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| mage of the target under exaninatidn s, formed. 20
equi pment produces. two- di mensi onal

this conventi onal

the target under exam nation is three- dinensional.
t wo- di nensi onal . i nages represent a single thin plane taken at an arbitrary
angle to the target making it very difficult to |ocalize the inmage plane in
the target and very difficult to reproduce a 25
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a succession of two-dinmensional inmages, a novel systemfor allow ng a user
t o mani puM@ 8680425 spl ayed t hree-di nensi onal inmage, and a nomet/ck9s5/00375

ul trasound i magi ng system DI SCLOSURE OF THE | NVENTI ON According to
aspect of the present invention there is provided a nethod and syste
converting two-dinensional imges of a %ﬁrget vol une represented by
array of pixels I(x,yz) into a three- di mensi onal i nage represe

I t i Se
Steps of: (1) tranet or METHOT ANDRFETERPFOR CORSTRUCTINE RN -
array R(x,y,z) so that @BPEAYN@TM@E)DMEN&WALQQESVZ) pr

sufficient inmage data to construact _am rmage srrce, 1 extrac
z-slice A(x,y) of imge array R(xyz) and conputing the position of e

_ | of I olunmetric image array V(x,y,z); (iii)

gl )g(;rGayOI e\Z/eIS ﬁgﬁﬁm&@\éﬂrut he :m xel sgof z- S?/I ce A(x y) into

cteps (1) and (111700 RFed JivohEEh Cisdank 8] oREREH, dipgnosfics'and, 35

steps (ii) and (iii

been pr ocessecb&acﬂma 8lrfiethdd And VySieht forconIBUeAg l'afiadlsplaymg three-
dimensional images and to a system for displaying three-dimensional

images.
- BACKGROUND ART

10 In the medical field, it is common to use ultrasound diagnostic

equipment to view internal organs of a subject. For example, in

diagnosing prostate cancer, a diagnostician uses transrectal ultrasound

(TRUS) to identify whether lesions are present as well as to determine

the locai_ion, size and extent of the lesions, if present. Conventional .

15  ultrasound diagnostic equipment typically comprises an ultrasound probe
for trahsnﬁtting ultrasound signals into the subject and receiving
reflected ultrasound signals therefrom. The reflected ultrasound signals
received by the ultrasound probe are processed and a two-dimensional
image of the target under examination is formed. _

20 '~ Unfortunately, this conventional equipment produces two-
dimensional images even though the target under examination is three-
dimensional. Also, the two-dimensional images represent a single thin
plane taken at an arbitrary angle to the target making it very difficult to

. localize the image plﬁnc in the target and very difficult to reproduce a

25  particular image location at a later time. o

' In U.S application serial no. 08/158,267, assigned to the assignee
of the present application, a three-dimensional ultrasound imaging
system is-described. * Although,. this system overcomes disadvantages
- associated with the prior art, improvements to enhance imaging are
30  continually being sought.
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and (v) conmpensating for at |east one hardwaré offset affecting said

vol unetr%émgg array which occurred when said two-di meng §375 | mages
were taken. I'n another aspect of the present invention there 'S prOV|ded a
t hr ee- di nensi onal inmagi ng systemfor acquiring a succession of two-

di mensi onal images of a target volume represented by an array of pixels

| (xyz) into a three-di nensional inage -|2epresent ed by a volunetric 30

"image array V(Xx, yzz conpr.i.sing: ... WD 96/ 00425
PCT/ CA95/ 00375 - 31 ga:ahmf@emﬂbm% ofcthe peesent invgation diouprovidel agenerate a

| Gommuni cat i oRoYSt SR fd Shnd, B HEbmtatinacy thees SimBarRRAobike TR uai ng: s
means to conyegjecddifort YP tib EmehsioRAl {iERES aoﬂovEP@ysttéih%} ARWHAE a
user to manipulate a displayed three-dimensional image, and a novel

5  ultrasound imaging system.
DISCLOSURE OF THE INVENTION _ _
According to one aSpect of the present invention there is provided
a method and system for converting two-dimensional images of a target |
volume represented by an array of pixels I(x,y,z) into a three-

10  dimensional image represented by a volumetric image array V(x,y,z). | ‘
Specifically, the method comprises the steps of:
@  transforming said array of pixels I(x,y,z) into an image array
R(X,y,z) so that each z-slice A(x,y) of image array R(x,y,z) provxdes
sufficient image data to construct an'image slice;-
15 (i) extractmg a z-slice A(x,y) of i image array R(x,y,z) and computing
-the position of each pixel of z-slice A(x,y) in a volumetric image array
V(x,3,2); N |
- (iii) mapping a gmy-level or color value for the pixels of z-slice
A(x,y) into correspondmg pixels of said volumetric image array;
20 (iv) repeating steps (ii) and (iii) until all z-slices A(x,y) of image array
R(x,y,z) have been processed to complete said volumetric image array;
(\)] compensating for at least one: hardware offset aﬂ’ecting said
_volumetric image array which occurred when said two-dimensional
25  images were taken. Lo
‘In another aspect of the present invention there is provided a
three-dimensional imaging system for acquiring a succession of two-
dimensional images of a target volume represented by an array of pixels
I(x,y,z) into a three-dimensional ‘image represented by a volumetric

30  image array V(x,y,2) compnsmg



into an array of pixels I(x, yZ) means to transform said array of pixels

I (x,yz) iwoeemeod2s mage array R(x,yz) so that each z- slice %ﬁl&bﬂﬁos#{ﬂ
array R(x,yz) provides sufficient inmge data to construct an image s

means to extract each z-slice A(x,y) of i‘mage array R(X,yz) and
conpute the position of each pixel of galch z-slice A(x,y) in a volunetric
i mage array; neans to conpute and store”a gray |evel or color for each of

the pi xels of each z-slice A(X to t he conput ed

gray- I\e/\(/el s ;)r colmmi"ﬁt 6“"@&‘? @ﬁml?ﬂdpmtsvﬁaﬁ'ﬂ% Q{E;cﬂegﬁ@c |%f:crratge

array X, Yz hﬁEE &%Hf one hardware offse

af fecting sar array g? pI xetﬁs assocl a salrd scanni ng neans. |In yet

anot her aspect of proeessims fitans il onmanication WRhFKaRl“séﬁﬁuﬂ%B eansSYSt em f or
|

di spl ayi ng and_mani pul ating a displayed three-dinensional ge repr esent ed

by a vol unet rsaid proagssing means(inclpding: sai d t hree- di nensional i nage havi ng
a pluraligy of surfaces at | east one,of which is vigible on a display at
any giverPtinme, ikﬁwwagnemsa%hmg%ﬁ thettarget yolume:r pr et

actuation of lﬁtd'lil%rfa?pdftp&ag'lffy,tz?
- means to transform said array of pixels I(x,y,z) into an image
“array R(x,y,z) so that each z-shice A(x,y) of image array R(x,y,z)
provides suﬂicientimage data to construct an image slice;

10 means to extract each z-slice A(x,y) of image array R(x,y,z) and
compute the positiori- of each pixel of each z-slice A(x,y) in a volumetric
image array;

- means to compute and store a gray level or color for each of the
pixels of each z-slice A(x,y);

15 . means to map the computed gray-levels or colors into

| corresponding pixels of said volumetric image array V(x,y,z); and

means to compensate for at least one hardware offset affecting
said array of pixels associated with said scanning means.
In yet another aspect of the present invention there is provided a

20  system for displaying and manipulating a displayed three-dimensional
image represehned by a volumetric image array V(x,y,z), said three-

_ dimensional image having a plurality of surfaces, at least one of which
is visible on a display at any given time, said system comprising:
. means to contextually interpret actuation of a user input device to

25  detect a desired manipulation of said displayed image selected from a
group of desired manipulations including (i) rotation of said displayed
image about an arbitrary axis; (ii) translation of a selected visible surface
of said image along an axis; and (m) rotation of a v1s1ble surface about

an axis; and




25 detect .a desired mani pul ation of said displayed inage selected froma
group ofwe9ghdes mani pulations including (i) rotation of paf ,gAgélﬁ,QJ()ﬁayed

i mage about "an arbitrary axis; (ii) translation of a select VI Si

surface of said.image along an axis; and (iii) rotation of a visible
surface about an axis; and VO 96/ 00425

PCT/ CA95/ 00375 -4- processing neans i mdconmuni cation with said detection
means, said processing_ nmeans acting on said vol me1;ri C inmage array in

response to the W?ﬂ&lthi@ec%ﬂl“&anl ¥ Cal%ge |n
accordance w th the sel ected d red ﬁ@ ﬁi Eﬁ ﬁ;
tSLi |1 égt anﬁ?tl ?FO%B'@& 4?335 .%c} g 1& rﬁ?m”sﬁedl a
ree- di nensj Qeﬁ&é n gHcoRdsicgnal i mage
of a target vo under examtaﬁg]t';rpahuﬂggﬁg%y@t¥m fcoégfrl sl ng: scanni ng
means to trammmesem@demmmwmm to scan
5 In still yet another aspect of the present invention there is

provided a three-dimensional imaging system for generating a three-
dimensional image of a target volume under examination, said system
comprising: _
scanmng means to transmit signals to said target volume, to scan |
10  said entire target volume; and
a processor in communication with' said scanning means and
receiving output signals therefrom, said processor reconstructing a
volumetric image array V(x,y,z) representing a three-dimensional image
| of said target volume from said output signals, said processor
15 establishing a model in the form of a convex polyhedron having a
plurality of planes which encompasses substantially said volumetric
image array, said processor mapping said image array onto said model
to form a displayed three-dimensional image having a plurality of
surfaces, at least one. of which is visible on said display at any given
20 time, said processor including:
| detection means to contextually interpret actuation of a ﬁser-i_nput
device to detect a desired manipulation of said displayed image selected
from a group of desired manipulations including (i) rotation of said
_displayed image about an arbitrary axis; (ii) translation of a selected
25  plane of said image; and (iii) rotation of a selected plane of said image
about an arbitrary axis; and ' :
means in communication with said detection means, to act on said
volumetric image array in response to the user input device and update
said displayed image in accordance with the selected desired manipulated
30 thereof. '



10 said entire target volune; and a processor in comrunication with said
scanni ngwgpRRe4Nd recei ving-output signals therefrom saipdmieQzR6FR"
reconstructing a volumetric image array V(X,yz) representing a

‘t hree-di nensi onal image of said target volume from said output signals,
said processor 15 establishing a nodel in the formof a convex pol yhedron
having a plurality of planes which enct Npasses substantially said:

\r/rgldglne{(r)l ?olr mmﬂmr EROL0g said i mage array onto said
e, sai d procesSaodiientl bHe piesbif Ve g nal i et fthe, Yo 1

Sl HL'-* ge having a plurality of
actuation of fally with téﬁténcé%'tﬁ@a&éb ﬂtﬂ@ﬁlﬁ&‘iﬂ\ﬁﬁﬂhpm ation of said
di spl ayed i mage” sel ected froma group o esi red mani pul ati ons incl udi ng

(i) rotation of s&igumikjs apedspective vidvoof acthrec-timensignal ailtrasduinid)
translation of a selected 25 pl ane of said image; and (iii) rotation of a
sel ect ed5pl ah@agmESYS®Mirnge about an arbitrary axis; and neans in
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actuating assembly forming part of the system illustrated in Figure 1;

Figure 3 is a sectional view of the probe actuating assembly
illustrated in Figure 2; o
10 Figure 4 is a perspective view of the geometry of the ultrasound
‘probe movement when driven by the probe actuating assembly illustrated
in Figure 2; '
Figure 5 is a block dlagram showmg various hardware and
software modules of the computer forming part of the system illustrated
15 in Figure 1;
Figure 6a is a flowchart showmg some of the operatlonal steps of
the system illustrated in Figure 1; .
Figure 6b is a flowchart showing additional operational steps of
the system illustrated in Figure 1;
20 Figure 7 is a flowchart showing the steps performed by the
volume reconstruction module to create a volumetric digital data array
.~ representing a three-dimensional ultrasound image; _
Figures 8a and 8b are flowcharts showing the details of one of the
~ steps illustrated in Figure 7; :
25 - Figures 9a and 9b are flowcharts showmg the details of one of the
steps illustrated in Figures 8a and 8b; _ L
Figures 10a, 10b and 10c illustrate hardware offsets which may
occur when a succession of two-dimensional ultrasound images is being
captured by the system;



sai d di splayed image in accordance with the selected desired mani pul ated 30

t her eof [/ 00425
PCT/ CA95/%B§¥@4£I EF DESCRI PTI ON OF THE DRAW NGS Enbodi merREVSA9YMFSor esent

invention will now be described nore fully with reference to the
acconpanyi ng drawi ngs in which: Figure 1 is a perspective view of a

t hr ee-di nensi onal ultrasound 5 i magi #F system Figure 2 is a perspective
view of an ultrasound probe and probe actuating assenbly formng part of
the system il | ust rEigures hlafuagdrlelblshcﬁvgunmtﬁod of aemevingothel haidwaref t he
probe actuati as enbl ustraw(;d in Figure 2; 10 . Figure 4 is a
perspective 9 the ult rasound probe novenent when

BT et v s i o5 et 57 °
an image captured by axial rotation;
5 Figure 13 is a reconstruction dlagram schemauca]ly representing
a temporary raster; o '
Figure 14 is a reconstruction diagram showing an extraction of a
slice of a three-dimensional ultrasound image;
Figure 15 shows a method of determining the pertaining offset
10  contributed by hardware offsets illustrated in Figures 10b and 10c;
Figures 16a to 16c are reconstruction diagrams showing the

computation of the contents of the iemporary rasters for image data
captured by axial rotation with the hardware offsets illustrated in Figures
10b and 10c properly compensated; '
15 Figure 17 are reconstruction diagrams showing superimposition
of the contents of temporary rasters to form a reconstructed image slice;
Figure 18a is a reconstruction dlagra.m showing an image slice
forming part of the volumetric digital image array representing the three-
dimensional image;
20 " Figure 18b are reconstruction diagrams showing the contents of
a temporary raster for axial rotation and arbitrary path geometries;
Figure 19 shows a flowchart of steps performed by the display
module during initialization; -
. Figures 20a to 20d show flowcharts of steps performed by the
25 user interface and display modules when manipulating a displayed three-
dimensional image;
 Figures 21a to 21c show a three-dimensional image and model
undergoing a rotation about a vertical axis;
Figures 22a to 22c show a three-dimensional image and model
30  undergoing a rotation in a direction from top-left towards bottom right



sof tware nmodul es of the conputer formng part of the systemillustrated 15

in Figurevéosbigsre 6a is a flowhart showi ng some of the g
of the systemillustrated in Figure 1, Figure 6b is a flowc
erational steps of the systemillustrated in Figure 1; 20

addi tional op

Figure 7 is a flowhart show ng the st(rargs perfornmed by the vol une

reconstructio
representing

flowcharts sh
25 Fi
the steps ill

n nodule to create a volumétric digital data array
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t hr ee- di mensi onal _ ul trasound image; Figures 8a and 8b are

utan pesqangled gt gbowt 30 to the-harizontal and,sloping-up iandri gure 7;
%U{bfes{ig@rand 9b are flowcharts showi ng the details of one of
stta

*in Figures 8a and 8b; Figures 10a, |0Ob and 10c

illustrate har dmrpiﬁﬁé§%d§w@3@gh&6ﬁb%mm%%g§ggiﬁh% éelrﬁn

t wo- di nensi on

10

al ultrasound I mages 1S he sys
which a plane of the model is translated towards the geometric center of

the model;

Figures 24a to 24c show a three-dimensional image and model in
which a plane of the model is rotated about an axis, angled at about 30°
to the horizontal and sloping up and to the right; | -

Figures 25a to 25d show a three-dimensional image and model in
which a plane of the model is translated away from the geometric center

" of the model until it disappears;

15

20

30

Figure 26 shows a typical full screen display including a main
display window and a control display window; -

Figure 27 shows another full screen display further including a
measure control window and an animation control window; and

Figures 28a to 28c show full screen displays further including an
orientation view window.
BEST MODE FOR CARRYING OUT THE INVENTION

" Referring now to Figure 1, a three-dimensional ultrasound

imaging system is shown and is generally indicated by reference numeral
20. The system 20 is capable of generating a three-dimensional
ultrasound image of a target volume of a subject under examination from
a succession of two-dimensional ultrasound images of the target volume
and allow the generated three-dimensional image to be manipulated.
The subject under examination may be inanimate or animate. In the
later case, the system 20 may be used in both medical and veterinary

environments and may be used as a diagnostic tool or during surgery to
provide updated images of the target volume undergoing surgery.

The system 20 includes an ultrasound probe actuating assembly
22 for removably retaining an ultrasound probe 24. The probe actuating
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Fi gures |1 b show a net hod of renoving t he har dwar
'|IIustrat§?|E&l§| gure 10a; Figure 12 is a reconstructlon Fgéﬂ;gmbos" W ng

transformation of an i mage captured by axial rotation; Figure 13
I's a recanstruction diagram schematically representing a tenporary raster;
Figure 14 is a reconstruction di agram-&-hovm ng an extraction of a slice of a

di mensi onal ultrasound .i mage; Figure 15 sho met hod of determning the
pert ai ni ng o%ss%@bf'm% léodﬂamdtgfa w%sa ght&d in

the conput atlBeRineg %i’év?%n%%“egis"q i eraé%‘””séoiw ifabe ata
T0b. and 105 HigEh of The e Viine! o BEL © D 53?251'7' are tsconstruct fon -
di agrams show ng ’Fhmﬂmmdtpmbeozulba:mamdt& af clificalouRfagotadt ers to
forma reconstructed image slice; Figure 18a i's reconstruction di agram
* showi ng &n imachine 28cviaf » commpnicationline 139. vaﬂmdmasmnu! piachine 28.ge array
represent "Sn P 1ishcr:gt?liected to a computer 32 via commumcahon line 34. The
computer 32 includes a l:e_yboard- (not shown), a monitor 36 with a
display screen 36a and a graphical input device 38 such as a single
button mouse. It should however be realized that many other graphical
10  input devices can be used to allow a user to input commands to the
computer. The computer 32 provides output signals to a controller 40
via communication line 42 which in turn provides control signals to the
probe actuating assembly 22 via communication line 44. |
Referring now to Figures 2 to 4, the ultrasound probe 24 and
15 probe actuating assembly 22 are better illustrated. In this particular
example, the ultrasound probe 24 is of the end-firing type and is rotated
axially by the probe actuating assembly 22 to obtain the succession of
two-dimensional ultrasound images of the target volume. This motion
of the ultrasound probe is indicated by arrow 48. The probe actuating
20  assembly 22 includes an external housing 50 in which a motor 52 is
located. The motor is preferably a precision servo-motor which rotates
with a substantially constant angular velocity. —Thus, when the
succession of two-dimensional ultrasound images are acquired, the
- images are taken at equally spaced, angular intervals. An output shaft
25 54 extends from the motor 52. The ultrasound probe 24 is held securely
" in a barrel 56 which itself is supported by a pair of ball bearing mounts |
58. Gear reduction wheels 60 and 62 are connected to the output shaft
54 and the barrel 56 respectively. A belt 64 translates rotary motion of
the output shaft 54 to the barrel 56 and hence, to the uitrasound probe
30 24 in a reciprocating circular motion. Thus, .the volume swept by the



dinensional'inage; 20 Flgure 18b are reconstruction di agrans

show ng t w0 gsetagsit s of a tenporary raster for axial rotatlm@myytrary
path geonetries; Figure 19 shows a flowchart of steps performed by the

di splay nodule during initialization; Figures 20a to 20d show fl owcharts of .
steps perfornmed by the 25 user interf&ﬁe and di spl ay nodul es when .
mani pul ati ng a di spl ayed three- d| nmensi _image; Figures 2la to 21c show

fo grele:I gurggs“lé hﬂgﬁg&g\&s !t;nde si .alurlot at i 829}%%0:? a ggrt i cal
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The ultrasound probe 24 during its sweep transmits ultrasound
5 signals which impinge on the target volume. Reflected ultrasound
signals from the target volume are also received by the probe 24 and are
converted into analog signals by a crystal (not shown) in the ultrasound
probe 24. These analog signals are conveyed to the clinical ultrasound
- machine 28 where a succession of two-dimensional analog images of the
10  target volume are generated. Thhtnxnaﬁon(ftheuhnmound;nobe24
and clinical ultrasound machine 28 is well known to those of skill in the
art and therefore, will not be described in any further detail herein. |
The two-dimensional analog images generated by the ultrasound
machine 28 are conveyed to the computer 32 via communication line 34.
15  The computer 32 in turn constructs a three-dimensional image of the
target volume from the succession of two-dimensional images. Once the
three-dimensional image has been created, the computer 32 allows the
- three-dimensional image to be displayed and manipulated as will be
described.
20 - Referring now to Figure 5, a block diagram of the computer 32
is shown illustrating some of the hardware and software modules
_ therein. As can be seen, the computer 32 includes a frame grabber
- module 80, such as for example, an IMAXX Video Capture Board with
_ appropriate software manufactured by Precision Digital Images
25  Corporation of Redmond, Washington, to process the two-dimensional
~analog images received from the clinical ultrasound machine 28 via
communication line 34. Specifically, ﬂm:fhnne.gnﬂﬁux.nuihﬂe 80
captures and digitizes the succession of two-dimensional analog images.
Once digitized, the succession of two-dimensional images is stored in
30 memory 82.



Figures 23a to 23c show a three-dinensional inmge and nodel in which a

pl ane of the npdel is translated towards the geonetric c f 5 _the
nodel ; I’—Wﬂaf’%%‘zﬁ4a to 24c show a three-dinmensional i mgee%@&ﬁ%é?g%si n whi ch
a plane of the nodel is rotated about an axis, angled at about 30 to the
hori zontal and sloping up and to the right; Figures 25a to 25d show a

“t hree-di nensi onal inage and nodel in<10- which a plane of the nodel is
transl ated away fromthe geonetric center of the nodel until it disappears;
Fi gure 26 shows dThe womputéruBl also déncludess pl useriinterfade modulea84 for spl ay

G Spl ay T ur (IRATBFONIE ABpRECIANGS FeceivREVISdHe ESTPERCAROk Aevich JBni mat | on
control i Ry b WAt Y i iR hblie 4 SRRIICRAENR- Vr "
| magi ngsyst o e B e O O 20 e & rer al 20,
The syst$m Zaputfronptid graphicybinput devige 38 allawingithe usemtoatontrol the
system as desired. - - |
Once a succession of two-dimensional images of the target \'rolum_e
has been captured and digitized by frame grabber module 80 and stored
in the memory 82, the digitized information can be processed in a
10  number of ways depending on the input commands received by the user
interface module 84 from the graphical input device 38. Specifically,
the digitized information can be transferred to an external file storage
memory 88. Alternatively, the digitized information can be processed
by a volume reconstruction module 90 to form a volumetric image array
15  V(x,y,z) representing a three-dimensional image of the target volume.
Once created, the volumetric image array is stored in the external file
storage memory 88. -Alternatively, the volumetric image array may be
further processed by a display module 92 in response to input received
from graphical input device 38 so that a three-dimensional image of the
20 ‘target volume can be displayed on the screen 36a of the monitor 36 and
manipulated as will be described further herein.
. The computer 32 also includes a probe scanning control module
98 which provides 'oﬁtput signals to controller 40 to actuate the probe
Aactuating assembly 22 as desired. The probe scanning control module
25 98 also receives input from the user interface module 84.
Image Caﬂtu@g
With n_éférence now to Figures 6a and 6b, when it is desired to
operate the three-dimensional ultrasound imaging system 20 to acquire
two-dimensional images- of the target volume, the system 20 must be
30 initialized. This requires the ultrasound probe 24 to be positioned in the




ultrasound image of a target volune of a subject under exam nation froma

successi o sekxo- di mensi onal ul trasound i mages of the tarﬂefcxﬁ,“g% and
all ow the generated three-dinensional inmge to be mani pul ated. 25

subj ect under exami nation may be inanimate or animate. In the |ater case
the system 20 may be used in both nedi ifl and veterinary environnments and
may be used as a di agnostlc tool or dattng surgery to provi de updated

Ul tasound pisDes Actaling, Rpsesai e, et LoD T00). [ Onesie s done; fherg an
pCT] 382?8029@%@%% o Blooiishiling 3kl 22 00 b RewRAY o1 oe

through a pr d t gt
q0&ited vithd réspeet ab e S §6!t thiab ethe mu‘?’ﬁe%ﬂverasound

t wo- di nensi onal 1 nages of "the target vOlune can be taken
probe 24 is cransmittediby theultrasound iprobé¢ 24 save diretted atothbitarge Solunte a

comuni cat i Or%scl,el gl%c30102')l'he ul trasound rrachl ne 28 .

Once the ultrasound probe 24 is positioned, a usef. inputs a start
command by selecting an appropriate icon displayed on the screen 36a
using the graphical input device 38. Within the context of the present
invention, icon refers to any graphical element displayed on the screen

10  36a which can be selected using graphical input device 38. When the
start command is received by the user interface module 84, the user
interface module signals the p'robe scanning module 98. The probe
scanning module 98 in turn conveys signals to controller 40 which in
turn signals the ultrasound probe 24 to transmit ultrasound signals. The

15 reflected ultrasound signals received from the target volume are
conveyed to the clinical ultrasound machine 28 wherein a two-
dimensional analog image of the target volume upon which the
ultrasound signals impinged, is created. The two-dimensional analog
image is then conveyed to the computer 32 via communication line 34

20  wherein it is captured and digitized via frame grabber module 80. The
digitized two-dimensional image is then stored in the memory 82.

- A copy of the digitized two-dimensional image is then conveyed
to the ‘user interface module 84 and the Region of Interest (ROI) frame
.is drawn on the screen 36a of the monitor 36 (block 104). The user

25 ‘then manually rotates the probe 24 while it is transmitting ultrasound
signals so that two-dimensional analog images generated by the clinical
ultrasound machine 28 are captured and digitized by the frame grabber
module 80. These two-dimensional images are also then drawn on the
screen 36a of monitor 36 via user interface module 84 (block 106).

30  Next, the user is prompted to confirm that the ultrasound signals are



in turn is connected to a conputer 32 via conmunication line 34. The

corrputerﬁ,g,d(?giydes a keyboard (not shown), a nonitor 36 I)’Z’l%&%ﬁmg Pl ay

screen 36a and a graphical input device 38 such as a single ton nouse.

It should however be realized that nmany other graphical 10 input devices
can be used to allow a user ‘to input commands to the conmputer. The conputer
32 provides output signals to a controller 40 via communication |ine 42
which in turn prOV|des cont rol S|gnals to the probe actuatlng assenbly 22

vi a comuni caRioparly; dizected akdhe tangat; valine after dgving viewedsthe framest r asound
probe 24 and e actuat g e er delfustrated. In
this parti culi‘;wé‘xg &8 L#@r géiﬁ%ggﬂg‘&}'e@%bf@) tb Otafge'ttl ng type
and is rotat | e [ %ﬁfﬁﬁ g N t he
successi on o%‘a\/\%’bglkrf‘eﬁr@?gtr?gl%ﬁl trasoun ég?rrtgg%s 0 e tar get vo urre Thi s
notion of thel04.t Orhexwise,the user providisdaperitoithe aiser imtdsTace hoduleof4

actuating_20 assenbl y 22 incl udes an external housing 50 in which a notor

52 i's | ocht ecnsing shergraphical ipput deviee 38-topsignify ithat ther targetwolumetis ch
Gucoessi on or Wi thendreait Saeich : Cs, - PHoDeER 4085 Hiile; D6 UseRdS | mages
are taken at jedtly the A6 hondiing' dsenbly"2Y %i:la@(ﬁiﬂél?‘ﬁof "Bk user
interface module 84 signals the probe scanning module 98.
At this point in time, the- probe scanning module 98 conveys
10 - control signals to the probe actuating assembly 22 via controller 40 so ‘
that the ultrasound probe 24 is rotated while it is transmitting ultrasound
signals and receiving reflected ultrasound signals so that the entire target
volume is scanned. As the ultrasound probe receives reflected
ultrasound signals, if:amnmws analog information to the clinical
15 ultrasound machine 28 which in turn generates two-dimensional analog
images. In this manner, a succession-of-twmdimensional énalog images
of the target volume representing a volume image are generated by the
clinical ultrasound machine 28 in response to the output of the
“ultrasound - probe 24 (block 112). The succession of two-dimensional
20 analog images generated by the clinical ultrasound machine 28 are
captured and digitized by the frame grabber module 80. The digitized
_ two-dimensional images are then conveyed to memory 82 and stored as
a stack to form an array of two—dimensibnal.images I(x,y,2) with the
. pixels in the array I(x,y,z) representing pixels of the digitized two-
| 25  dimensional images. Because the computer 32 controls the position of
the probe actuating assembly 22 and hence the ultrasound probe 24, the
spatial orientation of the individual two-dimensional images relative to
thetmqmﬁvnhnnelsknown _ . S
In the present embodiment, the two-dlmenslonal images are
30 - considered to be grayscale images. However, the present invention does



25 54 extends fromthe notor 52. The ultrasound probe 24 is held securely

i n a bar rwbosmosrki ch itself is supported by a pair of ball pogeiabégozpdunt s
58. Gear reduction wheels 60 and 62 are connected to the output shaft 54

56 respectively. A belt 64 translates rotary notion of the
out put shaft 54 to the barrel 56 and hﬁ@ce, to the ultrasound probe 30
In a reciprocating circular notion. ThUusS

and the barrel
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Once the two-dimensional images have been acquired and saved
in memory 82 to form array I(x,y,z), the user interface module 84
generates a prompt to signify that this stage of the image capturing has

- been completed. At this time, the user may review the acquired frames

individually in the manner described previously (block 114). If the two-
dimensional images have been acquired incorrectly (block 116), the user
can condition the system 20 to return to block 102. Otherwise, the
acquired two-dimensional images are saved in the external file storage
memory 88 (block 118). |
Once the two-dimensional dlgmzed images of the target volume
have been acquired, the user is prompted to decide whether a three-
dimensional image of the target volume is to be reconstructed from the
array of two-dimensional digital images I(x,y,z) via volume
reconstruction module 90 (block 120). If the user wishes to reconstruct
a. three-dimensional image, a wvolumetric image array V(x,y,z)
representing a three-dimensional image of the target volume is created
from the two-dimensional digital images (block 122). Once created, the
volumetric digital image array is saved in external file storage memory
.88 (block 124). Afterwards, the user is prompted to decide whether the
three-dimensional image is to be displayed on the screen 36a of the
monitor 36 (block 126). If the user wishes to view the three-
dimensional image, then a copy of the volumetric image array V(x,y,z)
is retrieved from the external file storage memory 88 by the display

“module 92 and is displayed on the screen 36a (block 128). The

displayed image can be manipulated by the user as will be described.

24



machi ne 28 where a succession of two-di nmensional anal og i nages of the 10

target v e generated. This operation of the ultras 24 and
clini cala’bltl{g}ra%%éund machine 28 is well known to those of gﬁ?@f\%&ﬁe art

and therefore, will not be described in any further detail herein. The
t wo- di nensi onal anal og i mages generated by the ultrasound machi ne 28 are
conveyed to the conputer 32 via conmuniléation |ine 34. 15 The conputer 32

in turn constructs a three-dimensional inmage of the target volune fromthe
successi on ofDumiag dmagesmanipulationg dhe m&mw&o@mﬂm&mmmm mage has

been created, the c ut.er, 32 al | t he three-di rgsi gnal, i mage to be

di spl ayed andnmggpé{r '@EW@eégwq B’&H.‘WW“&“%%& %% ng now to
Figure 5, a clg di o] _ r ijstes D 1 Ofk 3l sonme of
t he har dwar ebéaa%dlbgo#éiwair eEE rr%l%r%s %ﬁe%?niﬁsi can gigﬁ'seen, the cOnputer 32
| ncl udes a f riafpalaite hadiehecdifipleisd;hiRs user i€ promipted a0 _éddRf VI deo
Capture Board with appropriate software manufactured by Precision Digital

| mages 255 Gwhetheranothenithieecddimensionak imagg imto be coeated (blackel30).

. two-di mensi onal . anal og, | mages received from, he ¢lini.cal ultrasound nmachi ne
Db vt commrl s RoRr Vishes o creaiaanqthe o imensionslimags e SR o o0

20 reverts to block 102. Otherwise, the three-dimensional imaging
procedure is considered to be completed.
If at block 120, the user does not wish to reconstruct a three-
10  dimensional image, or if at block 126, the user does not elect to view .
the reconstructed three-dimensional image, the system proceeds directly
to block 130. :
TtmaylﬁnuumhnmﬂInmgglmuanchﬁon
Turning now to Figures 7 to 18, the steps performed by the
15  volume reconstruction module 90 to generate the volumetric image array
V(x,y,2) from the digitized two-dimehsional images are better illustrated.
If at block 120, the user elects to reconstruct a three-dimensional
image by selecting the appropriate icon using the graphical input device
38, the volume reconstruction module 90 is initialized by the user
20  interface module 84 (block 200). Once hﬁﬁaﬁzuL -the volume
reconstruction module 90 retrieves a copy of the array of digitized two-
dimensional images I(x,y,z). The digitized images are then manually
- examined to determine whether any hardware offsets occurred during
capturing of the two-dimensional images (block 204).
25 In the system 20, three types of hardware offsets may occur
~during capturing of the two-dimensional images. These hardware offsets
are image-tilt offsets, displacement offsets and tilting offsets. An image-
tilt offset results in a captured two-dimensional image being rotated
'ﬂunugh an angle of rotation. This offset occurs when the actual



captures and digitizes the succession of two-dinensional anal og i mages.

- Once di gi twiozgsfboadshe. SUCCGSSI on of two-dinensional imges | pcaiciRiodR 30
menory 82. WO 96/ 00425 -

PCT/ CA95/ 00375 -10- The conputer 32 al so |ncludes a wuser interface modul e
84 fbr interpreting input conmands recei ged via the graphical input device
38. As shoul d be realized, the user i ntdPt ace nodul e 84 controls and co-

oranaes the Reak o Chapl e e s 77 e Soble 557 for the
Chr oot vol ume BEdeER Ealin G0 IS (i F.‘@"%@“Mﬁé@?ﬁ%@% tl'e 80

and stored in the rpisplacefent bifSettictuts Whenithé Bwedimensiean m%geg%éssed I n
a 10 nunber of ways dependi ng on the i nput comrands received by the user
i nterface nodulaptured "offecentér? frompthecESA| rinuother words, 2his ypecifioffset | v,
5  occurs when the ASA of the ultrasound probe 24 is parallel to, but
displaced from the TSA (see Figure 10b).
~ Tilting offset occurs when the two-dimensional images are
- captured at an angle to the theoretical scanning axis TSA of the
- ultrasound probe 24 (see Figure 10c).
10 It is desirable to compensate for these offsets so that inaccuracies
_in the final reconstructed three-dimensional image do not occur. In
particular, if the image-tilt offset is not removed, wrong image pixels
might be used to reconstruct image slices of the target volume. If the
displacement and tilting offsets are not removed, distortions in the
15  reconstructed three-dimensional image may occur.

Once the array of digitized two-dimensional i 1mages I(x,y,z) has
been manually examined and any hardware offsets measured, the volume
reconstruction module 90 proceeds to block 206. If the array of two-
dimensional images is not aﬂ"ected by image-tilt offset, the array of two-

20  dimensional images is renamed from I(x,y,z) to I'(x,y,z) (block 208).
However, if the array of two-dimensional images I(x,y,z) is affected by
image-tilt offset, the array of two-dimensional images is rotated to
remove the image-tilt offset and the rotated array of two-dimensional

. images is renamed to I'(x,y,2) (block 210).

25 Figures 11a and 11b show the array of two-dimensional images
I(x,y,z) being rotated to remove image-tilt offset. The rotation of the
array of two-dimensional images I(x,y,z) is achieved through a standard
image rotation procedure, such as those described in “Fundamentals of

Interactive Computer Graphics”, James D. Foley and Andries Van Dam,
30 1982, Addision-Wesley qulishing Company, Inc.  Each two-



the digitized information can be transferred to an external file storage
menory B@Oﬁ}obﬂ'snativel y, the digitized information can bg,cq.k%gﬁ‘%gg by a
vol une reconstruction nmodule 90 to forma volunetric inage arrtay
V(x,yz) representing a three-dinensional image of the target volunme. Once
created, the volunetric inage array is stored in the external file storage
menory 88. Alternatively, the volunetrdil6-i mage array may be further - '
processed by a display nodul.e 92 in response to input received from
gr aphi cal i nplimensignat impge dntthetarmay of dwodlimensiopal images) ¥(x¥,2) e 20
target vol une can,be di spl ayed.on.the screen 36a.,of the ifor, 36 and
mani pul at ed Jotated in the M‘P%&W@ﬂ??ﬁ@e H@&ﬁ'ﬁﬁbﬂ@% 29N so
i ncl udes a pr ' ' - VJ QUfﬂg signal s
to controll er%ewm%aﬁ%&%?ﬂg%&sggﬁﬁgﬁ%%ﬁbﬁq‘?& as g%i red. The
~~ probe S'C'a'““i'rﬁoﬁpﬂhbrﬁw B tbe: dithensiOffal dhfeges TGSy, L5 aré Bétlio Blagk) t he user

i nterface nodule 84. Irmage Capturing Wth refgﬁa”nZe now to Figures 6a and
6b, when 5t is desAfter the army rofttwotdimenisional @magesshasibéenirénamediorl i nagi ng
system 20 to acquire two-di nensiopal ,i mages of t-hehéarget vol une, the

system 20 nusadjustedoto | eompensages ffor TAma; i offsets Hae jarrays sfndWer obe 24 to

be positi Oneddiin{éntsl%%al images I'(x,y,2) is transformed into a resultant image array

R(x,y,z). The transformation function used to transform array I'(x,y,z)
into image array R(x,y,z) is f:(x,y,2) -> (x,2,y) with the assumption
10 that the ultrasound probe 24 was positioned above or below the target
volume when the images were taken (block 212). If this assumption is

" not true and the scan probe is on the left or right of the images, the
transformation will be fi(x,yz) -> (Y-y,2,x), where Y is the y-
dimension of the images. In either case, the transformation of array

15 I'(x,y,z) to image array R(x,y,z) is performed on a pixel-by-pixel basis
using known methodologies such as those presented in the above-
described Foley and Van Dam reference or in other commonly available
references. ' ' '

Figure 12 shows the effect of transforming the array of two-

20 dimensional images I'(x,y,z) to image array R(x,y,2). This
transformation is performed when the ultrasound probe 24 was either

~ above or below the target volume when the images in array I'(x,y,z)

- were taken. The transformation is done by mapping the xz-planes of

. array I'(x,y,z), for all y, into the xy-planes of image array R(x,y,z). As

25  can be seen, the top xz-plahe of array I'(x,0,z) becomes the front xy- -
plane of image array R(x,z,0). |

 After the transformation has been performed, each xy-slice of

" image array R(x;y,z) will contain a set of cross-sections (or image lines)

of the two-dimensional images in array I'(x,y,z). = These two-
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probe aciwpééiedzassenbly 22 (see bl ock 100). Once this is gleanEaosido
ul trasound probe 24 and probe actuating assenbly 22 nust be proper?’y5

| ocated with respect to the subject so that the ultrasound waves
transmtted by the ultrasound probe 24 are directed at the target volune 5
(see block 102). Once the ultrasound pﬂabe 24 is positioned, a user inputs
a start commapd by, se|l ecting,an appropyiate icon di,splayed on the screen
36a using th Imags s aie Bséeh fOR\eeAIFtTGing Je Same, dmage present
invention, iqagQrefers to any graphical elenent displayed on the screen 10
36a whi ch can *sel ected using graphical input device 38. Wien the start

command | s 1 ecel vewnh hBRlaRkunk Vbt 2% Beifidhel to the ot BF kight of | ace

nodul e signals the probe scanni ng ‘nodu The probe scann nodul e 98
in turn convethe targstavolume whenrthel imaged ihiactayi IY(x;%2) aregtakien, tthe
ul trasound probe 24 to transpit ultrasound signals. The
5 tion is performed by mapping the xz-planes of array I'(x,y,2z),
_for all y, into image array R(Y-y,z,x), where Y is the y-dimension of
- the images in array I'(x,y,z). As above, after the transformation, each
xy-slice of image array R(x,y,z) will contain a set of cross-sections of
two-dimensional images in array I'(x,y,z) to be used for reconstructing
10  the same image slice. | ' '
- Once the images in image array R(x,y,z) have been generated, a
temporary raster buffer T(x,y) is created which is large enough to store
a z-slice of the reconstructed three-dimensional image (block 214).
- Figure 13 shows a temporary raster T(x,y) comprising a plurality of grid
15  points or pixels 216. Each element of raster T(x,y) is an image pixel
lying at an intersection of two lines. The first pixel (or "origin") of
raster T(0,0) is at the top-left-corner of the raster, and indexes of raster
T(x,y) run from left to right, and then top to bottom. |
Once the temporary raster T(x,y) has been created, a z-slice
20 A(x,y) of the image array R(x,y,z) is processed and the reconstructed
image of that z-slice is stored in raster buffer T(x,y) until it is
completed. Once completed, the stored z-slice in T(x,y) is transferred
to the appropriate location in volumetric image array V(x,y,z). The
- volume reconstruction module 90 then checks to see if all of the z-slices
25  A(x,y) of the image array R(x,y,z) have been reconstructed and stored
in V(x,y,2) (block 218). If not, another z-slice of image array R(x,y,z)
is fetched and that z-slice A(x,y) is processed at block 220. The volume
reconstruction module 90 then reverts back to block 218. This loop
‘continues until all of the z-slices A(x,y) of image array R(x,y,z) have
30  been reconstructed. At this stage, the volumetric image array V(x,y,z)



15 reflected ultrasound signals received from the target volune are
conveye clinical ultrasound nmachi ne 28 wherein a =, 4l si onal

. anal og iqvn(%gsé&g% the target vol une upon which the ult rasoulfleéqg’}%hgﬁg

i npi nged, is created. The two-di nensional analog inmage is then conveyed to
the conputer 32 via conmmunication line 34 20 wherein it is captured and
digitized via frame grabber nodul e 80:18The digit I zed two-di mensional inmage
is then stored in the menory 82. A copy of the digitized two-dinmensional

i mge is thmpwnnbggdhe-dhmedxmqu amage ds reompletesand, the volume gi on of

Interest (RO) frame, is dr nth rLeen of the nmonitor 36 (bl ock
104). The us@FOQW“cmoﬁw F%/C’F‘gi‘fa&’égc%-ﬁé&grobe 24 while it-is
transmtting ultr Shana! ad o t wo- digeins ) I L gages_..
generated by the wg& u r%@%&ga&ghﬁgggl aﬂ?%ﬂg?b{ ﬁ%ﬁgﬁhg& gitized

by the franeregbastRfitionrodaleSID toproeess ot ZsHBO AR} at LIGAE226Y g al so then -

drawn on the screen 36a of nonitor 36 via user intérface nodule 84 (bl ock

106). 305 Nearticulane afterra izsslipeo(xcy) of imagei array HR(x,y}z) hds beempund
stgnals are  tracted (block 228), as shown in Figure 14, two additional temporary
rasters H(x,y) and K(x,y), both of the same size as raster T(x,y), are
created (block 230). The pixels of the two temporary rasters H(x,y) and
K(x,y) are then set to Black (block 232). e
10 ~ After block 232 has been completed, any displ_acemént and/or , '
tilting offset, collectively called the pertaining offset p, is manually
measured (block 234). Figure 15 shows the geometry for calculating the
pertaining offset p resulting from displacement and/or tilting offsets
assuming that any image-tilt offset has been properly compensated for
15  at block 210. The pertaining offset p for a set of image lines is the
| distance by which each image line is spaced from the axis of rotation—
(AOR) of the ultrasound probe 24. It is the sum of both the .
displacement offset and the tilting offset.. In Figure 15, a-captured
image is shown having a displacement offset-d and a tiling offset ©.
20  The displacement offset is always constant for any set of image lines of
image array R(x,y,z) to be reconstructed. It is the distance the ASA is
“displaced” from the AOR of the ultrasound probe 24.
For the tilting offset, the effect: becomes bigger as the distance
. between the reconstruction image .plané (on which the image lines
25  resides) and the tip of the scanning region of the-ultrasound probe 24
increases. Thus, the actual tilting-offset for a set of image lines is the
distance between the TSA and ASA respectively and it is denoted by ¢, .
where ¢ is given by the product of D and SIN(®), D being the distance
| from the image lines to the tip of the-scanning region. Accordingly, the
30 pertmmng offset p. for a set of image lines is given by d+ €. o
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drawn on the screen 36a of the nonitor (block 108). :If the targe
outside of the drawn franes, then operation returns to bl ock 104.

QO herwi se, the user provides input to the user interface nodule 84 5

S
unme is

.using the graphical input device 38 to-b?-gni fy that the target volune is
wi thin the drawn frames. Once this has been done, while the user is holding

the probe actuati ngvhendhe
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Once the pertaining offset p has been determined, the z-slice

- A(x,y) is broken down into two parts according to the pertaining offset

p, one part of which represents pixels of z-slice A(x,y) located to the
right of the axis of rotation AOR of ultrasound probe 24 and another
part of which represents pixels of z-slice A(x,y) located to the left of the
axis of rotation AOR of the ultrasound probe. The pixels of the one part
are reconstructed and are stored in raster H(x,y) while the pixels of the
other part are reconstructed and are stored in raster K(x,y) (block 236).

Figure 9a better illustrated the steps performed by the volume
reconstruction module 90 to complete block 236. Specifically at block
236, a horizontal line of z-slice A(x,y) is acquired (biock 238). With

- the pertaining offset p calculated, the location of each pixel of z-slice

A(x,y) in raster T(x,y) is computed. If a pixel is to the left of the axis

“of rotation AOR of the ultrasound probe 24, the gray-level of the pixel
- is assigned to the corresponding pixel in raster H(x,y). If a pixel is to

the right of the axis of rotation AOR of the ultrasound probe 24, the
gray-level of the pixel is assigned to the corresponding pixel in raster

K(x,y) (block 240).

After this, thé volume reconstruction module 90 determines

- whether all of the horizontal lines of z-slice A(x,y) have been processed
~ (block 242). If not, the next horizontal line of z-slice A(x,y) is acquired

at block 238 and step 240 is repeated. This loop continues until all of
the horizontal lines of the z-slice A(x,y) have been processed and the



clinical ultrasound machine 28 in response to the output of the ultrasound

pr obe 112). The succession of two-di nensional _ g i mages
oy KAl

gener ated e clinical ultrasound machi ne 28 are capture igitized
by the franme grabber nodule 80. The digitized two-di nensional inmages are
then conveyed to nenory 82 and stored as a stack to forman array of

t wo- di mensi onal images |(x,y,z) with20ke pixels in the array I(x,Y, z)
representing pixels of the digitized two- 25 di mensi onal images. Because
t he conput epixels thercinonssigned topixelsin «inet of rastenscHéx,yh and  K@gdenbl y 22
and hence the ultrasound probe 24, the spatial orientation of the

i ndi vi dual F&SBeER sional images relative to the target volune is known.

to be g ayseal e FIBEdcH,shodint Wielafnotile IIRARE A4Bec R ii5c] Goazs
PCT/ CAS5/ 003 fempdrary Saskle RO Will'e_postivs peptiig dffet . Toatsponal | mages -
5 shown is the geometry for capturing two-dimensional images for the---
axial rotation recbnsn'uction, as well as for placing the image lines in z-
slice A(x,y) back into raster T(x,y) for reconstruction.
Since the two-dimensional images are captured counter-clockwise,
in this example, the image lines are placed back into raster T(x,y) in a
10  counter-clockwise fashion. As a reference model, the first image line '
is always placed horizontally at the AOR of the ultrasound probe 24.
To compensate for displacement and/or tilting offsets, the image line is
translated from the AOR by the distance given by the pertaining offset
p. If the pertaining offset p is positive, the image line is shifted down
15 from the AOR and if the pértaining_.oﬁ'set p is negative, the image line
" is shifted up from the AOR. Similarly, a subsequent image line is
placed and translated by the distance given by the pertaining offset p
according to the orientation of the subsequent image line in raster
T(x,y). Thus, in effect, the image lines form  circle of radiuspatthe -
20  AOR (see Figure 180). @ — . - -
Figure 16b shows the geometry for-calculating locations of pixels
of a line of A(x,y) in raster T(x,y) according to the pertaining offset p. -
For each image line in A(x,y), the location of its first pixel -A(0,y) in
raster T(x,y) is calculated as if the pe_r'taining' offset p is zero. The -
25 location is then offset by the pertaining offset p according to the -
orientation of the image line in T(x;y). The first pixel is then inserted
into raster T(x,y) by assigning its gray-level to the corresponding ._
pixel(s) in raster T(x,y). For.a subsequent pixel in the image line, its
location in raster. T(x,y) is acquired-by a cqnsfant offset fronr the

30 location of the previous pixel in the image line, --



properly. A grayscale pixel is associated with a gray-Ilevel having

bet ween Gwesélodspsr r ]

requi red for stori n"g the gray-levels. The gray-level 0 is usually
a "background color” and is-said to be Black. Once the two-di nensi
| mages have been acquired and saved |nzgermry 82 to formarray I(Xx,

user interface nodul e 84 generates a p

t to signify that this s

he acqui rod 1 amd B 100, B8 BDR A éﬁa‘(mﬁmﬁie#wﬁsernsﬁﬂ

(bl ock 114).
(bl ock 116)
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location of A(0,y) is at

((C; - i, *COS(a) + p *SIN(a)), (C + i *SIN(a) + P *COS(a))
The location of a subsequent pixel is acquired by oﬂ"setnng the location
of the previous pixel by the constant (COS(a), - SIN(a)).

- Although the above describes placing the image lines of z-slice
A(x,y) directly into raster T(x,y), it should be apparent to one of skill
in the art that, as shown in Figure 16c, the same technique is used to
place the image lines of z-slice A(x,y) into rasters H(x,y) and K(x,y)
respectively, with the exception that image lines having pixels to the left
.and right of the AOR of the ultrasound probe 24 are separated into two
parts and the parts are processed separately. |

Once all of the horizontal lines of the z-slice A(x,y) have been
processed, the volume construction module 90 computes the gray-level
of the pixels in the rasters H(x,y) and K(x,y) that did not receive values
from z-slice A(x,y). This is done by propagating the gray-level assig_ned
to one of its neighbouring pixels or by averaging the gray-levels
assigned to neighbouring pixels that received gray-levels from z-slice
_A(xy) (block 244). |

‘After block 244 has been completed raster H(x,y) is
superimposed onto raster K(x,y) and the resultant image is stored in
- raster T(x,y) (block 246). Figure 17 shows t_he-manner. in which the
rasters H(x,y) and K(x,y) are superimposed. Specifically the non-
overlapping regions of the rasters H(x,y) and K(x,y) arc taken as is,

whereas the overlapping regions of the two rasters are weight-averaged.
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representing a three-dinensional inmge of the target volune is created from

t he two-di nensional digital imges (block 122). Once created, the ..

vol unet rWO%808428al i nage array is saved in external file EWFéa@'%mry 88

(bl ock 124). Afterwards, the user is pronpted to deci de whether the 25

t hree-di nensional inage is to be displayed on the screen 36a of the nonitor

36 (block 126). If the user w shes to-22-ew the three- dinensional inmage,

then a copy of the volunetric image array V(x,yz) is retr_;i\l/ied fromthe

external fil qhe! sipatmposition 6B tiky tiwoerasterp|isyperformed 38 reddce sanyi spl ayed

on the screen 36a (bl ock 128). The 30  displayed i mge can b_qsarrlglni pul at ed

by the user saddén Ichangel@fcgraydevels inntheoseconstructed three-dimensional

PCT/ CA95/ 00375 -14- Duri I mage, nani pul ation, .the user. cangstore displ ayed
witcasguunch shadda) 1

views in thelWagedpcds § Fa& WW%&E@M%“SO t hat
o pul at | on HESVMERENT G S0, < he user s prompted to confirm o
5 When an overlapping region occurs, the vertical distances h and
k from each pixel to the upper edge and to the lower edge of the
overlapping region respectively, are calculated. The gray-level of the
pixel is given by the sum of (b/(h + K)) of the gray-level of its copy in
raster H(x,y) and (k/(h + K)) of its copy in raster K(x,y). Thus, for

10  example, when a pixel is closer to the upper edge of the overlapping

| region ie. to raster K(x,y), its copy in raster H(x,y) will be weighted
less and the one in raster K(x,y) will be weighted more. Similarly,
when a pixel is closer to the lower edge of the overlapping region ie. to
raster H(x,y), its copy in raster H(x,y) will be weighted more and the

15  one in raster K(x,y) will be weighted less.

A void 99 may occur around the AOR when the rasters H(x,y)
and K(x,y) are superimposed due to displacement and/or tilting effects.
If such a void occurs, it is filled in by interpolation of the gray-levels of
some or all of the pixels surrounding the void. After the two rasters

20  H(x,y) and K(x,y) have been superimposed and the voids have been
filled to complete raster T(x,y), the contents of raster T(x,y) are stored
in volumetrid image array V(x,y,z) (block 248). :

Figure 18a shows how a reconstructed image slice stored in raster

-T(x,y) fits into the volumetric image array V(x,y,z) at location Z=z,.

25  The image slice is put back into volumetric image array V(x,y,z) as an
xy-slice of the array. Recall that the image slice in raster T(x,y) is
reconstructed from pixels in an xy-slice of image array R(x,y2)
extracted from location Z=z, Therefore, volumetric image array
V(x‘,y,z) will have as many xy-slices as image array R(x,y-,z)._- Thus, its

30  z-dimension will be the same as the height (or width) of a two-



5 whether another three-dimensional i mage is to be created (bl ock 130).

I f the usgéombdBes to create another three-di mensional i megechigeosyst em 20
reverts to block 102. Qtherw se, the three-dinensional inmaging procedure is

considered to be conpleted. If at block 120, the user does not wish to
reconstruct a three- 10 di mensi onal igpge, or if at block 126, the user
does not elect to view the reconstruct &P hree-di nensional i1image, the

Eéiéﬁ?t ot oPMERTIORA) ARS: 1 BRA LK 2] VDEm, e, BIEASORRd PR 2Acis by ¢ he
I
V(x, y. 2) 17 onPPRED %%ﬁ%% 8GR %3@%‘“ %@aﬁ o T ol

If at bl ock 1gfgef Gslunies whehetheStwoldiniéribional Ufia stlhrﬂﬂmi) i)Oﬂr%' | mge

by selecting the appropriate icon usi ng t he graphi cal dévice 38, the

vol ume reconstakenti on nodule 90 is initialized by the user 20 interface

nmodul e 84 (bl ock 200)ph “?éce initiali zed he vol une reconstructi on nodul e
@

90 retrieves a copﬁso be apparent, the tVP {RREONYTUELIOD; mﬂﬂ“lﬁ r%)ges

I The digit
whet bt any nEFaRES e T to 248, WHER 4 Frifes $168F 0 For cBcl Z4lic2 "°
A(x,y) in image array R(X,y,2) untll all of the z-slices have been

processed. At that time, the volumetric image aﬂiy V(x,y,z) which
represents a three-dimensional image of the target volume is complete
10 - and is stored in the external file storage memory 88. -
Although the array I'(x,y,z) has been described as undergoing a
~ transformation to generate image array R(x,y,z), it should be realized
that proper indexing may be carried out, so that the z-slices A(x,y) can
be taken directly from array I'(x,y,z).
15 In addition, although during image slice processing at block 220,
two rasters H(x,y) and K(x,y) are created and pixels of the image slices
. are separated and processed separately, these steps need not be carried
out. It has been found in the ultrasound imaging art that shadowing
effects may occur which affect image quality. The steps carried out at
20  blocks 232 to 246 minimize the effects of shadowing in the reconstructed
images. If shadowing is not a concern or if another type of imaging is
being carried out which does not suffer from shadowing effects, then the
steps performed at block 220 can be modified as shown in Figure 8b.
. In this instance, a z-slice of image array R(x,y,z) is fetched
| 25  (block 228') and the pixels in raster T(x,y) are set to Black (block 232°).
“After this, the pertaining offset p is measured as described previously
(block 234'). The z-slice A(x,y) is then inserted into raster T(x,y)
according to the pertaining offset p (block 236'). Figure 9b shows the
steps carried out at block 236'. As can be seen, steps 238’ to 242’ are
30  basically the same as those shown in Figure 9a except that the pixels in



capturing of the two-dinensional inmages (block 204). 25 In the

system Yo okh6L8 types of hardware offsets may occur duri pgre: ﬂgsf,mﬁﬂg of
t he two-di nensi onal inages. These hardware offsets are image-tilt offsets,

di spl acenent offsets and tilting offsets. An image- tilt offset results in
a captured two-dinensional image being,rotated through an angl e of
rotation. This offset occurs when the %ﬂ“tual WO 96/ 00425

T o W T G G
= |
rages glr”eecap@‘)ﬂ)W@F?ﬁﬁ?&d%ﬁomwt@&%#ﬁ? B V\o@anﬂgﬁgatype of

offset 5  OGRaY g,eAégg Qevél$ Froth tZ-stee %gt'ﬁd lel to,
but di spl aced fromthe TSA (Seé Figure |10Db). T(AStl ng of fset occurs when the
t wo- di mensi orlevels (bloek 244¢) by interpolation af the) gray-levelshef somewoetalcef scanni ng

axis TSA 50f tthht(za neighbouring pixels. The contents in raster T(x,y) are then stored
in the volumetric image array V(x,y,z) (block 248').

Although the volume reconstruction technique has been described
in an ultrasound three-dimensional imaging system having an axially
rotating ultrasound pmbe, it should be apparent to those of skill in the |

10  art that the volume image reconstruction _ﬂechnique may be used in ‘
conjunction with three-dimensional imaging systems which use a
different type of ultrasound, imaging environment probe and/or sweep
geometry to acquire the two-dimensional images. Examples of these
ultrasound probes and sweep geometries are fully set out in co-pending

15 U.S. Application Serial No. 08/158,267 filed on November 29, 1993,
assigned to the assignee of the present invention, the contents of which
are incorporated herein by reference. .

1If it is necessary for two-dimensional images to be captured from
a target volume having a different geometry to that described previously |

20  or even along an arbitrary path, the corresponding volumetric image
array V(x,y,z) may still be reconstructed using the previously described

~ volume image reconstruction technique as long as a description of the

traversing path of the ultrasound probe 24 is known. In this case, the

. only change that needs to be made is to replace the "axis of rotation”

‘25  with the "insertion point", the insertion point being a point along the
arbitrary path. -

Figure 18b shows raster T(x,y) in which image lines are stored

~ for an axial rotation geometry as well as for an arbitrary path geometry.
As can be seen from the arbitrary path geometry, image lines in the



“ultrasound probe 24 (see Figure 10c). 10 It is desirable to

conpensatyp bgsoss1ese of fsets so that inaccuracies in the fapdptaosinosrs
reconstructed three-di mensi onal inmage do not occur. In particular, 1f the

image-tilt offset is not removed, wong i mage pixels mght be used to
reconstruct inmage slices of the target volume. If the displacenment and
tilting offsets are not renoved, di st o@drons in the 15 reconstructed

t hr ee- di nensi onal j e may occyr. Once the array of digitized

t wo- di mensi onfaster :gg) mpwnﬁwgéeﬁhﬁaﬂtvmry Rblgrﬁnﬁeﬂem%dhar dwar e
of fsets neasu (o} ,on nodul e 90 proceeds to bl ock
206. If the a#lggg %?ﬁﬁabwﬁﬁéﬁéﬁ%%égs Is not affected by image-tilt
of fset, the array pfshouRt afs® be dppaeai fiat!tht VBlffe ithaps PecBilulucAbh ! (X, ¥2)
to 1" (x,yz) (block 208). However.~if the array of two=di mansfé)lngﬁhi mages

| (x,yz) is aftechniqdelmay beamsediihtdiffefent tenviroamentsapthef thaw ultrasonad onal
images is_rotated to renove the inmage-tilt offset and the rotated array of
t wo- di mendi onismaging gystems wheze ashreccdimensional image needsito)be generated

Figures 1lla Zﬁg || b hO\f/ t he array of two-dinensional inmages I(x,y,z) being
rotated to refff oP¥MEt offset. The rotation of the array of

t wo- di mensi Onf‘hréenﬁﬂﬁénﬂiéﬁalﬁﬁaée%ﬁ‘bwved t hrough a standard
Once the volume image reconstruction has been completed (block
122) and the reconstructed volumetric image array V(x,y,z) has been
10  stored in the external file storage memory 88 (block 124), the user can
decide whether the three-dimensional image is to be displayed on the
screen of monitor 36 using the graphical input device 38 (block 126).
If the user elects to display the three-dimensional image, the user
interface module 84 signals the display module 92 to retrieve a copy of
15  the volumetric image array V(x,y,z) from the memory 88 and display
the three;dimensional image on the screen 36a of the monitor 36 (block
128). Once the image is displayed, the user can manipulate this image
as will now be described more fully with reference to Figures 19 to 28c.
When the three-dimensional image is to be displayed as signified
20 by the user via the graphical input device 38, the display module 92
enters an initialization routine (see Figure 19). Upon entering the
initialization routine, the display module 92 sets a number of parameters
to their default values as will be explained and uses this information
.when an image is to be displayed on the screen 36a (blocks 302 to 306).
25  The parameters which are set to their default value are mouse-drag

sensitivity, successive refinement sequence and pseudo-color mapping.
After the above has been done, the display module 92 retrieves
a copy of the volumetric image array V(x,y,z) from memory 88 and
stores it in memory 82 (block 308). Once retrieved, the diéplay module
30 92 checks to see if the volumetric image array has been assigned a



| mage rotatii on procedure, such as those described in "Fundanental s of .

| nt er act uter G aphics”, Janmes D. Foley and Andrie :
1982, Adh'\bs%@ﬁ%sl ey Publ i shi ng Conpany, Inc. Each tm%&%%%%/ 00425
PCT/ CA95/ 00375 - 16- di nensi onal image in the array of two-di nensional

I mages | (x,yz) is rotated in the opposite direction as the image-tilt by an

angle [err]. Regions of the array of t3f~di mensional images |'(x,yz) which
are not available fromthe array of two-dinmensional images |(X, yz) are set

to Black. 5 model (blotkt310): hThearmadelds invtbe formofi & canvax polybedeon been
renanmed or aju,sted oco satefor | e.t |t offset rray of two-
di mensi onal ?%U arex de 6 S %’“Fe?ﬁf’%&ﬁrf]‘ ﬁ’éﬁ"e array

fﬁégézé;rgeaﬁ@@@§§’3ﬂ%3%}%"&*hﬁw ﬁetﬁ?%@“%é“% B ghoibly )

the ul trasoung Vg&easz bédRegeimbove or bel ow the target voI ume
when t he images re taken (bI ock 212) If this assunption is '
5 - If the image array has not been assigned a model, the dimensions

of the volumetric image array V(x,y,z) are examined and a model in the
form of a right parallelepiped, which encloses substantially all of the
_pixels in the image array V(x,y,2), is created and assigned to the image
array automatically (block 312). The assigned model is then saved in
10  memory 82 with the copy of the image array. = After this, the volumetric
image array V(x,&,z) is examined to determine if any or all preferred
Views A to C have been assigned to the image array (block 314). If
some or all of the preferred Views have not been assigned, the preferred
Views are created automatically and saved in the memory 82 with the

15  image array (block 315).

The model is then projected on the screen of the monitor 36
within a rectangular sub-region of the full screen display, henceforth
called the "main display window" via an orthographic projection (block
316). Figure 26 illustrates the screen 36a of monitor 36 on which the

20 model and ﬂmee-ditnensional image are displayed within the main
display window (MDW). It should be realized that other projection
transformations such as a perspective projection may be used to project
the model onto the screen. - Only the visible faces of the model are

_displayed on the screen 36a, i.c. - hidden-surface elimination is

25  performed so that the displayed model has an opaque appearance. The
perimeter lines of the model faces are depicted on the screen by white
lines. Each visible model face is projected onto the screen within a
polygonal area. Each visible face’s polygonal area is divided into an
internal area and an external area, the latter being that part of the total



not true and the scan probe is on the left or right of the imges, the
transfornwioisgmoaws! | be f:(x,y,z) -> (Y-yz,x), where Y is tpag/caos@odfensi on
- of the images. In either case, the transformation of array 15 1" (x,Y, 2)
to image array R(x,yz) is perforned on a pixel-by-pixel basis using known
met hodol ogi es such as those present ed |§ t he above- described Fol ey and Van
Dam ref erence or in other comonly avai <7i'bl e references. Fi gure 12 shows

th(exe;fz)ec: oOT transfor{}x}tegtfge ar{%fﬁﬁgﬁﬁv\ﬁ éog? dt manoql g\na |ggl?£3 hen
t he ult rasoun Y&af?élrega ow the target vol ume when
the images in array z‘élx yz vvereotfﬁgn. € transformation i s done by
mappi ng the xz-pl amafe display 2of leatk vigible f model 'face ik nactoniplishedphsines of
|rrage array R(x,yz). can be seen, the top xz-plane of array

'(x, O z) beC(fnﬂGWs heEaclnacrempmlawahm thmpglggamlagrem(of ﬂlpOdlsphyedar t he
U " cont o n_ dacshasan arpeiast ro-diracpsipntl sagissian raordpwie pwr (1.y). *
two-di mensi O”E’W‘thrﬁg&% 'sBedfitatons ¢fth¥ Model sPicE, ti¥can be extended to

a three-dimensional coordinate triple (x',y’,z’).

‘By means of an appropriate viewing transformation, the pixel co-
~ordinates (x',y’,z') may be converted to corresponding voxel (volume
10 picture element) coordinates (X,y,z), to select a voxel value within the
volumetric image array V(x,y,z). The extracted voxel value is indexed
- into a pseudo-color mapping table to yield a gray-level or color. The
gray-level or color in turn is used to illuminate the screen pixel. This
process is repeated for all screen pixels located within the displayed
15 model faces (block 318). '.This technique of display is called "texture

mapping”, and is known to those of skill in the art.

Each pixel on the display screen is identified by its associated
cartesian coordinates (x',y’), which are usually integers. Each voxel in
the volumetric image array is identified by its associated array indices

20  (x,y,z), which are also usually integers. For pixels within the perimeter
~of a displayed model face, it is possible to compute frdm the pixel
coordinates (x’,y’), a value z' representing the distance from the plane
of the screen 36a to the point on the model face which is projected onto
- that pixel. In the case of planar faces and using an orthographic or
25  perspective projection, each displayed face has an associated plane
‘equation Ax’ + By’ + Cz' = D which, given pixel coordinates (x',y’),
- may be solved to yield the corresponding depth value z’. Other
-techniques would be required for non-planar model faces, but in general,

this merely requires the solving of an appropriate equation.
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image lines are used for reconstructing pdecsamRsisnage
the ul trasound probe 24 is p05|t|oned to the left or right of
the target volune when the inmages in array |I'(x,yz) are taken, th
tansformation is perforned by mapping _the xz-planes of array I'(x

e b5
,yz), for

I mge array R(Y-yz, x), e Y is the y-dinmension of the images

X,yz). As above, after the t or ma |on C - sl
R( x, yEhe qorrespondencs between dilsrg#!) néa / mﬂld

i ce of
i mensi onal

Y‘ﬂéﬂte’ﬁ‘é e m%ﬁtoﬁaﬁ'éﬁ‘i‘f‘s%y é{fﬁ z‘?sfé%{ b%n gen &8 arre ' mge

t enporary fa@%ﬁﬂhﬂﬂi éﬂ£§Qﬁ?ﬁﬂ=vﬁhﬁ h“;o store a
z-slice of the reconstruct ed ree- |nenS|onaIﬁ¥rrage (bl ock 214). Figure 13
shows a t enpedrh; amne\?é(rxﬂw) userdeciies gtoa chamgen idney opfmgre - driéve

or plxelg 216. Each el enent of raster T(x y) IS an |naqh pi xel
e

case of an
orthographic projection and volumetric image arrays sampled on a
regular cartesian grid, the viewing transformation is a simple linear
mapping. For other cases, such as a perspective projection and/or non-
cartesian sampling geometries, the viewing transfdrmation may be more
complex. The volumetric image coordinates (x,y,z) computed from
display coordinates (x';y’,z’) via the viewing transformation will not
generally be integers, and hence, will not correspond to individual i image
voxels in the volumetric image array .V(x,-y,z). In such cases, a voxel
value must be computed by interpolation from the nearest available
image voxels. This process is called re-sampling, and is known to those
of skill in the art. Those of skill in the art will furthermore be aware
that a variety of interpolation techniques or "re-sampling methods”, are
known, and will be aware of their relative advantages and drawbacks.

poi nts

The preferred embodiment of the present invention performs the

display process in multiple passes, using computationally inexpensive

and relatively fast re-sampling methods in earlier passes and progressing
to methods which are slower, more accurate but more computationally

- expensive in later passes. It also permits the user to enable or disable
_selectively, individual passes to choose a satisfactory trade-off between

30

rapidity of response and image fidelity. Furthermore, it is preferred that
later passes be interruptible so that if the user requests rapid change of
the displayed view, only the earliest passes are performed until such
time as there is a pause in user input. At this point, the later passes are
performed on the final view only. This technique is called successive
refinement and is known to those of skill in the art.



| ying at an intersection of two lines. The first pi xel (or "origin") of

raster T(Wo9gmda3s at the top-left-corner of the raster, andpdpegsdsosrs
raster T(x,y) run fromleft-to right, and then top to bottom Once the

tenporary raster T(x,y) has been created, a z-slice 20 A(x,y) of the
| mage array R(x,yz) is processed and tE reconstructed i nage of that
z-slice is stored in raster buffer T()(,§‘) until it is conpleted. Once

ocat i on i n vol undhRFEdie e dimeaytoial image ad e, Boiecars displardlin o -
o 20 1 SHREH S o o B F i o) I,
210, S s Y g s e 00 Toier g (1,
90 then revér'}hetm aftertinitialization, fijur saved piewsnof theevolumetric ihagof t he
(hi's ot agb, 1AM, Ol Grker F Midocat b, rejpipved fjom DRCTEGIGDABE and |
T displayed when an assobiatdd 10on 13 Seletted as will be described. It
should be apparent that the number of saved views is arbitrary and that
fewer or more saved views may be created and saved. When the
initialization is complete, the display module 92 begins to monitor
10 continuqusly the graphical input device 38 to detect input commands
representing desired manipulations to be performed on the displayed
image (see Figures 20a to 20d). When input commands are detected by
the display module 92, the display module manipulates the displayed
image in accordance with the received input commands.
15 All manipulations of the displayed image can be executed via
three actions using the graphical input device 38. These actions are
termed "point”, "click" and "drag". To "point" is to move the graphical
input device 38 so that the cursor is positioned on the screen 36a at a
desired region without depressing its button. To "click" is to press
20  ‘down on the button of the graphical input device while to "drag" is to
move the graphical input device while the button is depressed. The term
"point-click-drag sequence” is used to denote the complete action of
moving the cursor into a desired region on the screen via the graphical
.input device, depressing the button on the graphical input device,
25 moving the graphical input device to another desired region with the
button depressed and then releasing the button. Specific manipulations
of the image are carried out according to the region in which the click
~ aspect of the point-click-drag sequences occur. - _ | a
Once the initialization routine has been completed and the model
30  and three-dimensional image are displayed on the screen, the graphical



-18- representing the three-di mensional inmage is conplete and the vol une
reconstr dule 90 is exited (block-222). Figure 8ay )
|IIustra¥§%*$ﬂgﬁgteps performed by the vol une reconstructlon nn%m$n590 to

process one z-slice A(x,y) at block 220. In 5 particular, after a z-slice
A(xy) of image array R(X,y,z) has been ext ract ed (bl ock 228), as shown in

Figure 14, two additional tenporary r a80fer s H(x,y) and K(x,y), both of the
sanme size as raster T(x,y), are created (plock 230). The plxels of the two

tenporary radfiput dﬂ(b@ey}‘i W)ﬁ? determinen whetherothe yser vaskasct®32) . 10
After block 232 n ted. an I spl ac nt and/ o ng of fset,
col lectively B QH"PHE“‘?E@"M “Bdgeof%jg@tm%‘m %Ma@ﬁﬁé@ (bl ock
234). Figure _n?éde@ offset p
resul ting fro%%ﬁgmclgﬁg%??g%%’?ns’?ﬁﬁﬁ ts assum ng@tnﬁi an

i mage-tilt ofihage dbsoutbararbitape dxis,coansiadoi of 4 aeletted phinebbP the 210 The

pertai nlrg offset p for a set of i e I|nes |s the di stance by whi ch each
i mage |i rotamwﬁaasqlecteé the maded abguttanathitragg ound

probe 24. 'Ff,g:ggeﬂg e SR &e%l.%ﬁ modeuifeaa il 52ls Aldediis {1t o
of the graphical input device 38 and manipulates the displayed model
and image in. response to the graphical input device 38 will now be
described.
10 The display module 92 contmuously monitors the graphical input '
device 38 to determine the position of the cursor on the screen and to
determine if a click has occurred. Specifically, the display module 92
determines if the cursor is located within the exterior area of a visible
model face (block 324). If the cursor is positioned within such an
15  exterior area, the display module 92 colors the perimeter lines of that
model face within a distinct preselected color, for example blue (block
326). Otherwise, the display module 92 changes the color of any
perimeter lines which may have been blue to their previous color (block
328). The display module 92 also determines if a click has occurred
20  (block 330). If a click has not occurred, the movement of the graphical
input device 38 is tracked. The display module 92 moves the cursor on
the screen 36a to follow the movement of the graphical input device
(blocks 332 and 334). As the cursor is moved, the display module 92
reverts back to block 324 so that the perimeter lines of the visible faces
25  change colors depending on the location of the cursor as just described.
When a mouse click is detected, the position of the cursor on the
screen 36a is examined to determine if the cursor is located within the
main display window (block 336). If the cursor is outside of the main
display window, the display module 92 determines if the cursor is

30 positioned over an option icon (block 338). If the cursor is not over an



i mge i s shown having a displacenent offset-d and a tiling offset e. -- 20
The di spl wogemos2sof f set i1 s al ways constant for any set of |];a<F gﬂg of

: |mage array R(x,yz) to be reconstructed. It is the distanc ig

"di spl aced" fromthe AOR of the ultrasound probe 24. For the tilting

of fset, the effect becones bi ‘gger as thg,di stance ‘bet ween the
reconstructlon I mge plane (on which th 14 mage |ines 25 resi des) and the

the actual t ?W&”%P?SS#%?@ dgro @htwiay“%r&gcﬁsﬁén' Viceodhas bet ween
;P\?e-rgsﬁya?ﬂep\?re%tguct ) d Eer rf'%(éa el ng ‘5$ gﬁie@@e; %‘ﬁ} t Ihz

i mage |ines tdisplay hicdulé 92hevawba¢mﬂ> bRizk324. Aqf:nwwaJ the &Jﬂ%m?@s

pertaining offset p for a set of inage lines is given by’ d

96/ 00425 positioned over an optlon icon, then the display modulé’@?d émﬁtdiQB75 19-
Wen t he spl acerrent and/ I ting of fset,s gause the "center" pixel of an
i mage |in 1“6 OptipR icen as Ml be, ibed.

When a graphlcal input device click occurs and the cursor is
positioned within the main display window as detected at block 336, the
display module 92 determines whether the cursor is located within the
interior area or exterior area of a displayed model face or in the

10 background (block 340). If the cursor is located in the background, the

display module 92 determines that the user wishes to rotate the entire

- model and three-dimensional image. In this case, after the button has

“been depressed, the drag direction and drag distance of the graphical

input device 38 is monitored (block 342).. As the graphical input device

15 38is being dragged, the drag direction and drag distance are repeatedly

 conveyed to the display module 92 (block 344). The drag distance and

drag direction values are used by the display module 92 to rotate the

three-dimensional model and image and to update the display to show

- the rotation on the screen (block 345). Once the button on the graphical

20 input device 38 has been released, the manipulation is considered
complete and the display module 92 reverts to block 324 (block 346).

A variety of techniques for converting mouse drag distance and

direction to three-dimensional rotation axis and angle parameters are

- known to those skilled in the art. The preferred embodiment of the

25  present invention uses Shoemake’s " Arcball® technique described in the
Proceedings of Graphics Interface 92 published by the Association For
Computing Machinery (ACM). The fixed point of rotation for the three-
dimensional image is constrained to be the geometric center of the initial
model. Thus, in this manipulation, movement of the graphical input

30  device vertically on the screen 36a through the center of the displayed



of the ultrasound probe) to be placed on the sane side as the path of the

rotation wodslaey2s! t rasound probe 24, the value of the pertgb@)d%g hset p S
is positive. Wien the of fset causes the "center" pixel to be ace on the

opposite side of the path of rotation of the ultrasound probe 24, the val ue
of the pertaining offset p is negative. 1ce the pertaining offset p has
been determ ned, the z-slice A(X,y) is™fvoken down into two parts accordi ng

L-st Pﬁepiéia'y)?hr%&e?e&%%hbéﬁmﬁpg°”e $ % Fesate, ahous s Hapbignin) fscvidie T
Ax ) ound D SRt 3R et e Hork AR RE S Y b 5! o
probe. The pi g &f e im r&uﬁe%rﬁneadiapags&ri Ee%%tﬁachb%ﬁwwr&dl

raster H(x,y) while the pixels of the r part are reconstructed and
are stored inaxister K(x, y) (bl ock 236). Figure 9a better illustrated the

;ggpssggglﬁolr(r:rgﬁl Sy t&&é&lﬁgé econstruct i on mm to co li';;% b: gck
o7 each pi xel B the g tW%@?ﬂ”bﬁ@?@Hﬂﬁ B A
SASSAEAS BT pmcai iyt e 398 vy’ BRUiforPiR0Es 24, the
- the main dlsplay window from mld-nght to mid-left. Figures 22a to 22¢
. show the model and three-dimensional image undergoing a rotation about
10 = an axis, angled at about 30° to the horizontal and sloping up and to the €
right, as the graphical input device 38 is moved to drag the cursor across |
. the main display window from top-left to bottom-right. As should be
‘apparent, this operation gives the user _ihe sense of taking hold of the
displayed image and pulling it around. Further details of this image
15  manipulation can be found in the above-mentioned publication.
To facilitate understanding of manipulations of the model other
than simple rotation. of the entire model, it is necessary to describe the
polyhedral model in greater detail.  Mathematically, a convex
polyhedron can be characterized as the intersection of a set of half-
20  spaces defined by at least four planes, herein called bounding planes.
~ Each face of the polyhedron is a convex polygon embedded in the
corresponding bounding plane. By changing the parameters of the
bounding planes .(i.e. the coefficients A,B,C,D in the plane equation Ax
+ By + Cz = D), the simpe of the model polyhedron can be modified.
25  The number of bounding planes may also be changed. Specifically, new
bounding planes may be added and existing planes removed from the
mathematical ‘specification of the model. The result is that the model
_polyhedron gains or loses faces.
. The display module 92 supports two pnmary manipulations of
30 - bounding plane coefficients, namely translation (change of coefficient D,



is assigned to the corresponding pixel in raster H(x,y). If a pixel is to
the righ axis of rotation AOR of the ultrasound pr 4 e

gray- | evéY B?&n%e pi xel is assigned to the corresponding pﬁsb(@f:zﬁllm%%ster 25
K(x,y) (block 240). After this, the volune reconstruction nodule 90

determ nes whether all of the horizontal lines of z-slice A(x,y) have been

processed (block 242). If not, the nexB3horizontal line of z-slice A(X,Y)

is acquired at block 238 and step 240 is repeat ed. This | oop continues
until all of vgaich essentially spesifics the pesperdicular distancecfromxthe)plane to been
processed and,the WO 96/,

PCT/ CA95/ 00371B€ CQGI“'B?‘QM{?}]&“EWE% (changeof coefligicnts AB,C, whichyst er s
) 209, Koligllnd 0 B et S o R YRS e Bl o1 1 T0°
oo St L, B P g, WA it bkl e
5 (and hence which correspondmg model face) is to be affected, and
whether to perform translation or rotation, is determined by contextual
interpretation of point-click-drag sequences relative to the 'displayed
model. The display module 92 also provides means to add and delete
bounding planes from the model specification, as will also be descnbed
10  below. |

A distinction is made between original bounding planes, which
are aspects of the model assigned to the volumetric image array V(x,y,z)
when it is first loaded into memory (blocks 310 and 312 in Figure 19)
and planes added in response to user input. Model faces corresponding

15  to original bounding planes have their perimeter lines displayed in lines
 of apreselected color, such as white, while faces corresponding to added
planes are indicated using another color, typically yellow or green.
Only added planes may be translated, rotated or deleted. The original
planes represent the boundaries of the volumetric i image and, prov1de the

20  means to support the addition of new planes. '

If at block 340, the click is detected and the cursor is determined
to be within the perimeter of a displayed model face, the face of the
model in which the cursor is positioned is determined and the position

-of the cursor within the face is examined by the display module 92

25  (block 350 in Figure 20c). If the cursor is positioned within the interior
drea of the face, the display module 92 determines that it is desired to
translate the corresponding bounding plane. - Thereafter, the display
module 92 examines the corresponding plane to determine whether the

plane is an original plane i.e. one denoted by white lines (block 354).

30 Ifthe plane' is an original plane, a new plane is created and added to the



axial rotation reconstruction, as well as for placing the image lines in z-

slice Al¥woderdass< i nto raster T(x,y) -for reconstruction. P%T%ﬁs}oﬂﬁg

t wo- di nensi onal 1 nages are captured counter-clockwise, - --Tn thi
exanple, the image lines are placed back into raster T(x,y) in a 10
counter-cl ockwi se fashion. As a reference nodel, the first imageline is
al ways pl aced horizontally at the AOR-3- the ultrasound probe 24. To
conpensate for di i&l acenent _and/or tilting offsets, the inage_ line is

transl ated fdeedel (blosk3Se). Imdiallystheadded plane is gongrueptia thergriginak f set p.

| f the pertai

fromthe ACRb&i g Ofélﬁgé'pg?'ifcfﬁ ﬂﬁ%ﬁ@&ﬁ?ﬂl‘g‘é&%ﬁ'& :@gﬁgﬁ]ﬁqﬁb% ‘fﬁﬁ’ie go}l\?nfi S

shifted up f R is Rbf' %H% VT 3’%%“‘*‘ ' : | aced and
transl at ed b'?g?hgﬁhg?starllscﬁbg%en ?/él%e rigﬁtg I ni ngt@%‘_??g%?@%oa glregi ng to _
t he orientat M.dhﬁe-péﬁW&eicﬁm i;diﬁgidisplgw%oi[ép(fa@) arehus, in
effect, the inage lines forma circle of radius p at the 20 AOR (see

Fi gure 18b) . colored g distinetive icoler, isueh gsoyiellow andr all perimeter dinesoefat i ons of
GiTSer b PR A glates ae] A ) ditherd SRR, Blor, R ial: "Ll Yo
2/258 yzrhlenrm(bﬁékggﬂs calculated as if the pertaining offset pis

. ‘The drag distance and direction of the graphical input device are

then monitored (block 358). The display module 92 next determines the
10  direction of translation of the added plane. To do this, the display ‘
module 92 calculates the dot product of the drag vector and the
projection onto the .scr,cen 36a of a normal vector to the plane is
computed. If the dot product is positive, the plane is translated in the
direction of the normal vector; if negative, it is translated in the opposite
15  direction. In the preferred embodiment, the model specifications are
such that all boundary plane normal vectors point away from the interior
of the model polyhedron. Hence, movement of the graphical input
device 38 which results in a positive dot product pulls the plane outward
from the center of the model, while movement of the graphical input
20  device 38 which results in a negative dot product pushes it in (block
360). | _ o _ o
If the translation direction of the plane is determined to be in, the
display module 92 checks to ensure the translation does not result in the
_collapse of the model (block 362). If it does, the .display model 92
25  reverts back to block 358 without updating the displayed model and
three-dimensional image. Otherwise, translation of the added plane
occurs, and the points in the volumetric image array V(x,y,z) which
correspond to those on the translated plane are texture-mapped onto the

plane (block 364). |



25 | ocation is then offset- by the pertaining offset p according to the

ori ent at i wi ggfopsdze i mage line in T(x,y). The first pixel i §,Ctllke }'O&s,grted
into raster T(x,y) by assigning its gray-level to the corrésponding =

pi xel (s) in raster T(x,y). ‘For a subsequent pixel in the image line, its
| ocation in raster T(x,y) is acquired by a constant offset fromthe 30

| ocation of the previous pixel in the i™ge |ine. WO 96/ 00425

TNt ! B s sy o 5%
(he 2l of 'tk 3iglhy ShaiSy) BRGS0, 2
CSINRY). (p Pabeissbobaitng ook 368y M ha6 p difph Mlohilg 92 Brogesd '° ((P
(([err] *COS(ep block*364\@nil) upddtey the disphiyed motel &a®(thide-dimensional
| 5  image. Otherwise, the display module 92 notes that the translation may
‘result in the disappearance of the plane before proceeding to block 364
(block 368). As should be apparent, as a plane is translated, various
cross-sections of the image can be viewed as the translated plane slices
through the volumetric 'imige_array V(x,y,z). Once the plane has been
10  translated, the display module checks to see if the plane was deleted
(block 370). If not, the perimeter lines of the translated plane are
colored yellow and all other perimeter lines are colored green (block
372). Otherwise, the perimeter lines of the next most recently modified
plane are cplored yellow and all other perimeter lines are colored green
15  (block 374). When the button is released, the display module 92
considers the translation manipulation complete and reverts back to block
324 (block 376). :
When the added plane which is to be translated is nearly parallel
to the plane of the screen 36a, the dot product described above is
20  essentially zero. In such cases, the display module 92 only considers the
~ vertical component of the graphical input device movement to determine
the translation direction and distance. " In this instance, upward
movement of the graphical input device 38 causes the display module 92
- to push the added plane into the model 36a while downward movement
25 - of the graphical input device causes the display module to pull the plane
out of the model. Figures 23a to 23c show the model and image within
the main display window, wherein a plane of the model is translated
“towards the geometric center of the model.
When a click is detected and the cursor is positioned within the
30  exterior area of a model face as determined at block 350, the display



The location of a subsequent pixel is acquired by offsetting the |location
10 of WPoenogdsl ous pi xel by the constant (COS(a), - S N(PS:)I‘ !9?%0 ugh t he
above describes placing the imge lines of z-slice A(x,y) directly Tnto
raster T(Xx,y), it should be apparent to one of skill in the art that, as
shown in Figure 16¢c, the sane techni que I's used to place the inage Ilnes of
z-slice A(X,y) into rasters H(x, y) anc 6(-(xy) 15 respectively, with the

exception that image Ilnes hav ixels to the left and right of the AOR
of the uItra%Gﬂlde% SOEES ng\hsmpldmgspm sHe baarts are

processed sep I aII horlz ntal,, | i of t Z sllce
A(X,y) have ?P&Oé’é HP% eiatts El%tq1 rﬁﬁﬁ ut es the
gray-| evel anéiﬁﬁl istgpt di d not
recei ve val uggheft?%rmﬁ{}egﬁhégkizu P&g{el %‘lﬁ z/ g?g%é; at1 ng {]ﬂ
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 gray-level auriginecblame, armew plineconggitis sotheorigindPhlaneis byeagsdirmbi ng t he

gray- IeveI s as ned to nei bour| ng pi xels that received gray-levels from
z-slice d@&lt@&c maodel 6¢k382) Fl)'hampmnetebhneszqﬂ emf%

Fesul féﬁf' i L%Séer Lonedl el , Ui i Fa bypn s 36af blasld 38 dﬂ%ehihm the
manner in Wit 8 not an original plane, the perimeter lines of all other added
- planes are colored green (block 384).
After this, the drag distance and direction of the graphical input

10  device 38 are monitored and the rotation axis and direction of the q
graphical input device are computed by the display module 92 using
Shoemake’s technique referred to previously (block 386). After this, the
display module 92 determines whether the rotation would cause the plane
to disappear (block 388). If so, the display module 92 reverts back to
15  block 386 without updating the displayed model and three-dimensional
image. Otherwise, the display module 92 rotates the added plane about
the geometric center of the initial model by the calculated amount. As
the rotation is occurring, the display module 92 updates the image on the
screen (block 390). This allows different cross-sections of the image to
20  be viewed as the rotated plane slices through the volumetric image array
' V(x,y,z). Figures 24a to 24c show the model and three-dimensional
image within the main display window; wherein a plane of the model is

rotated about an axis, angled at about 30° to the horizontal and sloping

_up and to the right. It is through this manipulation that new oblique |
25  planes may be added to the model. Once the button on the graphical
input device 38 has been released signifying that the plane rotation has
been completed, the display module 92 reverts to block 324 (block 392).
o As should be apparent from the above description, whenever
oﬂginal planes of the model are selected by the user to be translated or

30  rotated, added planes are created and it is the added planes which are



rasters H(x°, y) and K(x,y) are superi:r'rpos'ed.: Specifically the non-

over | appwgosadpons .of the rasters H(x,y) and K(Xx, y) are tpReadsionsss
whereas the overlapping regirons of the two rasters ‘are weight- averaged

WD 96/ 00425 PCT/ CA9/ 00375
-22- The superinposition of the t wo raggers is performed to reduce any
sudden change of gray- Ievels in the reednstructed three-dinensional imge -

due to uItrasound S ows . the oV i n i ons,.of ..rasters H(x,y) and

E(x )cgl)k ]:'-3 V\ﬂi‘ﬁ aﬁt& ﬂ E@gﬁr@‘ tth@sEalQYtsF@SP d|t ?]t ances
an romgg, e

over | appi ng regl on respecp' vew ar e @ﬂ?c&%?dg&i %gray Pq'g%ﬁ t he

I adi t h [
P'eéteer'i(i";) R e B e P o 10

exanpl e, wherdistinativecoler, én these ezamplea rdeaoteeam briginal plane, #ings ng r egi on

le. to ra§t erofK énotl@r dxsh?lct(l;vé3 Xofo?' {na these e%p)lgs gﬂreleln, %%ngg gr? ‘ad ed '
plane with the exception of the last: moved plane which is denoted by
lines of another distinctive color, in these examples yellow, and lines of
another distinctive color, in these examples blue, denote that the plane
is going to rotate if a mouse-drag sequence occurs. _

10 When an added plane is rotated, the added plane may become
oblique but it is not permitted to extend beybnd the boundary defined by
the original planes (see Figures 24a to 24¢c). - Any added plane can be
translated sufficiently far out of the model that its corresﬁonding model
face disappears. If the user releases the graphical input device button

15  after the face has disappeared, the plane is removed from the model.
This allows a user to delete unwanted added planes. If the graphical
input device button is not released, the user can push the added plane
back into the model so that the plane becomes visible again and no
deletion takes place. Figures 25a to 25d show the model and three-

20  dimensional image within the main window display wherein an oblique
plane of the model is translated away from the geometric center of the
model until it disappears. Although it would seem that if an added plane
is translated sufficiently into the model, the entire model can collapse,

.the display module 92 does not permit an added plane to be translated

25  so far as to collapse the model (see block 362).

' ‘While the graphical input device 38 ‘is being moved to effect

- changes in'-the‘ displayed view and the: dispIay is updated showing
intermediate positions and orientations of the affected plane or planes,
the display module 92 must re-sample the volumetric image array

30  V(x,yz) and complete the texture mapping process, a process of discrete



|l ess and the one in raster K(x,y) will be weighted nore. Simlarly, when a

pi xel | swelggbdast 0 the | ower edge of the overlapping regi gy aster
-H(x,y), its copy in raster H(x,y) will be weighted nore angﬂ'{(ﬁgs’i@ﬁ one in

raster K(x,y) will be weighted |ess. A void 99 may occur around the AOR
when the rasters H(x,y) and K(x,y) are, superinposed due to di splacenent
and/or tilting effects. If such a vonﬁ&accurs it is filled in by
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[err]. 25 The i mafe achieve smogtht operation rwith lirhited: compuiterapower, rthg V( x, yz)

| as an xy-slice of the array. Recall that the image _slice _in raster T(X,Y)

i s recondt r udisplayrmagnbe cempyted (rerdergd)satiless @ﬂn%@@ masplution of the)
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is computed in as many as three rendering passes, the first and third of

which may be disabled if the user so wishes, by selecting the appropriate
10 opﬁon-icon via the graphical input device 38. ‘The enabled/disabled ‘
status of each pass is what is actually set to a default state at block 324
during initialization. The first enabled pass in the sequence is
uninterruptible, i.e. while the graphical iriput device is being moved, the
first enabled pass is performed in its entirety, yielding a succession of
15 complete views on the screen.. Subsequent enabled passes are
automatically interrupted by graphical input device movemént,. the
visible result being that the displayed view is only replaced by a higher
quality view (computed by an interruptible rendering pass) when there
, is a sufficient pause in graphical input device movement. The three
20  rendering passes supported by the present embodiment are:
1. reduced image reduction, nearest-neighbour re-sampling
2. full image resolution, nearest-neighbour re-sampling
3. full image resolution, tri-linear interpolation re-sampling =
. As mentioned previously, at block 338, if a click is detected and
25  the cursor is not positioned in the main display window, the display
module 92 determines whether an option icon has been selected. The
available option icons allow the user to select parameters different from
the default values, to enhance image display and to execute special
feature routines. These option icons include "Reset”, "Views A to C",
30 "Remember", "Snapshot”, "Animation", "Indicator”, "Orientation",
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-23- di mews sygekes nege in array |'(x, yz) when the ultrasoursEpaéAifosA | S
positi oned above or below,-or to the left or right respectively, of the

target volume when the two-di nensional images in array |'(x,yz) are taken.
5 As shoul d be apparent, the volume reconstruction nodule 90
perfornms steps 228 to 248 when it reach®s bl ock 220 for each z-slice A(X,Yy)

E[Eai[ n??rere?r{ﬁg“&#,ﬁe% unﬁ_‘il dnaof” t he ;%ﬂ&i ha Q een p'r oi‘:essed At
in ?ﬁ'edLLT'Qfh%ﬂ#@@?%?@%ﬂi%@%ﬁ%%‘%%ﬁ%d@ﬁﬁ@@ ?gs}??y r@“@g\'yshits‘” "
Ry, 2), 11 S LR U e R o, e ey BT so
that the z- sl ipreferféd Vigws 2 tbeCthaverbetur Iabellpd fbyotheauseryad ™ Sagista)”,

5 "Coronal" and "Axial”. The available options which can be selected via

an option icon will now be described. -

If the Reset icon is selected, the original view of the image and
-model stored with the volumetric image array V(x,y,z) is recomputed
and displayed on the screen. Likewise, if one of View A to C icons is
10  selected, the corresponding preferred view is recomputed and displayed.
If the user wishes to change one or more of the Views A to C for a
current session, the user can substitute the displayed view for the stored
view. The present embodiment permits the user to activate a distinct
- window in which the View icon labels (eg. Sagittal, Coronal, Axial etc.
15 - in Figure 26) are displayed and to edit the labels as desired. Changes
made to the labels persist only for the current session, unless the user
elects to save the changes in memory 88 using an option icon provided
~ for that purpose, in which case any preferred Views associated with the
data file are overwritten. = o
20 If the Remember icon is selected, the current view on the screen
-~ is stored in memory 82 overwriting the "Reset® view for the current
“session only. The "Reset” view associated with the current data file in
memory 88 is not changed, only the copy in memory 82. This view
. may be recalled to the screen at any time by selecting the Reset icon,
25 unless and until it is overwritten by a ‘subsequent use of the Remember
icon. | | S
It should be realized that a similar two-icon technique can be used
~ for Preferred Views A to C. However, the present embodiment allows

- the user to overwrite these views in memory 82 by holding down a



15 In addition, although during inmage slice processing at bl ock
220, twowigassiendas H( X, y) and K(x,y) are created and pi xel s ppfcti8godz®0€
slices are separated and processed separately, these steps need not be
carried out. It has been found in the ultrasound i maging art that shadow ng

effects may occur which affect image quality. The steps carried out at 20
bl ocks 232 to 246 mnimze the effect shadovm ng in the reconstructed

i mges. |f shado IS no ce er type of, i |ng S

bei ng carri eoF ke)hogothgaiwygo 'l” a@ﬁﬁ‘ﬂ? Q‘Yfen t he

st eps perfor;@ag at block 220 can be rmdlfled as shown in Fi gure 8b. In this
I nst ance Pice of image array R(x,y,z) is fetched 25 (bI ock 228')

and the pixels in Ifatﬁégnia§%tyiboﬁri§s§ﬁaeaoat time i §rig ulfﬁ‘f,ﬁer this,

the pertaining offset p measured as descri bed previ ously bl ock 234").

The z-slice Affxthe model hamd maget&xe image rcarreatly Tdisplayeddaothei n@in o t he
pertai nlgsq offset p (bl ock 236 Figure 9b sh \/\5 the, steps carried out at
bl ock 23 wiadewdis stored r!§32 mtlBeM 8rig amindustry;standagd ¢ he sane

as those Shovwmalgre Eiegyornena%a § oY it at 4 hmay 'su sequierr'ltly be used with
other software. The present embodiment uses a tagged image file format
("TIFF"). It should be realized that addingieupport for other file
formats can be achieved in a straightforward manner by following
10  published format specifications. . ‘
If the Animation icon is selected, animated sequences of displayed
views can be created and saved into memory 82 in an industry-standard
-image format as just described. When the Animation icon is selected,
the display module 92 determines whether a view of the image has been
15  saved using the Remember icon and retrieves it. If no view has been
saved using the Remember icon, the original view is retrieved. While
this is occurring, an animation display window appears on the screen
36a. The display window allows the user to select the number of
intermediate views of the displayed image which are to be computed and
20  displayed (see Figure 27). The animation display window also allows
the user to adjusf the image size, assign an identifier to the animation
sequence and preview the animation to ensure that the selected
parameters are satisfactory. After this, the display module 92 computes
the view orientation, position and orientation of each plane of the
25  intermediate views by simultaneous interpolation between the saved and
current views. . | .

By using simultaneous interpolation, the user need only enter two
views making the use of the feature very simple. Secondly it allows
complicated view sequences to be produced which cannot be produced

30 manually. When altering an image manually, a plane may be either



WD 96/ 00425 PCT/ CA95/ 00375

-24-. the Wohslyolidsnes of z-slice A(xy) are not separated.. =Slice
A(X,y) has beer?hilsnserted into raster T(x,y), the pixels ingrzgg?{edra’ﬁ Q y)
that did not receive gray-levels fromz-slice A(x,y) are assigned gray-

| evel s (bl ock 244') by interpolation of the gray-levels of sone or all of 5
t he nei ghbouring pixels. The contents i4lraster T(xy) are then stored in

the volunetric image array V(x,yz) (block 248'). Al though the val une
reconstructi on"qme&rﬁfqm&@b@@nn%mlﬂ@d a0 @b dbesgme time.

t hr ee- di nensi o A4 ' ha n axtallv.rotatimng ult.rasound
probe, it shoﬁg@gbgagwlgg}m&feﬂg?g%sﬁoq H}‘?h‘é"‘%"ﬂg‘ém t he
vol ume i mage rggﬁmﬂ r c#’da i Qh'%%gla‘)i Sé*ﬁﬁ L TnCRRi t Lt h

t hr ee- di nensi oha |%ratgi g g%fﬁé{]rs I'C uggea i ﬂ?éep‘elnt _td%g %l?ﬂﬁl rasound,
i magi ng envi r orotsted andotranslakdost thee samectimie! 1 Ast should ber fedlized, this

t wo- di nensi onal inages. Examples of these ultrasound probes and sweep

geonet ri es? ar cfeature \assdescribed; ean: only bei implementad whenpthe curreshasdri al  No.

08/ 158, 267 fil ed on.Novenber 29, 1993, asgigned to the assignee of the
present invent{ ,WE%&’&W“WEE";P cor porated herei'n by

ref erence. - If the Indicator icon is selected, the model is displayed with axis
indicators to indicate standard directions of the image, such as front F,

back B, left L etc. These symbols may be changed by the user to suit

10  the application. For example, in ophthalmic imaging the symbols can
" represent the standard ocular axes, namely superior S, inferior I, nasal

N and temporal T. These indicators fioat as the view of the displayed
image changes. To avoid cluttering, it is preferred that axis indicators
disappear when the current view orientation would place then behind the

15  displayed model.

~ In some applications such as in medical imaging, it is desired to

show the current spatial relationship of the model to a representation of

‘the structure which has been imaged. This can be achieved when the
Orientation icon- is selected. @ When this icon is selected, the

20  representation of the structure being imaged is selected from a list of
- stored structures. The structure is modelled using conventional three-
. - dimensional computer graphiés" techniques. The structure is then
displayed as a semi-transparent solid object intersecting the model

. polyhedron, either in the main display window or in a second display

25 window elsewhere on the monitor screen. This requires use of a
' reﬁdering algorithm which makes it apparent how the structure and
model polyhedron intersect. ‘The position, size and spatial orientation

of the structure relative to the model polyhedron, which may be

- expressed as a 4 x 4 transformation matrix, must be determined. When

30 this icon is selected, the structure display window is updated as the user



If it is necessary for two-dinensional imges to be captured froma target
vol une Rgyioggedsdi fferent geometry to that described prevp@pehysgdss.. OF
even along an arbitrary path, the corresponding volunmetric inage array
V(x,yz) may still be reconstructed using the previously described vol ume

| mage reconstruction technique as long _as a description of the traversing
path of the ultrasound probe 24 is kn#n. In this case, the onIy change

that needs to be nade is to replace the "axi of r on' with the
'insertion poianipulates he disp ViR 80 pthiah ﬁtspi% Mﬁbl trary

i i rotal | OHERER G B a“éiéffﬂ%&”%&%ﬁé%% Fﬁﬁaﬁéﬁeﬁt s e

be seen fro Wﬁ n WO
96/ 00425 ”béﬁﬁssﬁlé)t&ﬁﬁda\teﬂié Blay 1esPHqie oy thied CA95/ g s

raster T(x, ydlisplay wiridomw)de. gultarsupprdshalpdahngrtheyfomh until there is ansl at ed

-al ong the path by the pertaini ‘ri_%“offset

S approac% which works best when the
structure is displayed in a window distinct from_t_he:mam window, is
used in the present embodiment. Figures 28a to 28c show the model
and three-dimensional image within the main window display as well as
the structure of an eye in a second display window besidé the main

10  window display. As can be seen, in Figures 28a and 28b, the second '
display window is small and is positioned below the control display
window while in Figure 28c, the second dlsplay window has been

increased in size.

pause in user input.

The Fast and Smooth icons may be individually selected or
15  deselected to enable or disable the first and third rendering passes
described previously (the second pass is always enabled). The initial
state of these icons is established during inifialization at block 324. It
should be realized that this general scheme can be altered slightly, e.g.
by addition of a fourth pass with a corresponding optio_n icon to

20  selectively enable or dlsable it if desired. . . .
Each displayed pomt of the image array V(x,y,z) is converted to
~ a pixel brightness or color by pseudo-color mapping. The domain of the
pseudo-color mapping is the range of values in the volumetric image
_ array V(x,y,z). The pseudo-color mapping canbe adjusted by a user via
25 the window and level slide controls (labelled "Win" and "Lev" in
Figures 26 to 28) to allow the contrast, brightness etc. of the display to
be enhanced. The terms "window" and "level” and their interpretation
have become standardized in the medical imaging field. The present
~ embodiment is consistent with established medical imaging practice in

30 this regard.



It should al so be apparent that the vol une inmage reconstruction technique
may be uswib gemo4iisf f er ent environnments other than ul trasoungcyicadsihssnd
systens where a three-di nensional imge needs to be generated for a target
vol une. Three-Di nensi.onal |mage D splay Once the vol unme i mage '
reconstructi on has been conpl eted (blogé 122) and the reconstructed

vol unetric imge array V(xyz) has been %‘stored in the external file

O T 5 s o g i e o
L0 e A B A L

the display muisplayedview. rCidsshafrscare docated atithe éeiter of theBvindow ampe array

V(x,yz) fromthe menory 88 and display the three-dinensional image on the
screen 36a of candepesitioned ovemha wertairpadea cfithe displayedhyiew.s Whepitheed, t he

user can rgni pul ate.this i e as wWwll_ now be described re full]y wth
reference t o KO %%%m&#ﬁ%ﬁm&ed‘%mw&%m@% to be

e o epi ay. malRHEe K7 adiual il agifieatbl orie G0 Ak ik B b o7
Upon ent eri ng Hafy@ are located. _ :

When the Measure icon is selected, a measure display window

appears on the screen (see Figure 27). The user can use the graphical
10  input device to measure distances and areas of the three-dimensional
- image within the most recently moved plane (i.e. the one denoted by
yellow lines). If the user wishes to measure a distance, the user simply
needs to use the graphical input device 38 to indicate the two end points
over which the distance is to be measured. If an area is to be measured,
15  the user must identify at least three points. When the cursor is moved
over the most recently moved plane, it changes to cross-hairs to ficilitaﬁe
“placement of the points on the image. The display module 92 in this
mode connects adjacent points by straight line segments and computes
~both the overall line length and the area bounded by the lines joining the
20  points using an appropriate scale.

If it is desired to change the drag sensitivity, the user can depress
a specified key on the keyboard and this will adjust the scaling factor for
as long as the key is depressed. This allows for greater or smaller
mouse movements for a given change in the displayed image. This of
25  course can also be achieved by increasing or decreasing the size of the

main display window. . -
Although the animation function has been described to animate a
“sequence of translated and/or rotated images, the cine loop technique
may also be applied to visualize four dimensional image arrays. In this
30  case, the four-dimensional image arrays are a series of three-dimensional



initialization routine, the display nodule 92 sets a nunber of paraneters
to thei g val ues as wll be explained and uses thi on Wnen
an imge is ?’g‘&%e di spl ayed on the screen 36a (bl ocks 302§t omfgé@&%
paraneters which are set to their default value are nouse-drag senS|t|V|ty
successi ve refinement sequence and pseudo-col or mapping. After the above
has been done, the display nodule 92 r#trieves a copy of the voI unetric

i mge array V(x,yz) frommenory 88 and stores it in nenory bl ock 308).

Once retri evuuagqshefdhemaaye tasgel wolume, mum@lcatsdﬂﬁergabnme& hd®@Fol umet ri c
I mage array has en a55| ed a .96/ 00425
PCT/ CA95/ 003 ¢5Ampl§_ in trans f\é\%' < miitaioRod imaging it s POsSIbIS; o convex

Phe three. i @%@?%%24'“. mge‘r@ébel%'?‘?%‘%yeﬁﬁ“?ﬁ% s Seang e, JRocs

variety of seme nding>t & différehepointiinithe cardiac cycle. mhettt@ee-rrage array
-has not been assigned a nDdeI t he di nmensi ons
5 dimensional images will all have the same spatlal interpretation and
hence, it is possible to impose a single bounding model upon all of them
simultaneously. The intersection of the model polyhedron with each
volume image yields a two-dimensional image. The images can be
computed and displayed in time order as a cine loop.

10  Although the system has been described as including a single ¢
button mouse to allow a user to input com:ha’nds,- it should be apparent
to those of skill in the art that other input/output devices such as a multi-
button mouse, a digitizer, a light pen, a trackball, a keyboard or the like
or any combination of the above can be used. When other input/output

15  devices are used, different inputs can be chosen to represent different
commands or to select the various option icons. .

When a graphical input device other than the single button mouse
is used, manipulation of an image by rotation of a plane of the model
can be enhanced. For example, if a mouse is used in combination with

20  a keyboard and a keyboard input is used to signify that it is desired to
rotate a plane, the fixed point of rotation of the plane can be determined
by the position of the mouse when it is clicked and the keyboard input

- signifying rotation of the plane is selected. This allows the plane to be
-rotated about a point different from the geometric center of the initial

25 model. . '

If a two button mouse is used as the inpixt/output device, one of
the buttons can be assigned to signify translation of a plane and the other
button can be used to signify rotation of a plane. This avoids the need
to examine the position of the cursor to determine whether it is within

30 - interior or exterior areas of the selected model face.



of the volunetric imge array V(x,yz) are exanm ned and a nodel in the form

of a ri ghtwosdgildse! epi ped, which encloses substantially all af,cﬂgemygxel S
in the image array V(x,yz), is created and assigned to the ifage a

automatical ly (block 312). The assigned nodel is then saved in 10 rrermry
82 with the copy of the i mage array. After this, the volunetric image array
V(X,yz) is-examned to determne if any45T aII preferred Views A to C have

been assigned to th maqge .array (bl ock 3 If some or all of the
preferred Vi ews hav‘g“h gq’o@@r&%ﬁé‘&#‘é@ displayfechnigue has beerat ed
315y the. mondlERerB@ B ap iraodil Hrde fimbhs “e g sx?iﬁiri o Brotd, v

: : e nodel TS en pr in a
rectangul ar S%ﬁ%ﬁﬁﬂ ﬁ{atttﬂél gﬂﬁew €1le d the
"mai n di splay wi ndow' via an ogr IC pro ec%hagn (b Eﬂ?ﬁ h i gure 26
illustrates tlwvnonmtﬁﬁhem‘a dn'ee-w:neﬁﬁoﬂal inhagenéeds t3 be manipalatad d

t hr ee-di si onal are drspl ayed within the nmain display w ndow (VDW .

It shoul d be rteanlk of the image to bervisualizedn t Spacificallyh ths a
ool y < he i s\ teset i %@l&’%ﬁ&ﬁ B B8 35 ciselly 3Ry yoliBetticFemm, | e -
hi dden- S‘”-f aCGrly W(R3:2) Which represents a discretely sampled function defined
over a three-dimensional space. This allows the display technique to be
~ used in other environments such as, for example, magnetic resonance _
10  imaging (MRI) and x-ray computed tomography (CT).
- Although the system 20 has been described as including a clinical
ultrasound machine 28 and a computer 32, it is contemplated that a
single machine be used to perform the functions of both of these

components. .
15 Variations and modifications of the present invention should be

apparent to those of skill in the art without departing from the scope of
the present invention as defined by the attached claims.




25 performed so that the displayed nodel has an opaque appearance. The
peri net | of the nodel faces are depicted on the scj te

| i nes. 8!‘?6@?@Fbl e nodel face is projected onto the screeﬁﬁ\?:\nA %’I{?dr%%a

pol ygonal area. Each visible face's polygonal area is divided into an

I nternal area and an external area, the latter being that part of the total
WD 96/ 00425 -46- : PCT/ CA95/ 00375
-27- area imedi ately adjacent to the displayed boundary of the face and
represents aWhatlis clamedds: of the total area. ‘The display of each visible
nmodel face is acconplished as follows. Each screen pixel within the

pol ygonal area of the displayed 5 face -has an associ at ed two-dj mensi onal

‘s’ﬁﬁiiiea”t i § confn @i ff pohyboind oliRlentBndl Spiaged B & ngtt | 0 00

(x',y' ﬁﬂuﬁﬁa eﬁ@da rgﬁr hﬁtay pbms tl(ﬂ,nyﬁ)orimt igorthréehe pi xel ,
"~ Co- -ordlnates (x' be converted to correspondi ng voxel (volune
5 dlmensxonal 1mage represented by a volumetric image array V ((Jx,y,

comprising the steps of: -
(@i transforming. said array of pixels. I(x,y,z) into an image array
R(x,y,z) so that each z-slice A(x,y) of image array R(x,y,z) provides
~ sufficient image data to construct an image slice;
10 (i) extracting a z-slice A(x,y) of image array R(x,y,z) and computing '
_the position of each pixel of z-slice A(x,y) in a volumetric image array
V(x,y,2); | |
(iii) mapping a gray-level or color of the pixels of z-slice A(x,y) into
corresponding pixels of said volumetric image array;
15 (iv) repeating steps (ii) and (iii) until all z-slices A(x,y) of image array
" R(x,y,2) have been processed to complete said volumetric image array;
and
(v)  compensating for at least one hardware offset affecting said
volumetric image array which occurred when said two-dimensional '
20  images were taken. |

2. The method of claim 1 wherein said at least one hardware offset
is an image—ﬁlt offset, said step of compensating (v) being performed
prior to step (i) and including the step of rotating the pixels of array

25 I(x,y,i) to comﬁensate for said image-tilt offset. '

3.  The method of claim 1 wherein said at least one hardware offset
is a displacement offset, said step of compensating (v) being performed
at etep (iii) and including the step of adjusting the position of pixels from

-

T



10 pi cture el ement) coordinates (x,yz), to select a voxel value within
the vol ugRydeloBadsmBge array V(x,yz). The extracted voxel v@dﬁmmb%exed
or color. e

into a pseudo-col or mapping table to yield a gray-Ievel

.gray-level or color inturnis used to illumnnate the screen pixel. This
process is repeated for all screen pixels |located within the displayed 15
nodel faces (block 318). This techni qu@'of display is called "texture

mappi ng", and i.s known_to {hose of skil] jn the art. Each pixel  on the
di spl ay scre&nslics Agey) iinithe $93d ivolumeteic. imageq array (RIiora o PEEPERIIRE o5
(x',y"), mhiﬁpaﬁﬁﬁhusually i ntegers. Each voxel in the volunetric image
array is ide ' by its associated array indices 20 (x,yz), which are
al so usually integers. For pixels within the perineter of a. displayed nodel
face, it is possible to conpute fromthe pixel coordinates (x',y'), a value
z' representidog t MFhedmethdcof élainm3 Whendinisaidoat least owe handwitre dffset he poi nt
on the nodel face which is projected onto that pixel. In the case of planar

faces and usi eih ingludesyatilting offsetp said steppef compensating: (v beingich

di spl df .at ed. ' '+ By' o+ ' =.D whi ch,
oDl oTed o e B AT 8 B gt s 2o
depth val e fieiIdieh 4 GRUARKS) HOMe“salf VoRHHbRS bR By heidFto ™0

' performing step (iii). '

10 5. The method of claim 1 wherein said at least one hardware offset
includes image-tilt offset, displacement offset and tilting offset, said step
of compensating (v) including the steps of (vi) rotating the pixels of
array I(x,y,z) prior to step (i) to compensate for said image-tilt offset,
and (vii) adjusting the position of pixels from z-slice A(x,y) in the said

15  volumetric image array pnor to performmg step (iii) to compensate for

- said displacement and tilting offsets.

6. The method of clmm 5 further including the step of (v_iii)

compensating for shadowing effects. :

20 | : o . _

7.  The method of claim 6 wherein said step (viii) includes the steps

of (ix) separating the pixels of z-slice A(x,y) into two parts, (x)

computing the position of each pixel of each part in the said volumetric

-image array, (xi) computing and storing gray-levels or colors of the

25 pixels in temporary rasters H(x,y) and K(x,y) associated with a

respective one of said parts, (xii) superimposing said temporary rasters

after step (xi) has been comj:leted and (xiii) mapping the computed gray-

levels or colors of the pixels in the superimposition to corresponding
pixels in said volumetric image array.

A O 0

30




this merely requires the solving of an appropriate equati on. WO 96/ 00425
PCT/ CA95/V§)(9§67(2)4' 8- The correspondence between display coordinates .
(x",y",2 A ol unetric image coordinates (x,yz) is gi ve‘?F'Eﬁ?Aslsl‘P@ﬂ?i ew ng
transformation. The particulars of the viewi ng. transfornation are re-
conput ed whenever the user decides to change one or nore view 5

paraneters such as angle of view, dispd8y scale, etc. In the case of an

or t hogr aphi c 8;;roj ection and volunetric i nage arrays sanpled on a regul ar

cartesian gri t HEhes methodyof claimf7owhercim the pixelssinrsaidesiperimpositippi ng. For
ot her cases, such as g perspective projection and/Qr non- cartesian
sanpl i ng georATE MAPCdIRo 3 tEPOTaTY FaStET! b ging mapped intp said onp| ex.
The vol unet ri g4l dj es-(x,yz) conputed from di spl ay coordi nat es
(x',y",2") vi@l#ﬁg% %%nsfor mation will not generally be integers,
and hence, will not correspond to individual imge voxels in the volunetric
I mge array V(x,y,z). In such cases, a voxel

9. A system for converting two-dimensional images of a target

volume represented by an array of pixels I(x,y,z) into a three-
dimensional image represented by a volumetric image array V(x,y,z)
comprising: s
means to transform said array of pixels I(x,y,z) into an image
10 array R(x,y,z) so that each z-slice A(x,y) of image array R(x,y,z)
provides sufficient image data to construct an image slice;
means to extract each z-slice A(x,y) of image array R(x,y,z) and
compute the position of each pixel of each z-slice A(x,y) in a volumetric
image array; | -
15 means to compute and store a gray-level or color for each of the
 pixels of each z-slice A(x,y);
‘'means to map the computed gray—levels or colors into
corresponding pixels of said volumetric imige array V(x,y,z); and
means to compensate for at least one hardware offset affecting
20  said array of pixels I(x,y,z) which occurred when said two-dimensional

images were taken.

10. A system as defined in claim 9 wherein said means to compensate
-adjusts said array of pixels I(x,y,z) to compensate for image-tilt offset,
25  and adjusts the position of pixels of each z-slice prior to the gray-levels
or colors being mapped to the volumetric image array to compensate for

| displacement and tilting offsets. "

11. A three-dimensional imaging system for acquiring a succession of
30  two-dimensional images of a target volume represented by an array of

* C L M s




val ue nust be conputed by interpolation fromthe nearest available 15

| mage VOoxpb9endpssS Process is called re-sanpling, and is kﬁg*yg&%%é%se of

skill in the art. Those of skill in the art will: furtherno t hat
a variety of interpolation techniques or "re-sanpling nethods", are known,
and will be aware of their relative advantages and drawbacks. The preferred
enbodi ment of the present invention per4®rns the 20 di splay process in
mul ti pl e passeg, cusjng conputationally inexpensive and relatively fast
re-sanpling Pl SI(Ks¥, Darinter a pﬂ@%&@ﬁnﬁpﬂdgrlmnmwsmdoby' which are

sl ower, nore rat.e .but  nor ompyt ational |y expensive in |ater passes.

It al so perni WM&W%M&?’&% COMPIIBESe| ect i vel y, indivi dual

passes to choose a %ﬁ r?(g&- pLAl of response
and image fideli ty.s urltﬁé‘uglﬁ'?r%?%,tbi |s%|%jrdefe e&%lﬁélte é@e%@e& be

i nterrupt i bl eseevesdion dfftwohdimensionab siviggdssthestife aange of the displ ayed

Vi ew, onlé the earliest passes are performed until such time as there is a
pause in dser i npuProcessingimeans in communication withs eaidascanpingf means] on t he

final view onlw., This technigue is.called successive 30 refinenment and is
known to thosddG{PTORPSSING H“?ﬁ%“&ﬁh’dmg: '

means to convert the two-dimensional images of the target volume
into an array of pixels I(x,y,z); N
means to transform said array of pixels I(x,y,z) into an image
10  array R(x,y,z) so that each z-slice A(x,y) of image array R(x,y,z)
provides sufficient image data to construct an image slice;
means to extract each z-slice A(x,y) of image array R(x,y,z) and
compute the position of each pixel of each z-slice A(x,y) in a volumetric
image array; |
15 means to compute and store a gray level or color for each of the
pixels of each z-slice A(x,y);
means to map the computed gray-levels or - colors into
corresponding pixels of said volumetric image ar‘ré.y V(x,y,2); and
means to compensate for at least one hardware offset affecting
20  said array of pixels associated with said scanning means.

12. A system as defined in claim 11 wherein said scanning means

includes a probe to transmit signals to and to receive signals from said

- target volume, said probe being axially rotated to scan said target

25  volume and wherein said at least one hardware offset includes image-tilt
“offset, displacement offset and tilting offset.

I3. A system as defined in claim 11 wherein said scanning means
.~ includes a probe to transmit signals to and receive signals from: said
30 target volume, said probe being moveable along a path to scan the entire
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Aft er thqvégg,&ﬁ?éji mensi onal i mage and the nodel are displ a!ycelch%?ﬁ,pﬁ.screen'
y

36a of the nonitor 36, the initial viewis saved in the menor Wth the
i mage array V(x,yz) and is indexed as the "Reset" view. Therefore, after
initialization, four saved views of the volunetric inmage 5 array V(xyz)
exi st.and can be retrieved fromthe neflry 82 and di spl ayed when an '
associ ated icon is selected as will be described. It should be apparent
fhat the nuntiergesfvolumeand wherein saidiat lgast onejhardware coffset dncludes saved

views may be created andy.saved..Mhen the initialization is conplete, the
di spl ay nodul‘@sﬁg%ﬁ!‘atngﬂ*gaﬂarﬂﬁgs t. continueusly the- graphical input

device 38 to detect input comands representing desired manipul ations to be
performed on the displayed i mage (see Figures 20a to 20d). Wen input

conmands ar e Lt ecAagysem bl defihéd imcldimd ] qulidtein Sid Gir6edss

mani pul ates the di splayed i nage in accordance wth the recei'ved input
commands.S 15 further inclades masans uoacompensate for shadawing ceffécts gffecting be

. executed via t héee actions using the graphical input device 38. These
| actions are mensional image. _ . _

15. A system for displaying and manipulating a displayed three-
dimensional image represented by a volumetric image array V(x,y,z),
10 said three-dimen#ionalimage having a plurality of surfaces, at least one '
of which is visible on a' display at any given time, said system
comprising: |
detection means to contextually interpret actuation of a user input
device to detect a desired manipulation of said displayed image selected
15 from a group of desired manipulations including (i) rotation of said
~ displayed image about an arbitrary axis; (i) translation of a selected
visible surface of said image; and (iii) rotation of a selected visible
surface of said image about an arbitrary axis; and : _
processing means in communication with said detection means,
20  said processing means acting on said volumetric image array in response
to the user input device and updating said displayed image in accordance
with the selected desired manipulated thereof.

_16. A system as defined in claim 15 wherein said processing means
25  examines the volumetric image array V(x,y,z) and establishes a model
in the form of a convex polyhedron having a plurality of planes which
substantially encompasses said image array, the visible surfaces of said
image array being texture-mapped onto the visible planes of said model
when said three-dimensional image is displayed.

* [ L M S *
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termed "point", "click" and "drag". To "point" is to nove the graphical
i nput deviaqeoshBess0 that the cursor is positioned on t he scr, : o 2
desired regi on without depressing its button. To "click" |s 0 press-20
down on the button of the graphical input device while to "drag" is to nove
t he graphical input device while the button is depressed. The term
"point-click-drag sequence" is used to-8&note the conpl ete action of noving
the cursor intQ a de5|red re on the screen via the graphical input
detiped

devi ce, depresi-ng mstsmas) Heclgimplf wherein anceRemoadel has beemovi ng
t he graphi cal her desi red lon with the button
depressed and ‘"F%M%f Xé‘j 2‘@? gﬂ’r'ﬂﬁ? H}gaﬂeﬂﬂ% t he

i mage are car rhedk]Oist sﬁfé‘cpliﬁlllﬁ&n &Faéé gspect of
t he point-click-drag sequences oc ce t e |n|t|a at1o routlne has

been conpl et edetrieved veherskid m:meamhrhigeemdy iepfocessed.i mege are displayed
on the screen, the graphical WO 96/ 00425

PCT/ CA95/ §0375 - 30-
18." A system as defined in claim 16 'wherein movement of said user
input device moves an indicator over said display, said detection means
'- de'tecﬁng the position of said indicator and monitoring actuation of said
user input device to detect said desired manipulation;
10 o ‘
19. A system as defined in claim 18 wherein said detection means
detects desired manipulation (i) when said indicator is positioned outside
of said model and said user input device is actuated.

15 20. A system as defined in claim 18 wherein said detection means
detects desired manipulations (ii) and (iii) when said indicator is
positioned on said model and said user input device is actuated, said
detection means distinguishing between desired manipulations (ii) and

~ (iii) based on the position of the indicator relative to the boundary of a

20  selected plane of said model when said user input device is actuated.

21. A system as defined in claim 20 wherein the planes of said model

are divided into internal and external areas, and wherein positioning of

- said indicator in said external area when said user input device is

25  actuated represents desired manipulation (iii) and positioning of said
indicator in said internal area when said user input device is actuated

represents _désired manipulation (ii).

22, A system as defined in claim 21 wherein said plane is colored
30  when said indicator is positioned in said external area to signify that
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i nput device is nonitored to determine whether the user w shes to

mani pul ajyd dkMGy28 spl ayed i mage. The mani pul ati ons supportgg.rp%g%l%ﬁ_i spl ay
nodul e 92 are rotation of the entire nodel and three-di nensional | nage

about an arbitrary axis, translation of a selected plane of the 5 nodel
and rotation of a selected plane of the nodel about an arbitrary axis. The
manner in which the display nodul e 92-52ﬂ<arprets novenment of the graphical
i nput device 38 and nanj pul ates the_ displayed nodel  and_ inage in response
to the gr aphmmonpﬁtsauﬁuecenw.m will resultiincrotationjof said selected The

di spl ay nodul e 92 conti nuously nonitors the graphical input device 38 to
‘deternine thB3sition of the cursor on the screen and to deternine if a
click has occurred: Specifically, the display nodule 92 determines if the
cursor is located within the exterior area of a visible nodel face (bl ock

324). If the28ur sy systernqsyl defiviedcin/¢ladin 205 wherein shid prevessingGhedrisea, the
~di splay nodule 92 colors the perineter Iines of that nodel Tace within a
di sti nct Spr eignores saidcdstections means e actuation tof said w36y inputidevidese, t he

di spl ay nodul e changes .t he cpl or, of y. perimejer.|ines iich may have
been bl ue toW@fF’ Sol) FRI%E'% 1o ¢ aPﬁesiﬂ“_i ul'e 92 al so

determnes if a click has occurred

‘24, A system as defined in claim 28 where: once a model is
established to encompass the volumetric image array, the planes of that
10  model represent the outer boundary of which any plane may extend.

- 25. - A system as defined in claim 23 wherein said processing means
creates a new plane when a selected plane of said model is to be
translated or rotated, said new plane being congruent with said selected

15 plane, said new plane replacing the selected plane .on the display and
undergoing the translation or rotation in response to said user input

device.

26. A system as defined in claim 16 wherein arbitrary views of said
20  displayed image may be saved and retrieved. -

27. A system as defined in claim 26 wherein said processing means

is operable to create sequences of images by interpolating between a

. displayed image and a saved image in response to input received by said

25  detection means from said user input device and to display said _s_equenbe

of images as an animated sequence.

28. A system as defined in claim 27 wherein the number of
- intermediate views in the animated sequence between the displayed
30 image and the saved image is selectable by a user.
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20 (bl ock 330). If a click has not occurred, t.he novenent of the graphical

I nput  devixgPoeipadss tracked. The display nodule 92 noves th e t he
screen 36a to follow the novenent of the graphical input dg,w ce‘&%@f’%ks 332

and 334). As the cursor is noved, the display nodule 92 reverts back to
bl ock 324 so that the perinmeter lines of the visible faces 25 change
col ors depending on the | ocation of t heS3ur sor as just described. Wen a
mouse click is detected, the position_of the cursor on the screen 36a is

exani ned to ded¥r miASysem pé defined in iclaimo £6 ivherein said processing means| ay

wi ndow (bl ock 33g). If th ursor isS _ouf si. of the nain digplay.w ndow,
the di S[(1)| ay said; g‘?’&\“ﬁé’?”?ﬁ“ﬁh@* Ai&e%“;‘i’?sgb‘no“ﬁogﬁgf) ver an
option icon (taiﬂgﬁ- ; : I Al !ﬂﬁﬁsgo I ¢4@aN 5

PCT/ CA95/ 00375 - 196%?%&&#%??8?{??%#@ [ iagﬁog%dsgrﬁ%v@h%i cal

i nput devi ce 3friablesowhichr ey betmbdified ihresponseto e . (block 339). At

that tinme,_the display nodule 92 reverts back to bl ock '324. |If however, the
cursor is : : : '

30. A system as defined in claim 16 wherein said processing means

displays a representation of the three-dimensional image adjacent to or

superimposed - upon the - displayed three-dimensional image, the

orientation of the representation on the display being adjusted as the
10  model and threc-dimensional image are manipulated.

31. A gsystem as defined in claifn 16 wherein said user input device
is in the form of a mouse, digitizer, light pen, trackball, keyboard or the
like or any combination of the above. |
15 .
32. A three-dimensional imaging system for generating a three-
dimensional image of a target volume under examination, said system
comprising:
scanning means to transmit signals to said target volume, to scan
20  said entire target volume; and
a processor in communication with said scanning means and
receiving output signals therefrom, said processor reconstructing a
volumetric image array V(x,y,z) representing a three-dimensional image
. of said target volume from said output signals, said processor
25  establishing a model in the form of a convex polyhedron having a
plurality of planes which encompasses substantially said volumetric
image array, said processor mapping said image array onto said model
to form a displayed three-dimensional image having a plurality of
surfaces, at least one of which is visible on said display at any given

30 time, said processor including:
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positi oned over an option icon, then the display nodule 92 executes a 5
routine socigted with the selected option icon as w | d When
a graphi%g%h%gt device click occurs and the cursor is pggritélﬁgne&pvmth
the main display wi ndow as detected at bl ock 336, the display nodule 92
determ nes whether the cursor is located within the interior area or
exterior area of a displayed nodel faeddor in the 10 background (bl ock
340). If the cursor is located in the background, the display hnodule 92

det erni nes that t idetection meaniscto coptextuallyinterpres actuationefs usgrdnput

Eﬂreeﬁri'g:ﬁ.r‘i?%?%'e toddrlecs oo mARpalaion o t‘iﬁfﬂl’tt B
° Bl
draggsd. 1 he (R dbue 3 el ApitioRaoRF thollie” @) 19 &7‘5 oL 3a8E 00 1o

he di spl
the di spl ay W ﬁnﬁ%ﬁﬁ&u@ﬁi‘)xbﬂﬁg%@; (ﬁﬁh&ﬁﬂﬁu@ﬂﬂbﬁiamﬁl on

val ues are u spl ay nodul 2 to rotate the three-di nensiona

model and i mplsnenofisaid immges and Iiiii)diotation/of a selected: plane of saidimage t he
screen (bl ock 345). Once the, button on the graphical 20 input device 38

has been reI@b@uﬁanﬁﬁhﬂﬂﬁﬂﬂﬁmuﬂﬂmn1|s consi dered conpl ete and the display

module 92 rever (s g b R o hhor bifh i abhelbh BleknR! 1o & UR'sliPS O

'wﬂnnundcinmgeamnurnlnmponusu:du:uﬁnlnputdbvuxsandlukae
said displayed image in accordance with the selected desired manipulated
10  thereof.
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direction to three-dinmensional rotation axis and angle paraneters are known
to those skobéed2s n the art. The preferred enbodi nent of t sent

i nvention uses Shoemake's "Arcball" techni que descri bed inqﬁﬁéaﬁpggggdings
of Graphics Interface 92 published by the Association For Conputing

Machi nery (ACM . The fixed point of rotation for the three- dinensional

Il mage is constrained to be the geonetric center of the initial nodel. Thus,
in this mani pul ati on, novenent of the graphical input 30 devi ce
vertically on the screen 36a through the center of the displayed WO

96/ 00425 PCT/ CA95/ 00375 - 32-

| mge causes the displayed imge to r&(é@e about a horizontal axis, while
novenent ofthe graphical input device horizontally through the center 34 of
the i mage causes the displayed inage to rotate about a vertical axis. 5
Figures 2la to 21c show the nodel and three-di nensional inmage within the
mai n W ndow di spl ay undergoi ng a rotation about a verti cal

A
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FIG. 1
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axi s as the graphical input device 38 is noved to drag the cursor across
the mai n AWvopgbeas2sv ndow frommd-right to md-left. Figures show
t he nodel and three-dinmensional inmge undergoing a rotati onpéﬁgﬁ%%fg%c an
axis, angled at about [err] to the horizontal and sloping up and to the
right, as the graphical input device 38 is noved to drag the cursor across
the main display window fromtop-left to bottomright. As should be
apparent, this operation gives the user the sense of taking hold of the

di spl ayed image and pulling it around. Further details of this inage 15
mani pul ati on can be found in the abov&4Enti oned publication. To facilitate
under st andi ng of mani pul ati ons of the nodel other than sinple rotation of
the entire nodel, it is necessary to describe the pol yhedral nodel in
greater detail. WMthematically, a convex pol yhedron can be characterized
as the intersection of a set of half- 20 spaces defined by at |qagt four
pl anes, herein called boundi ng planes. Each face of the pol yhedron i a
convex polygon enbedded in the correspondi ng boundi ng plane. By c i ng
the paraneters of the bounding planes (i.e. the coefficients A BC, n the
pl ane equation Ax + By + Cz = D), the shape of the nodel polyhedr an be
nodi fied. 25 The nunber of boundi ng planes may al so be changed.
Specifically, new

N
N




boundi ng pl anes may be added and exi sting planes renoved fromthe

mat hermat | QP 9609425 fi cati on of the nodel. The result is thatpcii€ad¥ee

pol yhedron gains or | oses faces. The display nodul e 92 supports two prinary
mani pul ati ons of 30 boundi ng pl ane coefficients, namely translation
(change of coefficient D, WO 96/ 00425

PCT/ CA95/ 00375 -33- which essentially specifies the perpendicul ar di stance
fromthe plane to the coordinate origin) and rotation (change of
coefficients A BC, which collectively ¥pekify the orientation of the plane
relative to the coordinate axes). As will be described below, the choice of
whi ch boundi ng plane 5 (and hence whi ch correspondi ng nodel f%ﬁe) iIs to
be affected, and whether to performtranslation or rotation, i et er mi ned
by contextual interpretation of point-click-drag sequences riézfive to the

di spl ayed nodel. The di splay nodul e 92 al so provi des neans to/add and
del et e boundi ng pl anes fromthe nodel specification, as will Zal so be
descri bed N . . L N W N N . W W W, W N N W -
52 60 \
N ) \
N N
\
b4 N 54
N
227 2 7 27 7 27 7 7 2Z 22 A N\
64 \
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10 below. A distinction is nmade between original bounding pl anes, mhich
are aspeciaip §ooliske nmodel assigned to the volumetric inage ¥ ﬁ)

when it is first loaded into nmenory (blocks 310 and 312 in Ei §%¥§ T§¥ and
pl anes added in response to user input. Mdel faces corresponding 15 to
origi nal bounding planes have their perineter lines displayed in lines of a
presel ected color, such as white, while faces corresponding to added pl anes
are indicated using another color, typigglly yellow or green. Only added

pl anes nmay be translated, rotated or deleted. Theserlglnal pl angs represent
t he boundaries of the volunetrlc i mge and prOV| the 20 Means to
support the addition of new planes. If at DI OCK 340, Jhe[ctrttcrk s ed
and the cursor is determned to be with Qﬁtvr bf a di spl ayed
nmodel face, the face of the nodel in whi }E‘ﬁg:gﬁ i s| posmMoMITesR | S
determ ned and the position -of the cufsor B thelfake is exam ned y
the display nodule 92 25 (bl ock 350 n Figure 20c). |{If]the cursor is
positioned within the interior area of the f/CF the di splay nogqure 92
determ nes t hat |It—|-s de S 8d 40—t anslate Lhe';c.n.r respondi ng boynding . __ _
pl ane. Thereafter, the display nodule 92 exam hes the corresponqlng pl ane

|
to determ ne mheﬂher t he |
| USER I |
| INTERFACE | -84 ' |
: MODULE I '

|
| I W |
I o8 : 92 |
| . |
| PROBE |
TO | SCANNING g DISPLAY |
40 =7 CONTROL —_— MODULE ,
| MODULE ,

|
|
' |
' |
' |
. —+> GRABBER —»| RECONSTRUCTION

| : MODULE MODULE :
| / 1 |
; 80 %
: Y ¥ '
|
' |

| MEMORY S —
| L\82 |
, I
- — ] ____________________ |

32 EXTERNAL FILE |~88
STOPRAGE
MEMORY
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plane is an original plane i.e. one denoted by white |lines (bl ock 354). 30
| f the pl ss®9é/mazen ori gi nal plane, a new plane is created o the
VO 96/ 00425 peT AR e
nodel (block 356). Initially, the added plane is congruent to the original
boundi ng pl ane. Once the added pl ane has been created or if at block 354,
the plane is not an original plane, rimeter |lines denoting the plane
(i.e. the perineter of the correspondl ndpz@i spl ayed nodel face) are 5
owaqd al |l perimeter Iines of
t| nctive color, such as green

of the graphlcal | nput devi ce

colored a distinctive color, such as
ot her added pl anes are colored a diff
(bl ock 357). The drag di stance and d|re
are then nonitored (bl ock s he 0 xt dd00r m nes the

10 direction of translafion PNSERT pﬂgg@mgm ﬂQRdO t /s, the display
modul e 92 cal cul ates the dat_product of the drag vector apd t he proj ection

onto the screen 36a of a pornml vector toVt he | pl ane 1 s
———»{ LOCATE ANATOMY TO BE SCANNED |/~ 192

Y

PLACE IMAGE OF ANATOMY IN ROI 104
FRAME e

CONFIRM ANATOMY COVERAGE BY
MANUAL SCAN CONTROL AN
106

108

S ANATOMY IN
ROI FRAME?

110
FIX OR HOLD SCANNER IN PLACE L/

Y

112
ACQUIRE SUCCESSIONOF 2D |/~
IMAGES

Y
11
REVIEW ACQUIRED FRAMES L/~ %

116

WAS DATA
ACQUIRED
ORRECTLY?

NO

/1 18
SAVE ACQUIRED 2-D IMAGES

FROM 130 TO 120 FIG. 6a




conputed. If the dot product is positive, the plane is translated in the

di recti onvph ofifaaf10r mal vector; if negative, it is translated in the
opposite 15 ~direction. In t he preferred enbodi nent, the rRfféFAIS00375
specifications are such that all boundary pl ane nornal vect ors point away
fromthe interior of the nodel polyhedron. Hence, novenent of the graphical
i nput device 38 which results in a positive dot product pulls the plane
outward fromthe center of the nodel, p?i%e novenent of the graphical input
20 device 38 which results in a nega dot product pushes it in (block
360). If the trggf tion direction of the plane is determned to be in, the
di spl ay nodul e cks to ensure the KRAGMs188i on does not result in the
col | apse of the nddel (block 362). If it dqes, the display nodel 92 25
reverts back to blfock 358 w t hout updatlng t he di spl ayed nodel and

t hr ee- di nensi onal (i mage. O herw se, Qn of the added plane occurs,
and the points inj|the vol une correspond to
those on the trangl ate | ane (bl ock
364).

3D IMAGE?

RECONSTRUCT 3D IMAGE e 122

'

124
SAVE RECONSTRUCTED IMAGE /

126

WANT TO VIEW
3D IMAGE?

VIEW 3D IMAGE AND, IF REQUIRED, /128
EXTRACT IMAGE SLICES

130

PERFORM
ANOTHER 3D
SCAN?

YES
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I f in bl oo @ffde2ast he transl ation direction is determ ned t e out, the

di spl ay nodul e 92 checks to see if the translation can res%ﬁb"?}?&f’mspl ane
di sappearing (block 366). If not, the display nodule 92 proceeds to bl ock

364 and updates the displayed nodel and three-dinensional 5 | mage.
O herwi se, the display nodule 92 notes §?§i the translation may result in
t he di sappear t he pl ane before proceeding to block 364 (bl ock 368).

as a plane is translated, various cross-sections of

t he i mage can _be Vi as the translate | ane slices through the

vol unetric im y V(x,yz). Once thed;t)ane has been 10 transl ated, the
di spl ay nodul e €hecks to |s | [erered—(tock 3202. | f not,
the perineter 200nes of tﬁgﬁg%%ﬁgggﬁé@% @ﬁé@ﬁ% Ha. %) |

other perineter lines ard colore CONSIRYETED O herwise, the
perineter lines of the next nost recently | col ored yel |l ow
and all other perineter I ‘és—gb'l-oﬁr'SM). When t he
button i s rel eased, the diggfcﬁyﬁ 31@3@“%@% QFF ETSrabsd-aMon

mani pul ation conpl ete and LRIURINGHIMAGE CAPTURING

As shoul d be awﬁzt,

206

EED TO FIX
IMAGE TILT
OFFSETIN /?

NO

21

° 208

ROTATE / TO GIVE /' TO :

ELIMINATE IMAGE-TILT RENAME / TO /
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==

TRANSFORM /'(x,y,z) INTO IMAGE R(x,y,z) /212
BY f.(x.y.2)->(x,y,2)
Y
CREATE A TEMPORARY RASTER T(xy), |~ 214
LARGE ENOUGH TO STORE A 2-SLICE OF
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222
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324 (bl ock 376). When the added plane which is to be translated is nearly
paral l el twowkeoqsane of the screen 36a, the dot product depgfichegydnove is
20 essentially zero. In such cases, the display nodule 92 only consi ders
the vertical conponent of the graphical input device novenent to determ ne
the translation direction and distance. |In this instance, upward novenent
of the graphical input device 38 causes_the display nodule 92 to push the
added plane into the nodel 36a whi | e8d8dnwar d movenent 25 of the

graphi cal input device causes the di ay~pdul e to pull the plane out of
the nodel. Figures 23a to 23c show {hgTardel) and i mage within the main

di spl ay wi ndow, wherein a plane of tNQe node¥ is translated towards the
geonetric center of the nodel. he cursor is
positioned within the 30 e s ace/asS determ ned at

bl ock 350, the display
PCT/ CA95/ 00375 - 36- {
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!
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nodul e 92 determ nes that the correspondi ng bounding plane is to be
rotated. HSodtoisyl @y nodul e then exam nes the plane to deternine whet her
the plane is an original plane (block 380). If the plane | LCAFAIORRal

pl ane, a new plane congruent to the original plane is created and 5 added
to the nodel (block 382). The perineter lines of the added plane are
colored yellow. Once this has been done or if at block 380, the plane is
not an original plane, the perineter lines of all other added planes are
col ored green (block 384). After this, the drag distance and direction of

t he graphical input 10 devi ce 38 arg 4r’rani tored and the rotation axis and
direction of the graphical input devi (,/e are conputed by the display nodul e
92 usi ng Shoenmeke's technique referred to previously (block 386). After
this, the display nodule 92 determ neS whett™er the rotation would cause the
pl ane to di sappear (block 388). If ¢$0,START d}splay nodule 92 reverts back
to 15 bl ock 386 wi thout updating tNe di spl #yed nodel and

t hree-di nensi onal imge. O herw se, the—grsSplay nodule 92 rotates the added
pl ane about the geonetric center of the Ynitial nodel by the.ag| cul ated
anount. As the rotation is occurring, the display nodule F/&%&at es the

i mge on the screen (bljock E2ORACTHA g-SLICEM OF IMAGER cr §Ss- secti ons of
the image to l

CLEAR RASTER TBY SETTING ALLITS | /"2%%
PIXELS TO BLACK

'

234’
COMPUTE PERTAINING OFFSET p FOR A /

Y 236"

INSERT CONTENTS OF AINTO T
ACCORDING TO p

l /244'

COMPUTE GRAY-LEVEL OF PIXELSIN T
THAT DIDN'T RECEIVE VALUES FROM A

:

STORE THE CONTENTS OF TIN V

\248'




20 be viewed as the rotated plane slices through the volunetric inage
array V(xXwadsnoogtgures 24a to 24c show the nodel and three-#g%%g'rogpgl

i mage within the main display window, wherein a plane of the nodel 1s
rotated about an axis, angled at about [err] to the horizontal and sl oping
up and to the right. It is through this manipulation that new oblique 25
pl anes nmay be added to the nodel. Once the button on the graphical input
devi ce 38 has been rel eased signifying that the plane rotation has been
conpl eted, the display nodule 92 reverts to block 324 (bl ock 392). As
shoul d be apparent fromthe above descygpijon, whenever original planes of
the nodel are selected by the user to be translated or 30 rot ated, added
pl anes are created and it is the added planes which are WO 96/ 00425

PCT/ CA95/ 00375 -37- noved. The ori gi nal~pTame al t hough not shown on the
di splay screen, remain stored in meno y%%'ZAﬁ?d py-236 recal l ed at any tine
to reset the display to its original §tate. It

lines of a

oul d al so be apparent that

242

ALL HORIZONTAL LINES
OF A(x,y) PROCESSED?

238
GET A HORIZONTAL LINE OF A /

l

WITH PERTAINING OFFSET p, FOR EACH
PIXEL IN THE LINE, COMPUTE ITS
POSITION IN T{x,y). IF THE PIXEL IS ON /240
THE LEFT OF THE AXIS OF ROTATION,
ASSIGN ITS GRAY-LEVEL TO THE
CORRESPONDING PIXEL(S) IN H(x,y); IF
THE PIXEL IS ON THE RIGHT OF THE
AXIS OF ROTATION, ASSIGN ITS
GRAY-LEVEL TO THE CORRESPONDING
PIXEL(S) IN K(x,y)
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di stinctive color, in these exanples white, denote an original plane, |lines
5 of anatvdeéngiesti nctive color, in these exanpl es green,aﬂﬁg{’)}g%’@nﬁadded
pl ane with the exception of the |ast noved plane which is de §‘Iines
of another distinctive color, in these exanples yellow, and |ines of

anot her distinctive color, in these exanples blue, denote that the plane is
going to rotate if a nouse-drag sequence occurs. 10 When an added
plane is rotated, the added plane may becone oblique but it is not
permtted to extend beyond the boundary defined by the original planes (see
Figures 24a to 24c). Any added pl ane igg H? transl ated sufficiently far out
of the nodel that its corresponding no ﬂ ace di sappears. If the user

rel eases the graphical input device button 15 after the face has

di sappeared, the plane is renoved fro wadel . This allows a user to

del ete unwanted added planes. If the ors i.£al \i np@36devi ce button is not
rel eased, the user can push the addea p bagK into the nodel so that the
pl ane becones visible again and no del™std akes place. Figures 25a to 25d
show t he nodel and three- 20 dinensionalj image within the main w ndow

di spl ay wherein an oblique plane of the IS Ehgpslated away fromthe
geonetric center of the nodel until it g ; though it would seem
that if an added pl ane 236

ALL HORIZONTAL LINES
OF A(x,y) PROCESSED?

238
L/

GET A HORIZONTAL LINE OF A

1

WITH PERTAINING OFFSET p, FOR EACH
PIXEL IN THE LINE, COMPUTE ITS /240'
POSITION IN T(x,y) AND ASSIGN ITS
GRAY-LEVEL TO THE CORRESPONDING
PIXEL(S)INT

FIG. 9b



Is translated sufficiently into the nodel, the entire nodel can coll apse,
the di spl ayobpdsdse 92 does not pernmt an added plane to be translated 25
so far as to col | apse the nodel (see block 362). Wile the BFHEAPYANSTS nput
device 38 is being noved to effect changes in the displayed view and the
di splay is updated show ng internedi ate positions and orientations of the
af fected plane or planes, the display nodule 92 nust re-sanple the
volunetric inmage array 30 V(x,yz) and conplete the texture mapping
process, a process of discrete WO 96/ 00425

PCT/ CA95/ 00375 -38- approxi mation. In fRi/4lenbodi ment, a nunber of
re-sanpling nethods are avail able, each of which offers a different
conprom se between conputational speed and inmage quality. To achi eve snooth
operation with limted conputer power, the 5 di splay may be conputed
(rendered) at less than the full resolution of the nonitor screen and/or a
sinpler interpolation technique may be
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—Actual scanning axis(ASA)
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(TSA) V (which lies flat on the paper)
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enployed in the re-sanpling process. In this enbodinment, the display is
conput ed wo smo4mny as three rendering passes, the first apgridiesgp:9f Which
may be disabled if the user so wishes, by selecting the appropriate 10
option icon via the graphical input device 38. The enabl ed/ di sabl ed status
of each pass is what is actually set to a default state at bl ock 324 during
initialization. The first enabled pass in the sequence is uninterruptible,
i.e. while the graphical input device is being noved, the first enabl ed
pass is perforned in its entirety, yielding a succession of 15 conpl ete
views on the screen. Subsequent enabl&tl passes are automatically
interrupted by graphical input device novenent, the visible result being
that the displayed viewis only replaced by a higher quality view (conputed
by an interruptible rendering pass) when there is a sufficient pause in
graphi cal input device novenent. The three 20 renderi ng passes supported
by the present enbodinment are: 1. reduced inage reduction,

near est - nei ghbour re-sanpling 2. full image resolution, nearest-nei ghbour
re-sanmpling 3. full image resolution, tri-linear interpolation re-sanpling
As mentioned previously, at block 338, if a click is detected and 25 t he
cursor is not positioned in the main display wi ndow, the display
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modul e 92 det erni nes whet her an option icon has been sel ected. The
aval | abl e wapbd/gagas cons al |l ow the user to select paraneters differ from
s
30

the default values, to enhance inage display and to execut eature
routi nes. These option icons include "Reset", Views Ato C',

"Remenber ", "Snapshot”, "Animation", "Indicator", "Orientation”, WO

96/ 00425 PCT/ CA95/ 00375 - 39-

"Fast", "Snooth", "Wn", Lev", "Magnify" and "Measure". Figure 26
illustrates nost of these option icons in a control display w ndow

posi ti oned beside the main display w ? . In this exanple, the preferred
Views A to C have been | abelled by the' USer as "Sagittal", 5 "Coronal "
and "Axial". The avail abl e options which can be selected via an option icon

wi |l now be described. If the Reset icon is selected, the original view of .
the i mage and nodel stored with the volunetric inmage array V(x,yz) is
reconput ed and di spl ayed on the screen. Likewise, if one of View Ato C
icons is

I(x.y.2)

~I'(x,y,2)

‘ FIG. 1Ib

image—tilt angle g



10 sel ected, the corresponding preferred viewis reconputed and

di spl ayedwd degodpd user wi shes to change one or nore of theP@f%s/ﬁ?z{:{Q C for
a current session, the user can substitute the displayed view for e
stored view. The present enbodi ment permts the user to activate a distinct
wi ndow in which the Viewicon |abels (eg. Sagittal, Coronal, Axial etc. 15
in Figure 26) are displayed and to edit the | abels as desired. Changes made
to the |labels persist only for the cyg;gft session, unless the user elects
to save the changes in nenory 88 using an option icon provided for that

pur pose, in which abe any preferred Views asgodiated with the data file

are overwitten. nber jCon is ) P current

view on the screfm ™ %t of i fyl 82 o 'Xim " t1 view for

the current sesg on on)4. t" [vi ew gssociAt i e current data
opy

file in nmenory is ot changed, only the I nenory 8. This view may
be recalled to tthe scr
unl ess and until it is

icon. It should be read

tinme by sefecti et icop, 25

N by [a subsequent e W Yt he Refrenber

a sifilar two-ijcoXt ech@i que cgh be used
for Preferred Views A ery  the present d t| alfows

> Rixy.z)

FIG. 12
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the user to overwite these views in nenory 82 by hol ding dowmn a WO

96/ 00425 WO 96/00425 PCT/ Cﬁ@?/%ﬁ@%«?(ﬁﬁ' 40-
speci fied key on the keyboard while selecting the corresponding View icon.
I f the Snapshot icon is selected at any tinme during mani pul ati on of the
nodel and inage, the inmage currently displayed in the main 5 di spl ay
window is stored as a file in nenory 88 in an industry-standard inmage file
format, in order that it be may subsequently be used with other software.
The present enbodi nent uses a tagged inmage file format ("TIFF"). It should
be realized that adding support for ot 4l e formats can be achieved in a
strai ghtforward nmanner by follow ng 10 publ i shed format specifications.
If the Animation icon is selected, ani mated sequences of displayed views
can be created and saved into nenory 82 in an industry-standard i mge
format as just described. When the Animation icon is selected,

2 X
y r
v W Tamea o
/.A- ' of R(x,y,zo)
4

R(xy.z2)

FIG. 14



t he di splay nodul e 92 determ nes whether a view of the imge has been 15
saved usi mp ddmwatsenenber icon and retrieves it. If no view aved
usi ng the Renenber icon, the original viewis retrieved. Vﬁcﬁﬁ@”@
occurring, an animation display w ndow appears on the screen 36a. The

di splay wi ndow allows the user to select the nunber of internediate views
of the displayed i mrage which are to be conputed and 20 di spl ayed (see
Figure 27). The animation display w ndow also allows the user to adjust the
i mage size, assign an identifier to thegni mati on sequence and preview the
animation to ensure that the sel ected pararret ers are satisfactory. After
this, the display nodule 92 conputes the view orientation, position and
orientation of each plane of the 25 i nternedi ate vi ews by si mul t aneous

i nterpol ati on between the saved and current views. By using sinultaneous

i nterpolation, the user need only ent &r tRakatiemsofretiegptdibeuse of the
feature very sinple. Secondly it ,a compl i cated vi ew sequences to be
produced whi ch cannot be produced\30 AnuaP| §S ‘ﬁﬁ@rﬁ"ﬁf‘gerrg%m&n i mage
manual |y, a plane may be eithe‘——

(®— —-Theoretical scanning axis (TSA)
and axis of rotation (AOR)

image plane on which
horizontal lines of

d Alxy) lies

Actual  —— /," //
scanning axis
vertex goes
out of paper

vertex goes

into the paper
tlltlng cngle/offset 8
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WD 96/ 00425 PCT/ CA95/ 00375 -41-
rotated owotsangbated but not translated and rotated at thg LOE.

Si mul t aneous interpol ation of plane position and orlentatloC§££§y&b?$

possi ble to produce an ani mated vi ew sequence in which a plane is rotated
and translated at the sanme tine. As should be realized, this 5 feature as
descri bed can only be inplenented when the current and saved vi ews have the
same nunber of planes. If the Indicator icon is selected, the nodel is

di splayed with axis indicators to |nd|cate standard directions of the

| mage, such as front F, back B, left L 18741 These synbol s may be changed by
the user to suit 10 the applicatlon. For exanple, in ophthalmc imging

t he synbols can represent the standard ocul ar axes, nanely superior S,

inferior I, nasal N and tenporal T. These indicators float as the view of
t he di splayed i mage changes. To avoid cluttering, it is preferred that axis
I ndi cators di sapp en the current vi Xent ati on woul d pl ace then
behi nd the 15 spl ayed nodel. In so applications such as in nedical
imaging, it is desi e \\‘ v
yi‘m"\ N
Yjrmm.  \ "
orientation ‘ : :
Alx.y) of lines T(x,y) + axis of rotation
| of A(x.y)in ,’
T(x,y) in detail T(x,y) -7
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show the current spatial relationship of the nodel to a representation of
the strucwossoolisch has been i maged. This can be achi eved \%ﬁ"k%ﬁows
Orientation icon is selected. Wuen this icon is selected, the
representation of the structure being inmaged is selected froma |ist of
stored structures. The structure is nodelled using conventional three-

di mensi onal conputer graphics techniques. The structure is then displ ayed
as a sem -transparent solid object intersecting the nodel polyhedron,

either in the main display wi ndow orig/up second display 25 w ndow

el sewhere on the nonitor screen. This requires use of a rendering algorithm
whi ch nmakes it apparent how the structure and nodel pol yhedron intersect.
The position, size and spatial orientation of the structure relative to the
nodel pol yhedron, which nay be expressed as a 4 x 4 transformation matri X,
must be determned. When 30 this icon is selected, the structure display
w ndow i s updated as the user WO 96/ 00425

PCT/ CA95/ 00375 42-
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mani pul ates the displayed view, so that the two displays are always

ori ent ed wo dlggs2§ane manner. \Waen conputer power is Iimte )ﬁ”é’ 37§

perm ssible to update the structure display |ess frequently ?

di splay wi ndow, e.g. to suppress updating the former until there is a 5
pause in user input. This approach, which works best when the structure is
di splayed in a window distinct fromthe nain window, is used in the present
enbodi ment. Figures 28a to 28c show t he nodel and three-di nensi onal inage
within the main wi ndow display as well| as the structure of an eye in a
second di spl ay wi ndow beside the mai4P4®. wi ndow di splay. As can be seen,
in Figures 28a and 28b, the second display windowis small and is
positioned bel ow the control display wi ndow while in Figure 28c, the second
di spl ay wi ndow has been increased in size. The Fast and Snooth icons nmay
be individually selected or 15 deselected to enable or disable the first
and third rendering passes described previously (the second pass is al ways
enabled). The initial state of these icons is established during
initialization at block 324. It should be realized that this general schene
can be altered slightly, e.g. by addition of a fourth pass with a
correspondi ng option icon to

X pixels nearest to X
l axis of rotation l
O 77 le/ v
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20 selectively enable or disable it if desired. Each displayed point of
the i mageW 960p425 x, yz) is converted to a pixel brightness pr/EQsRb3RY
pseudo- col or mappi ng. The domai n of the pseudo-col or napping is the range
of values in the volunmetric imge array V(x,yz). The pseudo-col or mappi ng
can be adjusted by a user via 25 the wi ndow and | evel slide controls

(l abelled "Wn" and "Lev" in Figures 26 to 28) to allow the contrast,

bri ghtness etc. of the display to be enhanced. The ternms "w ndow' and
"level” and their interpretation ha5§/gqpone standardi zed in the nedical
imaging field. The present enbodi ment ‘i's consistent with established

nmedi cal i nmaging practice in 30 this regard. WO 96/ 00425

PCT/ CA95/ 00375 -43- \When the Magnify icon is selected, a nmagnifying w ndow
appears superinposed upon the main display wi ndow and can be noved over the
di spl ayed view. Cross-hairs are |located at the center of the w ndow and

[ [

Y Y
\/ + axis of

H(x, K rotation
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regions
superimpose
99 4

T(x,y)

FIG. I7



can be positioned over a certain area of the displayed view. Wien the 5
cross- hai o @l@sat the appropriate |ocation, the user can %ﬁ/#ﬁ@m@iﬁgphi cal
i nput device to adjust the nagnification of the area at whicC Ss-
hairs are | ocated. Wien the Measure icon is selected, a neasure display

w ndow appears on the screen (see Figure 27). The user can use the

graphi cal 10 i nput device to neasure di stances and areas of the

t hree-di nensional inage within the nost recently noved plane (i.e. the one
denoted by yellow lines). If the user wishes to neasure a di stance, the
user sinply needs to use the graphica&2/4lput device 38 to indicate the two
end points over which the distance is to be neasured. If an area is to be
nmeasured, 15 the user nust identify at |east three points. Wen the
cursor is noved over the nost recently noved plane, it changes to
cross-hairs to facilitate placenent of the points on the inmage. The display
nodul e 92 in this nbde connects adjacent points by straight |ine segnents
and conputes both the overall line length and the area bounded by the |ines
joining the 20 poi nts using an appropriate scale. If it is desired to
change the drag sensitivity, the user can depress a specified key on the
keyboard and this wll adjust the scaling factor for

NN

Y 7/ ________ < V
%57

T(x.y) - ‘0
XY\ Z
(final 3D volume)

FIG. 18a



as long as the key is depressed. This allows for greater or smaller nouse
movenment s w@be/ddgsd VEN change in the displayed image. This ogagﬁmsmﬁ%rse
can al so be achieved by increasing or decreasing the size of the naln

di spl ay wi ndow. Although the animation function has been described to

ani mate a sequence of translated and/or rotated i nages, the cine | oop
techni que may al so be applied to visualize four dinensional inmage arrays.
In this 30 case, the four-dinmensional imge arrays are a series of

t hr ee- di nensi onal WD 96/ 00425 1

PCT/ CA95/ 00375 -44- images of the sane target volume, acquired at different
times. For exanple in trans-oesophageal cardiac ultrasound imaging, it is
possi ble to capture and reconstruct a plurality of imges of the beating
heart, each corresponding to a differept_point in the cardiac cycle. The
three- 5 dinmensional inages will A0l RQOYAB same spatial interpretation
and hence, it is possible to irrposeG%lomeg)le boundi ng nodel upon all of

t hem
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si mul t aneously. The intersection of the nodel polyhedron with each vol une
i mage yi emdsocootyso- di mensi onal image. The inmages can be conRyEdsatss

di splayed in tinme order as a cine |oop. 10 Al t hough the system has
been described as including a single button nouse to allow a user to input
comands, it should be apparent to those of skill in the art that other

I nput / out pyt—e 5 such as a nul ti-2hdéton nouse, a di gitizer, a light
pen, a tra kbsI-rIARm kyhoard orthe | i ke or any combi nati on of the above
can be useM_\Wen otirer |nput/out puf 15 devices are used, different inputs
can be chosen to represent—drfferemt—commamdsoT LL‘KS'é $@2t the various
option icons. Wen a {gr 8ET MAUSHPRAGSENSITOVHEf tfian the single button
nouse i s used, nmani pulation-of an-i-nege—by—rotatiod of a plane of the node
can be enhanced. For exanple, if a %use is used in conbination with 20
keyboard and a keyboard pmpot—TS Used toU_STgmfyt 4t is desired to
rotate a plane, the fix¢d poi nBESDEBARLITon of the pl ane can be determ ned
by the position of the ySiJECHSSIVE-REEINEMEBNIT fand t he keyboard i nput
signifying rotation of the plangBQUERCEted. Thfs allows the plane to be
rotated about a point didlferent fromth c center of the initial 2
nodel .
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If a two button nouse is used as the input/output device, one of the
but t ons ogo 9bBos2sSi gned to signify translation of a plane er
button can be used to signify rotation of a plane. Thi ?@Fgﬁpﬁmﬁ5?

exam ne the position of the cursor to determ ne whether it is within 30

interior or exterior areas of the sebgggﬁd nodel face.
A\t hough the thréé-dinensional

PCT/ CA95/ 003
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function defined
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10 imaging (MRI) and x-ray conputed tonography (CT). Al though the system
20 has beswo dmgis bed as including a clinical ultrasound miQﬂJ nd a
conputer 32, it is contenplated that a single machi ne be use @%ségz‘ﬁorm
the functions of both of these conponents. 15 Vari ati ons and

nodi fications of the present invention should be apparent to those of skill
inthe art without departing fromthe scope of the present invention as
defined by the attached cl ai ns. WO 96/ 00425

PCT/ CA95/ 00375 -46- What is clained i26/41 A nethod for converting

t wo- di nensi onal inages of a target volune represented by an array of pixels
| (X,yz) into a three- 5 di mensi onal inmage represented by a volunetric

i mge array V(x,yz) conprising the steps of: (i) transformng said array
of pixels I(x,y,z) into an image ar nyFROM 340

|

342
TRACK CURSOR /
MOVEMENT

344
CALCULATE ROTATIONAND |/
ROTATE IMAGE

/345

UPDATE IMAGE

TO START
324
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R(x,yz) so that each z-slice A(x,y) of image array R(Xx,yz) provides

suffici enfyq datato construct an imge slice; 10 (||h_ extractlnga
z-slice A(X, {g& of i mage array R(x,yz) and conputing the poSF{@5B17@ach

pi xel of z-slice A(x,y) in a volunetric image array V(x,y,z); (iii) mapping
a gray-level or color of the pixels of z-slice A(x,y) into corresponding

pi xel s of said volunetric inmage array; 15 (iv) repeating steps (ii) and
(iii) until all z-slices A(x,y) of i ndgédhrray R(x,yz) have been processed
to conpl et eFROMI 340 |-+ c image array; and (v) conpensating for at

| east one hardware offset affecting said volunetric inmage array which
occurred when said two_gtergi onal 20 | mges were taken. 2. The net hod

of claim1l wherein_s one hardware offset is an inage-tilt

of fset, said sje ' bei,ng perforned prior to step (i) and

i ncl udi ng tée steexcriamgmamore pi Xt ay02480 | (X, y2) t0  aeg

conpensate f0 ~0f : The nmethod of claim 1l whereyn

said at |east on _ ‘ |s a di spl acenent of f set p—said—sicn df
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at step (iii) and including the step of
from VY D6/ d00£52 5

PCT/ CA95/ 00375 -47- z-slice A(X,Y)
to performng step (iii). 4.
one hardware offset 5

adjusting the position of pixels
PCT/CA95/00375

in the said volunetric inage array prior
The nethod of claim 3 wherein said at
further includes a tilting offset,

| east
said step of

conpensating (v) being perforned at step (iii) and including the step of

adj usting the position of pixels from 283ldilce A(X,Y)

in the said volunetric

i mage array prior to perform t n(iii). 10 5. The net hod of claim
1 wherein said at | east one A of fset includes imge-tilt offset,
di spl acenent offset and tilting pffset, said step of conpensating (v)

including the steps of (vi) rotgling the pixels of array I4

step (i) to conpensate for sajd i e-ti
position of pixels fromz- ce A(X, |
array prior to perform ngZstep féii) t
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sai d displacenent and tilting offsets. 6. The nmethod of claim 5 further
I ncluding the step of (viii) conpensating for shadow ng effects. 20 7.

The et h¥ &¥00425%ai m 6 wherein said step (viii) includes t Berela8Rsesed (i X)
separating the pixels of z-slice A(x,y) into two parts, (x) conmputing the
position of each pixel of each part in the said volunetric inmage array,
(xi) conputing and storlng gray-leveH@/Gﬁ colors of the 25 pi xels in

tenporary rgas th a resoectlve one of
said parts, & ' has
been conpl e g0f

t he pixels
vol unetric
PCT/ CA95/ 00




-48- 8. The nethod of claim7 wherein the pixels in said superinposition
are mapped into a tenporary raster T(Xx,y) before being mapped into said

vol unet rwe 960a4ps array. 5 9. A system for converting tamedoggs onal

i mmges of a target volune represented by an array of pixels I(x,y,z) into a
t hree- dinensional image represented by a volunetric inmage array V(X,Y, z)
conprising: neans to transform sai dygrgiay of pixels I(x,yz) into an image
10 array g , | Al f i R

provi des su
extract eacy
of each pi x§
means to co
each z-slic
correspondi
conpensat e




20 said array of pixels I(x,yz) which occurred when said two-di nensi onal
| mges were taken. 10. A systemas defined in claim9 wherein said neans
to conpeMEhAas usts said array of pixels I1(x,yz) to conpensabsedzog

i mage-tilt offset, 25 and adjusts the position of pixels of each z-slice
prior to the gray-levels or colors being mapped to the volunetric inage
array to conpensate for dlsplacenent3§md1tllt|ng offsets 11. A

t hr ee- di Men huts arYe g o v i on_of 30
t wo- di mensi (R s e it R E O
96/ 00425 : 0.
pi xel s 1(Xx, S o
i mage array o

and gener at ¢
processi ng




sai d processing neans including: nmeans to convert the two-di nensional

I mges of the target volune into an array of pixels I(x,yz); nmeans to
transf or W@26Rp425 ray of pixels I(x,yz) into an i mage 10 amcaxcaARémesyx) SO
that each z-slice A(x,y) of image array R(x,yz) provides sufficient inage
data to construct an image slice; neans to extract each z-slice A(x,y) of

i mge array R(X,yz) and conpute the pggiskion of each pixel of each z-slice
A(X,y) in a neans to co -ute and store a
gray |evel ' E

map the co
vol unetric
har dwar e of f
scanni ng ne
means inclug
sai d target §
vol ume and
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of fset, displacenent offset and tilting offset. 13. A systemas defined in
claim 11l wherein said scanning neans includes a probe to transmt signals
to and r 83e9e428 gnal s from said 30 target volume, saidppi@iAesbahag
noveabl e along a path to scan the entire 1111111 111111 111121121111111111
[err] WO 96/ 00425

PCT/ CA95/ 00375 -50- target volume ang phjerein said at | east one hardware

of fset inclydes displacenent offset and tilting offset. 14. A system as
defined in FEE. i ST T PR :
means to co
I mge. 15.
di mensi onal §&8
said three-

‘

monal

e oo et e

F
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of which is visible on a display at any given tine, said system conpri sing:
detection neans to contextually interpret actuation of a user input device
to det ectwasgiembs ed nmani pul ation of said displayed i mage seiRGlsgMdesse from
a group of desired manipulations including (i) rotation of said displayed

I mge about an arbitrary axis; (ii) translation of a selected visible
surface of said imge; and (iii) rota5i9 of a selected visible surface of
said i mge bi trary axis; ané} ocessi ng means in conmmuni cation

vol unet.ric e}
sai d di spl ay bd

t hereof. 16. pans
25 exam n | in
t he form of

substanti al I§ E d

i mage array E when

sai d three-d
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[err] WO 96/ 00425

PCT/ CA95/ 00375 -51- 17. A systemas defined in claim 16 wherein once a
nodel ha¥v;hE9425t abl i shed for a volunetric i mage array bycsaia@spzogessi ng
means, said nodel is stored in menory with said volunetric i mage array and
Is retrieved when said volunetric inmage array is processed. 5 18. A system
as defined in claim 16 wherein novenent.of.said user input device noves an

i ndi cator o el aclls oL 2 i d dete [ detecting the position of
sai d indica ' e i -t cct
said desire ein
sai d detect or

IS position
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15 20. A systemas defined in claim18 wherein said detection neans
detects desired manipulations (ii) and (iii) when said indicator is

posi ti on® 86028 d nodel and said user input device is aceunicadsomasd

det ecti on nmeans di stingui shing between desired mani pulations (ii) and (iii)
based on the position of the indicator relative to the boundary of a 20

sel ected pl ane of said nodel when said user input device is actuated. 21

A system asg ' ' ' 0 pl anes of said nodel are

di vi ded int § IR CEEITT

I ndicator i@
actuated rejg
i ndi cator i
represents
wherein sa
said extern
PCT/ CA95/ 00
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actuation of said user input device will result in rotation of said

sel ected plane. 23. A systemas defined in claim 20 wherein said

pr ocessi o seenass 5 i gnores said detection nmeans when actpe¢gidH908dssai d
user input device would cause translation of a plane sufficient to coll apse
said nodel. 24. A systemas defined in claim28 where once a nodel is
establi shed to enconpass the volunetric i mge array, the planes of that 10
nodel represent the outer boundary of i/ da any plane may extend. 25. A
system as de Lo R R e R e s C L~ L~

pl ane when
sai d new pl o
pl ane repl acg
transl ation
system as de
di spl ayed i
claim26 wh
I mages by i
response to
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25 detection neans from said user input device and to display said
sequence of inmages as an ani mated sequence. 28. A system as defined in
claim 2woss®oessn t he nunber of internediate views in thepgfR®RgSEequence
bet ween the di splayed 30 i mage and the saved inmage is selectable by a
user. [err] WO 96/ 00425

PCT/ CA95/ 00375 -53- 29. A systemas defined in claim 16 wherein said
processi ng neans perforns said texturéaﬁﬁbping at different resol utions
and/ or usi B e T T '
program var
system as d

At o st




orientation of the representation on the display being adjusted as the 10
nodel and three-di nensional image are mani pul ated. 31. A system as defined
in clai mw6sshensi n said user input device is in the for mgd,E,ERESA:
digitizer, light pen, trackball, keyboard or the |ike or any conbination of
t he above. 15 32. A three-di nensional inmaging systemfor generating a

t hree- dinensional inage of a target volune under exam nation, said system
conprising: scanning nmeans to transmt signals to said targeQgol une, to
scan 20 said entire target volune; ar3®/élprocessor in gonminiCation with

sai d scanni N R e T M M AT=T =% M e =TI £SSOr
reconst ruct §a VOl unmetric- j.m . represem! -

t hr ee- di neng$ i mage ofj ' , s ' !
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surfaces, at |least one of which is visible on said display at any given 30
time, said processor including: WO 96/ 00425

PCT/ CAOSMIDEN4254- det ection nmeans to contextual |y interpeeicadsboieg i on of
a user input device to detect a desired mani pul ati on of said displayed

| mage sel ected froma group of desired mani pulations including (i) rotation
of said displayed i rage about an arbitrary axis; (ii) translation of a
selected 5 pl ane _of said i nage; and4Qy4i) rotation of a selected plane of
det ecti on
user i nput ,
sel ect ed deg§
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