Construction of a h uman torso mo del

from magnetic resonance images for

problems in computational

electro cardiograph y .

R ob ert S. MacL e o d

∗

(macle o d@cvrti.utah.e du),

Christopher R. Johnson

†

(crj@cs.utah.e du),

Phil R. Ershler

∗

(ershler@cvrti.utah.e du)

UUCS-94-017

∗

Nora Eccles Harrison

Cardio v ascular Researc h and T raining Institute

and

†

Departmen t of Computer Science

at the

Univ ersit y of Utah

Salt Lak e Cit y , UT 84112 USA

Septem b er 26, 1994

Con ten ts

1 In tro duction 5

2 MRI Recording 6

2.1 Recording of MRI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Scaling of the Images: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 File naming con v en tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3 Digitization of Slices 7

3.1 Ra w p oin ts file format . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.2 Con v ersion of Units . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.3 Con v ersion of MRI images and transfer to the SGI . . . . . . . . . . . . . . 10

3.4 T ransfer of Image Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.4.1 Automatic login . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.4.2 T ransferring large n um b ers of file . . . . . . . . . . . . . . . . . . . . 12

3.5 Accessing MRI files under UNIX . . . . . . . . . . . . . . . . . . . . . . . . 13

3.6 P ostscript displa y – the mri2ps program . . . . . . . . . . . . . . . . . . . . 14

3.6.1 Including digitized data: Co-ordinate T ransformation . . . . . . . . 15

3.7 F rom ra w digitized to in terp olated p oin ts . . . . . . . . . . . . . . . . . . . 15

3.8 Scaling of p oin ts: mrimetric . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.8.1 Chec king for doubled p oin ts . . . . . . . . . . . . . . . . . . . . . . . 15

3.9 T ransforming the data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.10 Chec king for closed surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.11 In terp olation: spline represen tation of the data p oin ts . . . . . . . . . . . . 17

4 F rom p oin ts to surfaces 18

4.1 Bac kground . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.1.1 Lacing triangles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.1.2 Inside/Outside algorithm . . . . . . . . . . . . . . . . . . . . . . . . 20

4.1.3 Completing the surface mo del . . . . . . . . . . . . . . . . . . . . . . 21

4.2 Programs for Surface Segmen tation . . . . . . . . . . . . . . . . . . . . . . . 22

4.2.1 trisurf . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.2.2 map3d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

5 V olume Segmen tation 23

5.1 Bac kground . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.1.1 Hybrid meshing approac h . . . . . . . . . . . . . . . . . . . . . . . . 23

5.1.2 Assigning conductivities . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.1.3 Sorting slices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

6 File F ormat Summary 24

6.1 Ra w MRI image files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

6.2 Con v erted MRI image files . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

6.3 CONVER T Histogram files . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

6.4 New Digitize data files = ra w MRI data files . . . . . . . . . . . . . . . . . 26

6.5 P ostscript files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

6.6 Scaled MRI data files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

6.7 In terp olated la y er files ( .torso, .fat, .muscle , etc.) . . . . . . . . . . . . 27

6.8 Slice Files ( .slice) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

6.9 .pts , .fac , and .tetra files . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

6.9.1 .pts files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

6.9.2 .fac files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6.9.3 .tetra files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

7 Summary 29

8 Glossary of T erms 30

Abstract

Applying mathematical mo dels to real situations often requires the use of discrete geo-

metrical mo dels of the solution domain. In some cases destructiv e measuremen t of the

ob jects under examination is acceptable, but in biomedical applications the measuremen ts

come from imaging tec hniques suc h as X-ra y , computer tomograph y (CT), or magnetic res-

onance imagining (MRI). A necessary early step in the mo deling pro cess is then to extract

from these images the measuremen ts (lo cations and distances) that form the basis of the

geometrical mo del.

In this pap er w e describ e the construction of a geometrical mo del of the h uman thorax based

on the high resolution MRI scan of a single sub ject. W e outline the scanning pro cedure,

the image collection and con v ersion to computerized image files, the segmen tation of the

images in to b oundary no des, and the connection of these no des in to surface, and then

v olume, meshes. Included are brief descriptions of the to ols dev elop ed at the CVR TI for

this pro ject, as w ell as our exp eriences in creating and using them. The result of this w ork

w as a pair of mo dels at t w o differen t lev els of spatial resolution, whic h set new standards in

the area of bio electric field mo deling and the application of these mo dels has b een describ ed

previously [ 1 , 2 ].

1 In tro duction

The dev elopmen t of n umerical mo deling to ols whic h w ork on complex, irregular, t w o and

three-dimensional domains has op ened man y fields previously dominated b y direct exp er-

imen tal researc h to the application of sim ulation and mo deling. While leadership in this

adv ance has come largely from the areas of mec hanical and electrical engineering, biomed-

ical researc hers ha v e also b een adv o cates of these tec hniques. F or the medical researc her,

the attraction go es b ey ond the cost issues of most engineering disciplines to the imp ortan t

ethical constrain ts of exp erimen ts in v olving b oth h umans and animals. As a result, the

biomedical researc h comm unit y , while historically not as mathematically sophisticated as

other researc h groups, has b een quic k to apply emerging metho dologies to their studies.

This pap er describ es just suc h an application of mo deling tec hniques to biomedical, in this

case electro cardiographic, researc h. The fo cus of the w ork is to dev elop computer mo dels

whic h, most generally phrased, will predict electrical activit y in the heart from electric

p oten tial (v oltage) measuremen ts on the surface of the b o dy , the essence of the medical

diagnostic tec hnique kno wn as electro cardiograph y . In con trast to the largely qualitativ e

or descriptiv e approac h emplo y ed in the in terpretation of the electro cardiogram (ECG), w e

seek a quan titativ e description of the electric field within, and on, the torso. Due to the

complexit y of the equations describing suc h relationships, an y mo deling approac h requires

a discrete description of the geometry of the heart and torso. The sp ecific aim of this pap er

is to describ e the creation of just suc h a mo del of the h uman thorax geometry for studies

of electro cardiographic field problems.

2 MRI Recording

While destructiv e mo deling of ob jects is an acceptable tec hnique in some areas of mo deling,

gathering anatomical information from living b eings is often more effectiv ely done using

(relativ ely) nonin v asiv e tec hniques. F or the reconstruction of three dimensional ob jects,

a scanning mo dalit y is required. In medical applications, suc h scanning tec hniques mak e

use of, for example, X-ra y , for computer tomograph y (CT) scans; radion uclide emission, for

gamma scans or autoradiograph y; ultrasound, for sonograph y; and magnetic spin resonance,

for magnetic resonance imaging (MRI). Eac h of these mo dalities exhibits limits in spatial

and temp oral resolution, as w ell as a v ariable degree of side effects [ 3 ], whic h mak e the

appropriate c hoice a function of man y , often con tradictory , factors.

F or this pro ject, w e selected MRI as the imagine metho dology b est suited to our primary

goals whic h w ere to ac hiev e maximal spatial resolution with minimal side effects. W e

w ere fortunate to ha v e the supp ort of the Univ ersit y of Utah Health Sciences Cen ter and

Dr. Dennis P ark er to o v ercome a significan t shortcoming of MRI — the cost. Belo w is a

description of all phases of the recording and digitalization of the Utah h uman torso mo dels

from a sequence of MRI images

2.1 Recording of MRI

Recording w as p erformed at the LDS Hospital Magnetic Resonance Imaging Cen ter b y Dr.

Dennis P ark er. The sub ject, a health y , 19-y ear old v olun teer, w as recorded on August 31,

1990 with Rob ert MacLeo d and Christopher Johnson assisting. Spacing b et w een the images

w as 5 mm and all images from slices near the heart w ere gated with the R w a v e of the ECG.

2.2 Scaling of the Images:

The scaling of the images themselv es w as determined b y the field of view (F O V) set b y the

op erator of the MRI equipmen t. Ev ery image con tained 256 pixels b y 256 pixels of data

and these co v ered the selected field of view. The con v ersion to length units o ccured through

simple division, for example, with a F O V = 48, the scaling factor is F O V/256 [cm/pixel].

2.3 File naming con v en tions

Images recorded from this sub ject w ere sa v ed in separate files (one p er image) when they

w ere transferred to the V ax and unpac k ed from the Data General format. The file names

w ere set up originally as RCLMR.F001B to RCLMR.F143 from tap e 1, and RCLMR.F001B to

RCLMR.F096B from tap e 2. During con v ersion (using CONVER T ) from the large image

format to the 256 b y 256 format, the files names w ere also con v erted and enco ded with

some information ab out the image data. The filename format w as xx t n s mmm ppp .mri ,

where xx w ere the initials of the sub ject, n w as the tap e n um b er, mmm w as the distance

of the slice ab out the arbitrary zero-lev el set at the time of the recording, and ppp w as the

running n um b er of the image in the set. The complete list th us ran from rlt1s020 001.mri

to rlt2s615 120.mri , that is, 120 images running from 20 mm to 615 mm ab o v e the zero

lev el.

3 Digitization of Slices

F rom the V ax, the image files w ere transferred to a Mac I I via FTP with no con v ersion.

Eac h file con tained a single image, stored as a single 65536-b yte record. Eac h b yte con tained

the gra y v alue for a single pixel in a 256 b y 256 pixel image. The first b yte in this file t yp e

w as at the top left-hand corner of the image; the rest of the image follo w ed sequen tially

from this p oin t, left-to-righ t, top-to-b ottom.

Digitization of the images w as p erformed man ually using the program New Digitize on the

Mac I I. This program has con trols (pull-do wn men us) to read the data files and displa y

them as 256 b y 256 or 512 b y 512 pixel images, in white-on-blac k or blac k-on-white shades.

The user could also add constan t v alues to all gra y v alues to brigh ten the image and enhance

dark sections.

Once the image w as displa y ed on the screen, the user selected whic h surface w as to b e

digitized and pro ceeded around the image, marking eac h p oin t with the mouse. The outer,

or b o dy surface w as the default starting surface and eac h selected p oin t w as mark ed with

a red “+” sign. Additional surfaces whic h w ere digitized include the fat la y er (b oundary

b et w een fat and m uscle), the inner b oundary of the m uscle, the epicardial, left v en tricular

and righ t v en tricular endo cardial, and b oth lung surfaces. Phan tom electro des placed on the

sub ject could b e digitized using sets of t w o p oin ts aligned with the corners of the electro de

image. The or der in which p oints ar e digitize d was up to the user but was normal ly in a

clo ckwise dir e ction ar ound the surfac e! Note also that the standard view of an MRI image

is from the feet of the patien t to w ards the head. A t the time of pro cessing, there w as no

facilit y to edit digitized p oin ts except to clear a whole set of p oin ts from one surface and

re-digitize them all. Once the p oin ts w ere selected, the user stored the data in a text file

for later pro cessing.

3.1 Ra w p oin ts file format

The ra w p oin ts files con tained the digitized p oin t lo cations from the New Digitize program.

The format of the file w as quite simple: eac h p oin t w as stored as a co ordinate pair, delimited

b y a single comma. The first v alue of eac h pair represen ted the ro w n um b er of the selected

pixel, the second the column n um b er, b oth relativ e to the top left corner of the image.

P oin ts from a single surface w ere stored together, prefixed b y a single line con taining the

n um b er and t yp e of p oin ts whic h follo w ed. F or example:

5 body surface points

163,298

165,307

169,313

173,320

177,326

6 fat points

169,301

172,308

176,314

180,322

185,329

191,332

0 epicardial points

0 rv endo points

0 lv endo points

0 lung points

0 electrode points

NOTE: This format w as altered somewhat in No v em b er., 1990. As describ ed ab o v e the

“fat” p oin ts actually included b oth the p oin ts whic h separate the fat from the m uscle and

those whic h define the inner b oundary of the m uscle la y er. This w as c hanged so that the

“fat” la y er included only those p oints which sep ar ate the fat and muscle r e gions . The p oin ts

whic h define the inner b oundary of the m uscle la y er(s) w ere then to b e found in a second

“m uscle” la y er. This c hange w as reflected b oth in the digitization soft w are ( New Digitize ,

as w ell as data previously stored, whic h w as con v erted using the program mrisort . An

example of data in the new format is giv en b elo w:

7 body surface points

173,305

174,314

176,321

180,328

184,334

189,339

5 fat points

181,309

181,320

186,327

194,331

199,336

0 epicardial points

0 rv endo points

0 lv endo points

0 left lung points

0 right lung points

8 muscle points

192,308

198,316

206,323

217,330

226,337

230,342

240,341

247,337

0 electrode points

3.2 Con v ersion of Units

The units returned b y NewDigitize for the digitized p oin ts w ere based on the pixel ro w and

column mark ed b y the user with the mouse, but w ere shifte d to facilitate displa y on the

Macin tosh screen. T o con v ert the pixel lo cation bac k to the 256 X 256 pixel format of the

original MRI data image, the follo wing con v ersion had to b e applied:

mri_row_num = (mac_row_num - 35) / 2

mri_col_num = (mac_col_num - 50) / 2

In order to com bine digitized data and the MRI image in the same displa y , a further

con v ersion w as necessary to replace the ro w/column addressing sc heme with a Cartesian

co-ordinate system. See discussion of the program mri2ps in section 3.6.1 and mrimetric

in section 3.8 b elo w.

3.6.1 Including digitized data: Co-ordinate T ransformation

In addition to displa ying the mri image data, mri2ps pro vided the option of including a

plot of the surface b oundary data, as en tered b y the user in NewDigitize , o v er the image.

This required the matc hing of image and ra w data co ordinate system since the original MRI

data w as addressed in ro w/column format and the digitized p oin ts w ere in similar format

but shifted and doubled to a 512 ro w b y 512 column format. The necessary con v ersion is

describ ed b y

xpoint = y dig point − 50 .y point = 477 . − xdig point, (1)

where xpoint , y point describ es the lo cation of the p oin t in Cartesian space and xdig point ,

y dig point the same p oin t in the original digitized space.

See section 3.8 on the mrimetric program, whic h tak es care of con v erting units of the

digitized surface data from pixel addresses to shifted, corrected millimeters for more details.

3.7 F rom ra w digitized to in terp olated p oin ts

3.8 Scaling of p oin ts: mrimetric

The original digitized p oin ts w ere in pixel ro ws and column format as they came from New

Digitize but had to b e con v erted in to some absolute units of length, based on a standard

co-ordinate system b efore they could b e used for creating the mo del. The standard units

for all our mo dels w ere c hosen to b e millimeters and the scaling from pixels to millimeters

w as pro vided b y the field of view of the MRI imaging equipmen t, as describ ed is section 2.1.

Our standard co-ordinate system, hereafter referred to as “b o dy” co-ordinates, is aligned

suc h that the z-axis runs caudal to cranially through the appro ximate cen tre of the b o dy .

The x-axis is directed to w ard the left arm, the y-axis, b y default in a righ t-hand co-ordinate

system, to w ard the bac k. The z = 0 origin for this dataset w as c hosen at the lev el of the

lo w est slice so that all slices had p ositiv e z-v alues.

The program mrimetric p erformed the con v ersion of the digitized data from ro ws and

columns to b o dy co-ordinates. Belo w is a summary of the v arious functions required for

this con v ersion.

3.8.1 Chec king for doubled p oin ts

During the digitization pro cess, acciden tal double-clic king at a p oin t pro duced doubled en-

tries in the resulting data file. A subroutine in the mrimetric program called Check For Doubles

c hec k ed eac h p oin t lo cation against the remaining p oin ts and discarded an y p oin t within

some tolerance.

3.9 T ransforming the data

T ransformation of the data w as a t w o-part op eration. The p oin ts first had to b e cen tered

ab out an origin (corresp onding to the cen tral axis of the b o dy) and then con v erted from pixel

units to absolute length units (millimeters). W e first attempted to determine the lo cation

of the origin from calculations of cen tre-of-mass of all the p oin ts in the torso surface of

eac h la y er. Ho w ev er, b ecause the sample p oin ts en tered during the digitization with New

Digitize are not regularly spaced, the resulting predictions w ere inevitably biased and could

not b e used. Instead, w e first p erformed a preliminary in terp olation of the data and used

these p oin ts to compute un biased (or less biased, at least) cen ters of mass for eac h la y er.

F rom these v alues, pairs of x- and y-shifts could b e tabulated for all the la y ers; these w ere

then stored in a scaling file and read b y mrimetric at execution time. The user could also

en ter the shifts man ually or ha v e them computed from cen tre-of-mass v alues at run time.

The scaling files w ere simple ASCI I files con taining records suc h as:

rlt1s020_001.dat 48 0 rlz000_001.dat 277.71 234.30

rlt1s025_002.dat 48 5 rlz005_002.dat 278.12 234.30

rlt1s030_003.dat 48 10 rlz010_003.dat 277.62 234.30

The first name in eac h line w as the ra w digitized data filename, the next v alue w as the

field of view in cen timeters, the third w as the actual z-v alue in millimeters, the fourth w as

the output filename for the scaled, shifted data, the last t w o w ere the x-shift and y-shift,

resp ectiv ely , in millimeters. Note that these v alues already included the offsets whic h arise

from the digitization pro cess in New Digitize (see section 3.6.1)

The second part of transformation of the data in v olv ed con v erting the pixel lo cations (ro w,

column co-ordinates) in to millimeters. The con v ersion factor follo w ed directly from the

v alue for the field of view of the MRI-recording and the n um b er of pixels in the image (512

b y 512 in our case) as follo ws:

xval = column_val * pixel_to_mm - xshift

and

yval = row_val * pixel_to_mm - yshift.

where

pixel_to_mm = field_of_view [cm] / 51.2

3.10 Chec king for closed surfaces

Subsequen t stages of dev eloping the geometric mo del w ere greatly simplified if surfaces in

eac h la y er could b e treated as closed. While this condition represen ted something of an

appro ximation on some la y ers, w e considered the compromise to b e w ell justified b y the

considerable sa vings in time in generating the mo del and the fact that absolute accuracy

remained an unrealistic, and essen tially unnecessary , goal for this pro ject. Since this w as an

afterthough t and not a criteria during the digitization pro cess, it w as necessary to detect and

attempt to correct unclosed surfaces during the con v ersion of data from pixels to millimeters.

T o c hec k and, if necessary , close surfaces, w e wrote the subroutines Close Surfaces and

Check for Closed . The aim of these routines w as to flag discon tin uities in the digitized

data b y monitoring the distance b et w een successiv e p oin ts in a surface. When the distance

b et w een t w o p oin ts exceeded a pre-defined v alue (t ypically 40 mm) the program logged the

lo cation and p oin t n um b er as a discon tin uit y and passed this information to a routine for

correction. Correction consisted of trying to use the next outer-most surface as a template,

from whic h w e could construct a parallel set of p oin ts to bridge the discon tin uit y . The

pro cedure pro v ed to b e somewhat limited in cases where the template surface curv ed more

than 10–20 degrees o v er the discon tin uit y . Ev en the w orst case, ho w ev er, yielded a set of

p oin ts whic h w e either accepted or man ually adjusted to generate closed, relativ ely smo oth

and non-in tersecting surfaces.

3.11 In terp olation: spline represen tation of the data p oin ts

W e used the ra w p oin ts digitized from eac h image to construct parametric, bi-cubic spline

equations for the outline of eac h surface, and then regenerated no de p oin ts at a constan t

(and adjustable) spatial separation as a form of spatial filtering or in terp olation. This

allo w ed us to con trol the in terno dal separation, and hence the resolution of the final mo del,

as w ell as smo oth the inevitably jagged hand-digitized p oin t set. F rom eac h image, the

result w as a set of ev enly spaced, closed lo ops, one for eac h surface, whic h w e refer to as a

‘la y er’. The format of suc h later files is describ ed in section 6.7.

The p oin ts generated b y the spline fit formed the basis for all further w ork with the mo del.

This w as also the stage of the pro cess at whic h a man ual pass w as made to detect erran t

p oin ts and ensure spatial con tin uit y b et w een la y ers of the geometry . A program for this

called EDTRISLICE w as written on the V ax using the T ektronix Plot10 library (for use

with the Macin tosh via V ersaterm). The user could select the .slice files to read, and then

view the en tire surface, or select a single la y er to edit. T o help direct the editing, outlines

of the la y ers ab o v e and b elo w the actual edit la y er w ere o v erlaid (in differen t colours), while

only p oin ts in the middle la y er could b e mo v ed. There w as no facilit y for adding p oin ts,

nor c hanging their order, just mo ving existing ones. A pass through ev ery surface of ev ery

la y er of the mo del w as usually required b efore the set of mo del p oin ts w as complete.

4 F rom p oin ts to surfaces

4.1 Bac kground

In order to apply the b oundary elemen t metho d (BEM) to realistic geometric mo dels, and

also to visualize recorded or computed p oten tials, it is necessary to connect the p oin ts in to

planar p olygons. T riangular elemen ts mak e an excellen t c hoice for irregular surfaces suc h

as those in the h uman b o dy . While it is p ossible to define criteria for optimal triangulation

[ 4 , 5 ], w e kno w of no fully automatic sc heme for the generation of triangles from p oin ts

scattered in three-dimensional. F ortunately , in this case w e can tak e adv an tage of the fact

that all p oin ts from the la y ers describ ed here are constrained to parallel planes, whic h are

regularly spaced. As a result, the general triangulation problem reduces to a m uc h simpler

task of connecting pairs ro ws of p oin ts in successiv e la y ers, essen tially a “lacing” pro cess.

4.1.1 Lacing triangles

Algorithms for p erforming lacing op erations of datap oin ts on parallel planes ha v e b een

describ ed[ 6 , 7 , 8 ] and sho wn to w ork ev en in situations in whic h the surface bifurcates, as

in, for example, the structure of blo o d v essels[ 7 , 8 ].

In order to apply these tec hniques to the construction of a mo del of the h uman torso, w e

com bined the p oin ts from adjacen t la y ers in to three-dimensional “slices”, whic h w ere the

input for our lacing programs. T riangulation of eac h slice in v olv ed the follo wing steps:

1. Determine an anatomically based starting p oin t and lo cate the nearest no de from eac h

la y er of the slice to that starting p oin t. W e t ypically c hose the an terior midline of the

b o dy for a starting lo cation.

2. Order the p oin ts for eac h surface in eac h la y er in suc h a w a y that they form a con tin u-

ous sequence, commencing at the starting p oin t and pro ceeding in a common direction

(w e c hose coun terclo c kwise, as view ed cranio-caudally) around the surface. This w as

t ypically p erformed during the cubic spline fitting of the sampled p oin ts.

3. Determine a starting p oin t on one of the la y ers, and find the nearest p oin t in the

second la y er; join these to define the first connectiv e segmen t.

4. Pro ceeding to the next p oin t in eac h la y er, determine whic h of the t w o p ossible pairs of

triangles that can b e formed b y joining them with the endp oin ts of the first segmen t

yield the shortest diagonal (and hence the most optimal triangulation in terms of

maximizing the size of the smallest angle in eac h triangle[ 5 ]).

5. With this pair of triangles defined, a new connectiv e segmen t is formed, and the

previous step can b e rep eated un til all p oin ts ha v e b een included, and the surface

completely triangulated.

Figure 1 sho ws this pro cess in a simple case with 10 p oin ts in eac h la y er of a slice. The

starting p oin t is at p oin t 1, whic h is connected to p oin t 11. T esting of the t w o p ossible

diagonals (from p oin ts 1 to 12 or p oin ts 2 to 11), sho ws that the latter pro duces triangles

with larger minim um angles and hence is the prop er c hoice. A second triangle, consisting

of p oin ts 2, 11, and 12 is also immediately constructed and the segmen t b et w een p oin ts 2

and 12 b ecomes the new starting p oin t for further lacing.

1 2 3 10

11 12

13 14

20

9 19

Upper layer Lower layer

Figure slice.

circles.

While whic the or the segmen

of the

P p lines) m

Upper layer Lower layer

A B

P

Figure form sharply

(sho

4.1.2

Determining arose the again a algebraic on partially that w can instead this tessellation geometry c

Figure angles i

o curv

1 2

3 4 5

10

P θ1 θ2 θ10

Figure the

∑ i i

θ i

= outside,

T not one to lo the

4.1.3

Once to basis the in t

The the triangulating defined la

end triangulation n from usually case implemen the

The of done ho

This candidate the v b outside in ordering complete computed holes),

4.2

4.2.1

The and of assumption the met,

4.2.2

The

This

connectivit whic

5

5.1

T b terms regularly spaced meshes scrib p a dimensional and dimensions

5.1.1

Our irregular used then

The adjacen to of consisted smaller

T the inside/outside it

5.1.2

One elemen can in ductivit in torso to of inside/outside w b whic the w conductivit based

5.1.3

The tetrahedralized tissue description of

6

6.1

This computer.

F

Data

Record

#

Order left

(256

6.2

These ra image.

F

Data

Record

#

Order ro

6.3

These in

F

Data

Record

#

Record the that

References

[1] of

22:305–323,

[2] plexit

Ma

[3] and

[4] and

[5] tion.

[6]

Engineering

1987.

[7] structures

1991.

[8] titativ

1990.

[9]

[10]

W

[11] second