To ovci~coinc 
the high ambient light levels present in the operating rooin (Approximately 30 - I OOtt -ltimcnsi. the systcin 
niust be capable of projecting a brighl image onto the berim splitter. In the prototype system ii rtxidard 2 I" 
CRT monitor (Silicun Graphics. Mountain View CA, Model Number D-M?IG) which pi-oduccs 251'1 - lu -  
mens at milximuin intensity was used. The output from this monitor was hr i fh t  rnougli to p r o h c c  i l i c  w e r -  
laid iinngery using an 80/20 beam splitter (80% transparent and reflective to incideiit li:rht'> \vIicn the 
entire system was draped to reducc outside ambient light. However, fur the opei-;itin< room siiti;i~ii>ii. thr. 
di-qin:. worild h a w  tn be removed forthe siirgeon tu have ;idequate access to the reht ofttie opc~itiii; 11u)iii. 

t h i \  icccssitating n display that is at least 5Oft - lumens, which is sigi1iCic;intly brighter than the l l ' i  - lu-  
inens produced with a standard computer monitor. 

The use of a flat display (LCD) simplities the prncess of prcscnting correcrly registt.rt.d stct-cowopic nwr- 
lays w l i e n  compared to a curved display (CRT). The MRCAS system produce> it v i i - tu t i i  image that is t l ic 
same shape B S  the display surface. Therefore. ;I flat display produces a flat \:irtual iin;i:_.c mid a uii-vt,il dis- 
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pl;iy w i l l  pi-oduce a curved virtual image (Figure 3-3). The \zirtiial im;lfc will be Inc;itctl ii di%tmcL, l ~ \ ~ l u i i  
tlie beam splitter equal to the distance the display is above the beam splitter'. Thc nwi- \ ic\\:x Ilk. \IIIII:II 
im;ife. 5 0  the shape and posilion of the virtual image cuntrolr where a user will sce the nvct-l;iy.'rIlc pro1~1c111 
W i t h  a curved vinitiil image is that i t  rvill cause the overlay to be distorted :tiid hc iiiciii-rccil! ~pI;ic.cd 
(Fifiire 7-4). Both the distortion and the misplacement c;m he crirrccletl fni- i n  t he  Liti'i-m prnsl>cctivc l?ro- 
icctioii. but this grcatly complicates the stereo projections because a frometi-ic i i intlel n l t l i c  cIiq>l;iy \ i i r f i icc 
iiiusi bc intrnduced. To reduce the rendcring time for the overlaid inxigel-y. the htei-Lx) ]mi\]icctivc Ilni,icc- 
tinlib should he as simple as possible. 

Virtual Imqr 

Fistire 3-3: The effect of the scrren geometry on the virtual image prnduced 

Thc 21'' CK'T monitor used in the prototype systems had a center point 12.0 i i i i i i  hifhci- tlicti tlic cil;cs 
(Figtti-e 3-5a). To keep the stereo projections simple for the prototype system. the ovei-Iiiys arc r c r i i l c I cd  oil 
;I flat im;ige planc located half way between the center and edge points, causing the :icltiiil wetday to 112 i i i i ? ~  

rcpistcr hy as much as 6.0 mm. In addition, the curved screen shifts the locntion? of 11ic iiiicisc w c i i  i i \  ii 

function of the view point due to purallnx (Figure 3-Saj. Finally. Iargc ciirvcd CRT d i y k i y s  \\:ill iiilroiliicc 
reftaction distortion from the thick front face plate (Fignre 3%). Thc rcfraclioti i n  the g l ; ~  iiiid [ l i e  di.,pl:iy 
ctirvature tend to distort the image in upposite dirsctions but  do not cancel out. Tlic problmi witli I I ic \c  cli,,- 
tnitinns i y  that they are \:iewpoitit dependent and non-linear making them more diF('iciilt 10 coi-ir~~zit 1 1 1  i i i  1111. 

ytereo pro,jections [ h i .  411 of these effects drive for the use of a flat panel dispkiy for  the n e l t  Scnzri i t iol i  
system 

Finally, the purtahility of the display should be considered when selectin: a display devicc.  I t  is Ipiissililc 10 

Find a display that fulfills all nf the above requirements. but is  tno big and :iwkw:iId to easily ititc:iuk i i i l i>  

the ciirrrnl system. Thc dcsired working volume of the new system is approxim;itcly 1 1 . 3 i i i '  I I i i i  S Il..iiii 
X (1.5m). If thc system is much larger than this, it will be difficult to use it in an opcrntinf r!ii?ii> wtliii: d i ic  
IO tlic cotifincd nature of the nperatinf room. 

4 iiumher of displays were e\:aluated against the preceding criteria (Table 3-2).  The display clcviccs iii- 
clude: Liquid Crystal Displays (LCD) and projecturs. plasma displays. Electi-olumiiiesceiit ( E L )  displiiyh. 
high resolution CRT monitors and projectors, Super High Definition Display Television tSHITl'V:i. ;iiiL1 i i t l i -  
er novel displays including the Texas Instruments micro rnirriir display [2 I I :ind :I dil'fractir,ii grahii; d i%-  
pl;1yll 1 .  

I.Becausc tlie virtual image cxactly mirrors Ihe display device and i t  locatinn is i i  ltiiictioii t > t ' n c i c  
the ienl image originates. volumetric display can also be used to present 3-dcnictiii;il i i v cdc i>  
imagery. 



Virtual Image &$$& 

Figure 3-4: a) A flat screen will produce a flat un-distorted virtual itnnEe. bj A ctii-ved s c r w i i  w i l l  IprciJucc 
;I curved virtual irnngc that has been distorted by the screen curvature miihitiy i c  no Ionyet- rcsistci- 
to object in the Z direcrion. 

Curvature Error 

Center point 
IZt i ini  different it from edge point 

Figure 3-3: a j  Curuature distortion. Point P is the pixel illuminated and point P' is the percri\wl pisel. Tl i ih  
distortion u:ill cause the image to appear reduced. b j  Refraction distortion. Point P is rlic IpixcI 
illuminated and point P' is the perceived pixel illuminated. This distortion u~ill c;iiise t l ic iitiiigc 10 

appear magnified. These two distortions have opposite effect but do not cancel out. Tlic iIistniiioii< 
we ii funckion ofthe cyc position [6]. 

I r a  polarized singlc sourcc stereoscopic system can he found that does not sigtiificiltitly darkcn tlic cnv i i -o i l -  
tilent (Section 3.?.I), then an LCD projection system \vi11 be used for the next feneration 01 t l i ~  MRCAS 
system. LCD pro-lectors are capable of producing very bright imagery ;it high resolution Crom :i I'Iiit sit-ceii 
and are available i n  a smaller physical volume than CRT bnsrd pmjectiun systems. If xi x1eqii;itc l i i i l i i r i m  

tinti hasrd stereoscopic method can not be found or developed and the active shuttet ;I:isws i i i u s t  he  i i , d  

a high resolution CRT projection system will be used for the display device. The CRT projection syskcni aic 
capablc uf handling the. increased frame rakc rcquired with a c h e  shurkr : l a s s o .  Like the LC'U lprojec,ti<,ii 
sytctii5. CRT prqjection sy tem's  producc bright, flat iruagc and arc nv;iilable i n  hish rewl~~rioi i .  A l i n i i r i i i ?  

factor for the CRT based system is the size. CRT pro.jection systrmc arc gciicv;illy in i ich I ; I I ~ T  11i:iii :I l ' l~~i i -  

p r a b k  rrsulution LCU projection system. This is w h y  a LCU projectoi- is deride lor tlir cliiiic;iI sy\tc i i i .  
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3.2.3 Registration 
The three possible approaches for performing registration wilh Ihc MRCAS aufmcnted reality ,systc111 ;im' 
zliiipc. fiducial and template based registration. A resistration technique for ;I Imedical ~~u&!~iic~ltc:i l  Ici111ty 
system should meat the following criteria: 

* Non-invasive to the patient as possible t1.e. wvould like to i i vn i t l  placin$ iidditicmil Imxhcrv o r  
making incisions for i-e&r;itiun). 

* Does not require additional scans (Le. the initial diagnosis scan ciin bc uscdj. 

* Capable n f  an accutacy less than ii millimeter - Fast; easy, and does not interfere with the case. 

Table 3.3 cornpxes shape. fiducial and template based registration for use i n  il neurosui-fiiciil vc rx io i i  o l ' l l ic  
MRCAS iiugtnentcd reality system. After reviewing the rhrce possible approache5 for rc:i.;tl;it ion. Iclnpl;itc 
based registration should be considered for use with the. clinical version of the hlRCAS 8i1p1cntcd rciility 
system. I f~cmplatcs can he designed and manufactured to hold tight tolcratices, then i t  i l l  h c l i c w t l  I c ~ i i p l ~ i t c  
regihlriition wi l l  offer cotnparable accuracy to the other approaches. I n  addition. the tclllplatc ap lwx lch  1pc1- 

knti i i l ly oilers faster and easier intra-surgical reFistralion than the. other two appmiclics h c c i i i ~  Ilic 11'111- 
pliilc i s  simply fitted to the anatomical structure to be registered and no pnirits mubt he colleclccl. Thc 
template i s  also a good place fur mnrkrrs to be affixed for patient tracking (Section 7. I .31 due  l o  thc 1i:lil 
coupling hetween the template and the patient. Finally. template based registration i\ po tcn t i a l y  Ic.;s dcpcii- 
tlerit on the resolution and inter sl ice spacing' orthe scan than the other approaclic.;. Fidiici:il i u w  rcgi>fi-ii- 
lion rcquircs high resolutior scans around the fiducial marks to allo\v for iicciiriitc miii Iocilli/iitiivl i n  1111' 
imagery, Shape b x e d  registration. however, requires a high resolutinn surface modc l  iv I icrcvc~i-  tlir ii\L1i 

inislit collect points on the anatomiciil structurc. The ternplate based apprnach can l>c i i ~ i i s t r i i i i i ~ i l  >o t l i i i l  
the template wi l l  only makc contact with the patient where tlie scan data i s  present. Such ;III ;iplmxich h L ~ 5  

not place rccliiiremenls on the scan resolution and spacing suck as i s  t-equired with the sh:ipc ;iiid t t i l i i i , i i i l  
based iipproach. 

Nit turns ut11 that the required accuracy i s  not obtainable with template based re&r:ition, tlii'ti sh:ipc l>as1'd 
rcgistr;ilion wi l l  examined further. Shape based i s  more desirable than fiducinl bawd bcc3usc of the  ficccloni 
iii point selection and not hauing to attach markers to the patient before the sc i i i i  i s  pet-formed. T h c  iidJitiiiii 
of marks introduces additional trauma from the marks, and an extra scan iiz w e l l  :is cos tu tlic ciisc. H o w  
ever. the reliability of the shape based approach is currcntly uncertain for usc i l l  incdiciil iloiiliiiii. II_ i t  ~ I I ~ I I ~  

out that shape b o d  registration docs not have the required accuracy in the mediciil d o m i l i n  IIICII t l ic  I'icliiiiiil 
appt-uach will hiive to be used bccause of thc higher accuracy obtainablc. 

I .Thc inter slicc spxcing is ths dihlance bc luccn the discs that crmipiise tlie vnliiinetr-ic h t ; i  WI. 1 . ~ 1 r  i i i i i r t  

CT systcnis this can hc as small iis lmin between slices. Typical CT protocols t i x  vihLi;iliutiim cwrcni l?  LIW 

5 -  I [)inin inter slice spacing. 
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I<e g i ~1 t rat i o n 
Melhod 

Shape Based 

Fiducial 
B;1.;e:d 

Template 
based 

Invasive to Paticnt? 

No - Depending on 
Point Collection 
Method 

Some fiducial mark- 
ers muqt be screwed 
into bone hut other 
can be attached to 
ckin 

Require 
Addition Scans 
Over Diafnosis 

Scan'? 

Yet To Be Deter- 
mined - Depcnds 
on resolution of 
initial scan 

Yes - Mu5t 5 c m  
after fiducials 
are installed 

Yet to Bc Dctcr- 
mined - Depends 
on resolution of 
initial scan 

High Accimcy? 

Yes-ITthc points 
used are  ell 
selected 

Yes - IT markcrs 
remain station- 
ary. Sot as accii- 
rate if skin 
markers arc used 
duc to possihility 
of mot ion. 

Yet to be Deter- 
mined - heliewd 
template can be 
w e l l  constrained 
and p o d  contiict 
to bone can he 
achieved 

Xible 1-3: Kegistrlition methods Tor use with a neurosurgical vcrsion of the MRCAS \y.;tcni 

3.2.4 Patient/Surgeon Tracking 
The five inost common techniques for performing tracking were evaluated for use w i t h  t l ic  \~ll<CAS systcm: 
tiptical (holh infrared and visihle). magnetic, ultrasonic, 3D range sensors and 1-adio frrqurncy. \Vith iill (11 
!lie diffcrcnt approaches. i t  is difficult to select one best approach to use. A trncking system for ii inicdicd 
augmcnlcd reality system must fulfill the following requirements: 

Not interfere or be affected by the equipment in the OR or its personnel. 

* Be capable of producing an update rate of at least 30Hr  for patient t r3 ik i i i f  iiiid .3OHz I r r  <iii-- 

gcon head tracking to maintain the usability ofthe system. - Be accurate down to a few millimeters 

- S o t  be affected by cnvironrncntal conditions 

Re as non-invasive to the procedure a s  possible 

I'he f ive most curnrnonly used tracking techniques mentioned in Section 3.2.1 arc crii i ip:ircc i n  'I i ihl~. .1-4 
on page 27 for use with the clinical \:enion of-the MRCAS augmentrd reality sy\tciii. Thc q>tic;iI iniiwcd 
appi-ouch w a s  selected for use with the nest gmeriition system.?'his tucking system \vas choic i i  tor i t .  I i i d  

dinterference wilh thc OR cnvironmcnt; rangc. update rate and a c c u r a q  Hri\vercr. tlir o i i c  ~~I-oI~IcII~ wit l i  
i t  ill that i t  requires line of sizht; that is, the tmckcr must have a direct vicw 11I f I ic  iii;ilhcr< h i ~ ~ n ;  I I : I L , ~ ~ ~  



This can be a problem because it is sometimes difficult I~ ienmrc  a direct line nl-si:ht bctwccv l l l c  p:klicnl/ 
sul-gcon and the sensor. The line of sight issue can he reduced with multiple receiwrs placed s l r : i i c ~ i c ~ i l l ! ~  
ilt-ollnd thc ronrn to allow for a larger wnrkinfi area before occlusion to the receiver O C C L I I - ~ .  A ~ ~ o t h c r  p h i -  
bilily i s  tn combine the  magnetic tracking system with the infrared tracker. The ;rJv;nlta$c. ol'tllc i n a y c t i c  
system i s  that i t  does nut require a l i n e  of sight to the sensor. However, mafiletic xyrtclns arc vc.~-y seii\ilivi, 
to interference from mclallic objects located in the working volume. By cornhillin: thc tb\ 'n .  Ill? ini+!iiclic 
tracker could be used for the fen; illstances when the nrarkei-s ;ire occluded I;.cini tl ic inll.iircd I w k c r .  Tl11\ 

wuuld :illo\v for the higher accuracy ofthe infrared systrm to be uscd and s t i l l  allow for some ti-ackill; w h  
lhc line of  s i r l i t  can not be mainrained 

3.3 The Clinical MRCAS Augmented Reality System 
The new clinical version o f  the MRCAS augmented reality tziu wil l  be sniallrr and casicr 111 i l l t L y : I I L ,  

intn the operating room. The system wi l l  consist of an LCD prqjector mounted above the  rur2ic;il l ic l r l .  ~1'11~ 
prqjector wi l l  present the overlay on a beam splitter mounted on an arm that ili easy to i i iocr '  i n  mil oiil 01 
the surgical field. The surgeon will wear passive polarizinz glasses to Yiew the stet-enscopic overlays. UIL. 
registration between the patient and the imagery w i l l  take place by using teniplalc basc rc;istr:ilii!ii. I ~ i n d l y .  
thc surgeon. patient and entire system will be tracked using ai1 infrared optical trackel-. A ini+netic tuxkc(- 
w i l l  a150 he integrated into the system to illlow fnr surgeon arid patient tracking to occur evcn il- t h q  ai-? 

uccludcd from the optical tracker. The entire system is tracked, including the display and 13c;iin splitter st) 
that  the relation hetween the display and the beam splitter can he known so that the positinn o i t l ~ c  v i r~ t~ :~ l  
iinagc can be accurately determined. In addition, since i t  i s  possible to dcrcrminc wlierc l l ~ c  v i i i i u  im+x 
w i l l  be if the display and beam splitter are [racked. the display and the heam splitter do inot lliivc to be held 
in ;I conrrant relation lo each other. thus allowing for the. structur-e ofthe system to he l e s s  i-igirl. 

23 



Y 

i-" 

3 
Z 

? 
d 

Z 

. 
d 

5 

3 
I 

0 z 
~ 

h r: 

t 
C I  



4 Validating an Augmented Reality System 
The sttccess of an augmented reality system relics 011 all of the different technulogics wnt-kin? together. I%- 
fore an augmented reality system can be placcd into aclinical setting. the. complclc ,systctrl made up 01' iti- 
di,idu;il tcchnologies must be evaluated. A number of different evalualion mcthods arc currently hcitig 
deve.lopctl arid applied to the MRCAS system including: the utility o f  ;i 3D system relativc l o  ii 211 one. dc- 
tcrmining i f  3D ireconstructions or the planar cross section slices from the volumetric d;tI;i sct ol.icr lxttdt- - mid;ince and localiration and me.asuring the end to end accuracy of the entire system 

4.1 2D Vs. 3D Performance Experiment 
A good test of the validity of a 3D augmented reality system involves the rollowing quchtioti: ducs :I 31) 
approach to augmented reality offer better guidance and navigational aids than a 2D system'? The mswer to 
this question is a function of the procedure being performed with the augmented reality system. Some pro- 
ccdurcs can benefit from a system that provides stereoscopic overlays. while others require motioculiii- o w r -  
lays. To evaluate the best approach for each class of procedure. a number of differznl tasks tmts1 l)c 
performed using ii 2D and 3D system. One such e.valuation task applied to the hlRCAS syslc.rn tncii,wrcs 
the speed and accuracy with which a user can align a pin in 3D space. The task requires thc pos i l iu t~ in~ o1 
a p in  in 5 degrees of freedom (the rotation about the long axis of the is of no interest). The c1inic:il C ~ L I ~ Y ~ I I C I I ~  
of such a task is the positioning of a surgical drill fnr insertion of external fixation pins 141. 

To tun the performance experiments, a 2D augmented reality system was created. The ZU systctn cotthi\ls 
of thi-ee cameras mounted orthosonally to each other (top, left and frontal views). The w r r  LUY pl-cwntcd 
with the three views plus thc overlay information on three different monitors (Figure 4-1 ).The overlay\ pi-c- 
sented to the users were lines drawn in each ofthe three views corresponding lo the dcsii-ed po>ilion d l l i c  
pin in 3D space. The user had to align the pin with the line presented in  each o r  lhc thrcc moni~ors. Tlic litiic 

required tu align the pin as well as the position and orientation of the pin w a s  trcordzd usin: ;in O p l o k i h  
3D position system (Northern Digital Inc. Waterloo Canada). 

The MKCAS augmented reality systcm described in Section 3.1 was used as the 3D systetn iFigttrc 1-2). 
For the pin alignment task. a 3D model of the pin was presented to the usei-as a stereo overlay. Thc uscr I i x  
tn positinn and align the pin to that presented by the overlay i n  3 0  space. When the user w a s  satisfied tli:it 
tl ic pin was aligned to the overlay, the time required to position the pin as well a s  the f ina positioti of 111~. 

pin KJS recnrded using the Optotrak system. 

A number of interesting trends were apparent from these experiments. When usin: Ihe 3D MKCAS :i~tg- 
mented reality system, the placement of the pin on average was 13.4 seconds faster thnn n:ilh 11ic 2D h p t c i i i  
with  a n  ANOVA statistical significance of p=O.OI. Despite the dramatic improvcnicnt i i t  spccd ohtained I,! 
the 3D system, the 2D system's position accuracy (rotational and translational errori was 2.2t11111 ip=ii.(i2:1 
and 4.7" (p=O.Ol) better than the 3D MRCAS system. The results of the two systems iire c.cliiil~,ird i n  
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Figure 4-3 

Figure 4-1 : A schematic and actual picture of the 2D augmcntcd reality system used to i n  the perl'ortiimc~~ 
experiments. The white lincs i n  the schematic correspond to the desired position ofthe I p i n  ihl;icki 
for each camem position. 

Fijiiire 4-2: The MRCAS augmented reality system beitiE used for a pin alignment tert. 
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Fifurc 4-3: Suinmary of the results between the 2D and 3D aupented redity systeiii 

The significant positioning accuracy advantage obtained by the X augmenkd reiility s y s l c i ~ ~  cim 111' e x -  
plained by examining the display accuracies of t he  two systems. The 7D overlay h y s l c n ~  h i i s  21 1lliy.\iciil t ic- 

curacy of O.Smm/pixel over the entire system (camera. lens and monitors). The accu~';icy w;is nhtiiiiii'd by 
measuring [he optical work space in  which the experiment was performed and then dividins by the ntlliihcr 
of p ixe ls  on the monitor. On the other hand, the 3D overlay system had a physical accti~-acy ( i i O . i i i i i i i / ~ i i ~ , ~ l  
in  the X Y  plane (ciilculated with a similartechnique as the 2D system) hut the Z en-or (v<,i-lic:illy ill i i n d  t u 1 1  

nfthe workspace) was iis high as 4.0mmlpixel. Some o f  the errors in the 3D overlay s y s t e m  c u i  hc :iltriliiiii:il 
to not coli-ecting for ii curved screen. liead tracking position error. and system calibratiun error>. 

Calibration emors in the position o f  the screen can also introduce eii-ors, I n  addition. no1 kiio\vitig ~ ' x x l l y  
where the vidual image is located (caused from not knowing the exact or ien~i i l io~i  i l n d  1msi t i011 of  l l l c  I i c i lm 
splitter and monitor) w i l l  introduce errors in [he Z direction (Figure 3-3). One \ m y  to circtiinvcnt t l i i h  ~proh- 
Icm i s  to track the position of the monitor and the beam splitter. The virtual irnnrr \\:ill hc  t l lc  sli i i lx iis 1111' 

mnnitnr, except it w i l l  be flipped lS0" at n distance below the beam splitter equal to t he  J i s ta i ce  th;lI 1111' 

nionitnr is  above the beam splitter (Figure 3-2). 

The final major source of error in the 3D overlay system came from head trackin:. The d c i r o  lpcrhpectivc 
pi-o.jections, used to determine what pixel to illuminate to niakc the overlay ii11pe;n in thc coIrcc1 po,~itlun 
require knowing where each of the user's eyes are located ( F i p r c  4-4). When t~i i i lding the hei id tracking 
system, an assumption was made as lo the distance between the user's eyes (Inter-PupiIlx\: I)i\t;incc. IPUi. 
A single IPD was used for the system to eliminate hwing to configure the system fot- each i w r ' h  11'11. I ' l i c  
problem with this assumption i s  that each user of the system wil l  have a slightly different spicing I ~ c t \ v c ~ i i  
their eyes ranging from 50mm up to 75mm with the mean IPD equal to 6 l m m  [ 121. l f t h c  correct IPI) i\ IIOI 

used. the stereo projection w i l l  nut present the overlay correctly to the users W i y r e  4-5). I f  i i n  11'1) i,, iis<<l 
that is tnn small. the o\erlay wil l  appear too be closer to the user. However, i f thc IPD i s  too I i i i - ~ c .  tlic OWI- 

13y wi l l  appear to be too far au;ay. The only way to correct for this problem i s  tn configure l l i c  5yhtc111 1 ~ 1 1  

each iiscr'z IPD. 

I t  i s  believed that  onced l  ofthc abovcprohleins have heen corrected in  the ne\v cliiiic;iI vcrsioti ot ' t l ic  111?- 
CAS system. Ihe 3D approach wi l l  offer the same advantage in speed while increilsinz tlic ~ivcr;iII accui-;icy 
of the hyylem lo a Icvcl comparable to the 2D system. 



Ob-ject to 
Display 

Figurc 4-4: The stereoscopic projections are used to delermine What pixels to illuminalc :I\ ;I Imcl im 01 
the object to display und Ihc iiser's head position. The lines that intersect the moiiitoi- :I~C Il ic p i \c l \  
that are illuminated for each eye position. 

Monitor Surface 

Figurc 4-5: The effect of using the wrong IPD in  the stereo pro.jections. 

4.2 3D Reconstruction Vs. Slices in Volumetric Data 
In  thc mcdicnl domain. surfeons more orten vicw slices taken through a voluinetric data set. then -311 I C C L W  

vtructions of the imagery. It  is still an open question whether or not slices from the volu i i iw ic  iiixigcry w c  
the best way lo present overlay information wilh an augmen1e.d rcnlity systcni. or if 3D rcu inwi ic l i~vi~  
should be. used instead. It is possible to present both [ypes of overlays; howevei-. the question t-ciii:iiii> :IS I n  
which one will provide the best guidance and he of the most use to the surgeons. 

To determine the best imagery for each application. ;I number of tests must be performed 011c wc11 tc>l ~ I I I -  

rently being pruposcd will present both standard slices taken from CT and ii 3D rccconvtruclion (ro111 111c 
siimc dala set. When the using the slice imagery. Ihc systcm w i l l  present an interface to the LIWI t o  i 1110 \~  t11c 
user to position the slice nnywhere in the volumetric data. The iiser will be asked to perlol-m i l  nulnher 01' 
mock surgical procedures using the slice and reconstruction overlays. The ability of tlic usci- to iicciirattly 
perform the task with minimal error as well as the time required will be recorded and coinparcd bctwccti 111~. 

IWO approaches. The interface that offers the best ;scur;tcy to t h e  urer will be selec~ed 101-  the ~ : i > k  :I[ l i : i i i d  



4.3 Accuracy Test 
Kiiowjn; I h c  overall accuracy of the system i s  o l  !he utiiiost importance. If a s u r $ p n  is t o  the [lit, sp ic ln  
Tor na\:iyational or localiration. the system should he above a requind accuracy threshold 1231. T l ~ c  XCLI- 

racy thieshold should be set such that crrnrs below this threshold are s t i l l  accept:hk frir ,silt opcriltirin. ,A<- 
curacy ill determined by the position of the overlaid guidance infool-mution (diic l u  rc$Wii l ik i i i  ~ I - ~ C I I - S .  

i i c cuncy  in the systems, 3D reconstruction errors, etc.). Each proceduir that use> 1111: ;ru:lnclltcrl r?:ility s y \ -  
trm can potenlially have i t s  own accuracy thrcshnld depending on the iicctiriicy ncc ary ' I O  l l iat injury wII 
not occur. If the accuracy threshold i s  set much higher than necessary for rhc c a w  t i l  hc perlbrnicd s:il2l!, 
the cost of the system wi l l  be unnecessarily raised hy requiring higher nccuracy trackei-s. bcttcr d i ~ p l ~ i p .  
and higher restohtion medical sciins. 

4.4 Cadaver Study 
Once ii system has gone through all of the above tests, the final test rhat should be performed with the sysrci i i  
before i t  i 5  uqed in a clinical selling i s  a cadaver test. Cadavers A o w  forthc most clinically re:ilistir lpos>i lh,  
test hcfore the system i s  used on a patient. With a cadaver. an acrtlal clinical procedure that \vi11 lv l i i ~  

formed with the augmented reality system can be tested. A c;idart.r study i? important to help iclciilily :I 

number of complications that can develop when trying work with real tissues in  an OK t is oppo\cd i o  

work in^ i n  ii controlled lab environment. For example. the process o f  building I D  i - cc [~ i i s t r i i c t i ( i i i ~  f r r~ i i i  rc:il 
tissue i s  more difficult then from simple phantoms. Discontinuities in the boundary hctwccll the tissue,\ c;m 
y x l y  complicate the 3D reconstruction process. By performing the actual clinical cnse mi :I m~I: i \ 'c r  t l ic 
hope ill that these potential problems will materials before ai1 actual patient case i s  pcrforinccl. 

5 Future Work and Conclusions 

5.1 Future Work 
With a number oferrors identified in the current system, i t  wil l  he pm?ible tn desiyi and huild the iicxt ~ c i i -  
eration of the MRCAS system such that the errors iirr rrducetl iis much as possilile. The currrnt ;o;il IS  lo 
huild the new system for practical use in a clinical en\:irunment. Thc rncdic;il proccdiirc\ cui-i-cii i l~ hcing 
txgeted wi l l  be lesion localization to assist i n  the incision planing iind removal ofthe t i i i i i m  \I ' l icn i l i c  ~ i c u  
system is completed, the same set of experiments must be run to delerminc i f  the ni+r \oiircc,\ o i c r r o r  \\ere 
found and  eliminated. The hope i s  to have a system running and fully validatted on c: id i~wrs h y  the cnL1 1 7 1  

the slimmer o f  1996. Aftei- this time, a number of human trials wi l l  be performed to deter-inin? lhc specilic 
clinicnl acceptance of the systems. 

One of the intrinsic problems with all augmented reality systems i s  that once the initial incision h;i,\ heen 
m. I. . ' c. i t  IS possible that internal shifts of the soft tissue wil l  cause the irnagery to no longcr cnri-cctly ~ ~ c l m -  
sent the actual tissue geometry. If the imagery used by the augmented reality system i s  not upd;itcd in  m y  
\cay. the guidance jnformation wil l  be inaccurate if a soft tissue shift has occurred. One  wiiy to  c i I c u m v ~ ~ ~ i i  
this problem i s  to constantly update the imagery. N e w  magnetic imayin:: system\ i ~ r c  ;~hlc lo ; icioii i l i l i , \ l i  
Ihis. The incorporative MRI scanners dlow for imagery to be collected at around I Iir w!liilc t he  w r y o r  i? 
o p a t i n g .  The imagery collected during the surgery can then be used to constantly re-liuild [ l ie  :iccilrsc r c p  
rewitations of-the soft tissue. The problem with this approach. howcvcr. i s  that the nuync.ntc:d r c i ~ l i t y  .\! s- 
tem must be comp;ilible with a high magnetic tield (on the ol-der ofO.5T up to I .5T). The hopc i': ~ C I  d c ~ l o l i  
a ncw MRI cnmpatihle augmented reality system of some type that wi l l  draw l'rciiii the expcriLvccs l e : i ~ - ~ ~ c d  
wilh the clinical experiment performed in 1996. The new MRI compatihle augmented i-cality .,ystc~i~ i s  
planned tn h e  operational by the end of 1997. 
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5.2 Conclusions 
Auymented reality i s  a technique for combining supplcmentd imagery lo i i  scci ic siicli tlixt i t  tippliiii-\ iis pi11 
ofrhc scciie. ;ind cim be used for guidance. [mining. and 1ociitir)iial aids. I n  the im<dis;il iliimiiiti. a i i g i i i ~ v l ~ d  
i-eality uses visual medical imagery to offera physician ii dircct relation between Ihc ima$c.ry ;ind 11ic ])iii iciit. 
The many differcnt applications of augmented reality systcms in medicine are.iiist bcgiiiiiing to hc rc;iliiccl. 
Befoi-e medical augmented rrality systems become widely accepted. so lut i ins  miist hc found hi- w i i c  I w i c  
~echtiological hurdles, including patient-imagc rcgistration. patient rraching, stereo display trc l i i i i i l i ic \  iiiiJ 
display devices. Some solutions to these hurdlcs have been offered hy Froups currently building ini:clic.iil 
nugmc,nted reality systems; however. none of these systems havc offcrcd complrtr solutions 11) ; i l l  ot r I ic \c  
prohlcrns. The MRChS augmented reality system was dcveloped as a11 experiiiient;il protntypc Y p l c . i n  [ ( I  

test different solutions to these hurdles in ordcr to o\:ercotne some l imitat i rms wi lh  the cul-reui \ ~ I ~ . I I I , ,  Hc-  
fore m y  augmented reality system can be used in  a clinicill situalion, thc accur:icy ;iiid c l Jw t i \ : e i i Lv  i d  tlic 
systcm's supplemental imagery should he found. If systems can not he designed that olt'rr intuitive m d  x- 
curate supplemental imagery 10 the user. they will be of little use. When solutions can lit l o i in r l  IC> ~ I i c \ c  
problem arcas and the areas can be brought together to work i is  ti sin$ system, great adranccs c;~n hc ~ i i i l c l c  
l o  mcdical augmented reality systems. 
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