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\ RBSTRACT

L3
i

This treatise ‘describes research to date .on 2 -éoupuur
_ baied systen for the analysis of the growth of ‘pulmonary mee

tastatic tumars, .The COmpUtEr system permits: l

N
\

t. Data acquisition of serial sections.

.2, -Asgembly (sdignment) of senisl sectians to stare &
B r*computer model® of .the lung,

3. .Ihree dimgnstonal stereoscopic display of the .lung

v on a starage .tyulie taratnal,

ig N 4. Computation of the volume and surfece area .ot .the
J3 ) | i,

& , itymar wmodules :fn -the .lung, -The interencdule distance
ﬁf .

mateix can also be computed, ‘
w8 €O 5. :steuletion of -the threesdimensionsl randos pattern
H ' ot eiovtn‘o!,tulet\ﬂedni;sxsn.thu.lunv.

S

[ add




ii

serial sectioning aztitects hampering recanstruction .of

netastatic growth have been .identified and canrected,
‘ {

Expariments were canducted to study the grovth of me-
tastatic tumars in mouse lung, The .computer systes was used
to reconstruct the lungs under study and parfarm -quantitae -

tive analysis,

Evidence, .indjcates, that the three dimenaional spatial ) \
distribution of tumer nodules in Wouse (lung Mmey be

non«random.

There ware uide differences .in the sime .0f tumar o=

dules .kn the .individual lungs as well as &n diffarent .lungs,
The sise of parenchymal tumar :nodules was much smaller .than

‘the sise of pearipheral tumor nodules, * ) i

2he .computer aoftware developed by ‘i' reRnesents an Jne
portant Nethodolagical mreaktnvough .in the thuld ot eapenis

nental woncology.

4




RESUME

Cette thise d8crit le travail fait jusqu'a ce jour sur wm syntluﬂ

' computérisé d'analyse de la croissance des nodules d; tumeurs

pulmonaires. Ce systime assisté par ordﬁuteur pernet:

1.

2.

3.

L'acquisition des donnfes décrivant des sections pulmonaires
successives.,

L'assemblage (et i'alisnmnt:) de sacti&m successives aux fins

U
de stockage d'un moddle comput8rise des poumons.

\ . .
La reproduction d'ima&es sténéoscopiquas tri-dimensionelles des

poumons sur écran grd'ph:lque a mémoire.

Pa

Le calcul du volume qn: de 1'aire de 1la aurhce des nodulen dans

les poumons. La mtlrice des distances intexs-noduhin- peut auui.

|
&tre calculée. |

La simulation de plt;:onl tri-dimensionellesde la croiesance des

tumeurs dans les poumons.

. Les distorsions introduites dins la reconstruction des images par

les artéfacts provenant du découpage ont &t& identififs et corrigés.

Des expériences ont été realis€es pour Studier la croissance des

tumeurs au stade de la nmétastase dans les poumons de la souri. Le

systime assistd par. oxrdinateur fut utilis§ pour reconstruire les poumons

etudiés et pour effectusr des &tudes quantitatives.

\

Les resultats de cette &tude indiguent que la distribution tri-

dimensionelle des nodules n'est pas uniquement aléatoire.

3



expéirimental. S

Ay
4

\

Des differ;ucu importantes furent trouvées dans les dimensions
des nodules localiasds dans un poumon ou dana des poumons diff&tem‘:s.
La taille des nodules de tumeurs parenchymales &tait beaucoup plus
petite que.la taille des nodules périph8riques.

‘ Le logiciel developpé aux t,tns' de cette &tude représante une

percée méthodologique importante dans le domaine de 1l'oncologie
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There have been several studies of the injitial steps ot
hematogenous disasemination of cancer cells in animal nodels
( 3,7,42,47), It has been possible to Bnalyze quantitative-
ly the arrest of tumor cells in capillary walls ot vascular
beds , and the ability of these cells to traverse the caplle=
lary walls to injtiate tumor nodUles(10,24,25,26,48). TIne
proliteratxon of arrested tumor cells is depnndcnt an fac-
tors ot nutritlon? and a variety of host tacuurl including
tumor angiocgenic factor (12), tunar blood sSupply
(11,16,42,46), imrune response (29), The contral of vascu=-
larization of tumor nodules, as well as the possible inter-
action between the vasc iar supply and other localxenviron-

mental factors which may influence tumor growth are poarly

understood(?,9,32),

I have studied the three dimensional spatiel distribue
tion ot tumor nodyles in mouse lung produced by .intravenous
inoculation ot tumor cells, Evidence strongly indicates
that the spatial distribution of tumar nodules .in mouse lung
is nonwrandos, The pattern ot growth can elucidate tne

processes involved.in the growth ot tumors,
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. {
- 1,2 Quantitative Methods,
{ |

The nuaber and aise .0of tumar nodules are iessential pare~
aneters dn the aquuntit!btvt analyais of factars atfecting
metastatic growth. -Quantitstion of these 'parameters .can
provide .invaluable .ingarsatfen in the assessment of .various
treatment modalities, ‘such as .radiation theraspy, -chemothara- \

% py 4te, Such determinations are .necessary .in the analysis

of kinetics .of tumar growth (37,39) and :immune respaonse

L ]

; (4,29) to metastatic growth.

‘ A systematic analyais of all gserfal sectjons .0f an
(:) organ . (with dispersed tumar nodules) .is necessary to deter-

mine the number and sige .of .the .tumar -nodules, Since . the

counting and sizing 'of tumar nodules ‘is labarious, sevaral

investigatars have developed approximation techniques,
{

. Nexler ¢43)..hhvénnducu&nq\t:plnia;nts.an mouse .lung,

—r—
—

\ .fnjected :xn#ia 4nk 'into the tracheas ito.identify pulmonary ||
netastases, fguuat nodukes on the surface of the 1lung ware ’

observed with the maked weye Or with the aid of a.lens,

Tumor nodukes not .on the surface -of .the .lung were .ignared, e ]

. Lucke et &}, (28) sectioned the Yivers end lungs of
irabbkts bnto siices ‘2mm Bhick and iexamined .the metastases,
ghe largest ‘dianeter Of .Uhe TUMAT nodule vas (ecarded and

r
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the volume of an equivalent sphere computed, It is likely
that extremly small tumors kay have escaped detection.-

Mellgren and Boeryd (4) a;apted 3 xethod developed by
wicksell. (44,45) to unntitate the number and size of any
structures (such as tumor nodules) in an organ (such as the
lung). Their wmethod involves the exarination ot a lgq;ted
numbef~o£ksections cut at arbitrary levels tngaqu/;tne
organ. On the assurption that the tukor nodules are spheri-
cal (or ellipsoids) and that they are unitorrly d;étnlbuted
throughout the organ , empirical torrulae were developed to
quantitate the number and size ot metastases.

Khato et al, (19) used the method developed by Mell-
gren and Hoeryd (4) to quantitate the numper and size dis-
tr@butlon of setastases in lungs of rats. Wood et al. (46)
used a method developed by 2eldman et al. (47) to‘:iudy the

relationship between Retastatic tumor size and the number of

. .1unq petastases,

The lgltiax *seeding’ of tumor nodules .is considered
non-rindbn tor many types of malignant cellsr231). Mso, {t
has been tound that most pulmonary metastases are located on
oI near the surtace ot the lungs (29),, C&n;!quentlr{'aéall-
able quantitative sethods could lead to systematic errors
and erroneous x;terprttatlont since the methods are based on
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7y

f //
on assumptions that say .not e tenahle.

It .is necessary to collect systematic data congerning
growth .of metastatjc :tumor :nodules .in an attempt to analyze
the .control ucchanislsfn-qu}attnq growth, I have developed
a .computer based system .to reconstruct an.argan from.its
serial sections, .THe number and size of tumar nodules may
be ascertained .caonpectly. 'In addition , a three dimengional
Qolor BUAPE0SCOPLIC ‘display of the lung may also be obtained.
This system ienables us to .carry .out gtudies relating to the

growth of .tUmcr nodules,
1.3 Three ninenltnncl1R§Eonscruccxon,1|chninuel.

Biglogists have parformed three dimensional reconstruce
‘tions ot structunes irom serial sections far .over a century
(14), ‘Eacly ieftaorts uaé;xxv:nasuxccdxin the preparation .ot
:physical models or artists’ drawings .of the structures under
study: Qr outlines of the serial sections wene drawn .on
transparent shests. ‘It .is difficult to obtadn quantitative
.4ntarmation ‘fron such reconstructions,

Several \investigutars 13,30,22,23,33,35) have .turned
20 computar techniques .ot ireconstruation -fnea serial ‘sece

.tlons, Ueusnthel st 8k, (22,23) Used .Computer iTeconsvruce
‘bion techniques :to ‘display meurons apd their hranching pate

L4




PAGE -6 "

terns :in the «central nervous system.of ithe watar tlea, Daphe
nia, ‘Reddy et al, (35) describe a.computer system for the
reconstruction and gﬁlxylts.ot neuronal: structure using the

specific iexample of the .Jobster swinmaret systenm,

i

« Roconlhru%tlnn.ot .three dimenajonal structures -ftrom
serisl ‘sections involves display .ot three dtucnllonal‘iniot-

° mation:on a two dimensional plane ; variety of techniques
can uc‘?ufcd for this puyrpose (30}, .The a{un»elt technique
(- 45 to display several arthogonal views such as the plan
.elevation and sectional drawings, However, it .is difficult
] to cohceive -complicatied structures firom such wievs,
> (:) | B | i

Anothar iiiqnnau&uc s perspective wiev  display,
Diftereant types .0f .pernspective .views .can be displayed, vis,

wire=grame _, outline and shaded views, Each .of .these teche

| niques produdes a different visual etgect,
{ . /”’JN\\

" ‘ 2o simulate depth .in three dimenstonal pictures, depth
Euﬁﬁ cues can be prowided .in various vays. ‘Removal of hidden

o ‘ . : '

S Jines «ar hidden surteces.is very .effective, ilntensity .cues, ol
A . | : - S
‘Egh - kinetic -depth effect -, and stareoscopic ieffect are some .of o, ’
;{" %ﬁ‘\ “ . , \ ?‘\YE:
ﬁﬁé ; the .othear .techniques .used to -turnish depth .cues, v
A U . . L
h@g& < Stereoscopic wjevs produce an ienceldent .thiee ‘dimene Lo
3 G . L
iy & sional leffect. Two 'Berspective views .of .the object are
g “@o ‘

v Y




drawn: one view for the left eye and a
eye. Iﬁe perspective views are’generated appropriate to the
location of each eye., 1he view corresponding to .each eye

can be airected to the appropriate eye nylean:<;t stereos-
copic viewers, Fusion of the twa 1;aqes in the brain re-

sults in a three dinensional visualization ot the opject,

st;reosc;pic‘displavsw(stick models) have been exten-
sively ewmployed {n the study ot the molecular structure .of
organic molecules (5,21),  wire-frame stereoscopic pictures
are commonly drawn by topoqraphers.

Nevertheless, to the best ot my knoulwdga. wire-trane
stereoscopic display of reconstruction from serial sections
_ nas not been atteagted. 1 have developed an .interactive
computer graghic syster (Lung Systemx) to reconstruct an
organ (containing ditterent structures within) fros its ser=
ial Lsectinnl. Sterecscopic wire-trame pictures of the re=

constructed 6rgan can be dgisplayed on & storage tube termie

’

nal. In the toliowing chapters, 1 present details on vari-

ous aspects .ot software developed tor this syttfnn.

Chapter 11 introduces the Lung System, I describe the
data acquisition systes and progrars sritten to transcribe

pertinent data frow histological slides to the ‘data base. .on

A

the storage disk.

v
S
.

L.
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In Chaptar 131, 1 develop the algorithm to parform .the

alignwent .operation .on -the histological siides, Algorithms
to .canty out .the .necessary transtarmsations on the data Dbase

0 to display the sterecscopic images (an a storage .tube teraie

LS nal) ane desaribed ., Algaorithms t©o extract -quantitatjve
R data SuCh a3 ValuMe and surtace area Ot tumar nodules are

\

4l30 presented,

gtnally, Chapter IV describes experiments conducted to
. study -the growth .of tumqr nodules .fn the uppaer .left lobe of
mouse .1ung. “Ouantitative data requined for the analysis .of

these experimants was obtained with .the aid .of the Lung 8yse

: O
;1:.“"2’] ﬁ.l 'y

A
v ‘*ix L

by . ,



" 'PRGE :9

o,

)
CHARTER X1

FrRd

SHE LUNG :SYSIEN

. 241 Intpoduction,

=

Ahis Chapter resents an overviev of the Lung .Systen,
'Its -tunctional requiremerits ane -2irst defined, ' .the .operate
ztnGLQuuinonlcnt»cdﬁa’lhlngxcg‘thc»conpuctr hardvare and syse

.tem softvare a&re detatled., The pninciples .underlying data
acquisjtion and the datd base, .consisting of the primary and

secondary ‘£1ies ane ‘desanihed,

K
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2.2 Ovarview 0f The Lung :System,
\

Lung \is -the Computar System .80ftware being developed at
the Biomedical Bngineening Unit, McGill Univarsity, for the
threes ‘dimensional recenstruction .of :stain .injected mice
lung with metastatic tumar .nodules, 30 aghieve the goals

\

\implied 4n our resesrch wbjectives (Ohaptar I}, this asystem

uﬁst Neet several -functional irequiremsnts, SheTitivally; it

mist:

!

t. accept and stape .the .outlines of thi Jung, Itulﬂl

nodules and the alignment marks .in the sections;

|
N &

2. assesble gll :the sections of the lung  togethar to
gansrate & -Compact threesdimenaional model .0f the .lung

and .the -tusor modules;

t

3. display tne lung on a -cathode iray .tube (ORT) .or

‘othar \OUtPUt ‘devices at any speaitied viewing angles
' |

Ao tc:utootznoquinci'nuantxtauauc sngermation wn .the
vaniols ‘structures .én the ‘sections)

B, *ﬂlﬂ‘il‘ltlt!o!¢¢.ll»§o & inaw§ce user by means ‘of
'SNTAraCNAVS RRERTOQranNed SnStTUCLAORS,

1

-
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‘ghe .arganisation of the functional units with respect
to the data bame :is depicted in tig.2,1, ‘Each functiocnal
uni;'ls.loqicaiyxtndoptndinta;t the other and .oparates .on
the data base, Al] programs concerned with dats acquisition

-result in the genaration .of a compact data base,

“he .Lung System, a8 .4t stands today Meets all the state
.d requirements. -The system is intersctive, iensuring user

control at ievary.crucial stage,

2.3 Computar System Hardwale And Sotftware,
*lhoindﬂq System :18 .implemented on & PDP=31470 midicom=
puter with 256K bytes of .care storage and 88N bytes -of
oh=line sass starage (DBC-?POC). Oft=Xine mass ttoraQircﬁn-
sists 0f (IBNecompatible tloppy disks. The .arganization .of
the midicowputer and its peripherals i3 displayed in
£30.2,2, '
» ) ’ -

. High speed Jektronix 40xX starede tube terminais ane
L-od ‘gar .the display 0f threesdimensional pictunes,
/Flrllntnt*cbnictnot theae pictures .can be :obtained on a
‘qtlphie:thlxd‘nontlr t3ektronix 4631), Colaored pictures may
e outasned on the -¢igital plotter (leMtrani 4662),

/
‘ghe . Alnput Stavion’ consists of & Numonics Digiviwer
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PAGE 12
intertaced to the ppDP=11/70 (£ig.2.3). The slide to be di=
oltizeleQ mounted .on the projector, The projector lens {is
adjusted so that & well focussed and magnified projection ot
the section 1s obtalﬁed on the Tablet, The outline ot the
contour nay be traced using the ’pen’ (the tip of the slide
ing arm), By pressinq 4 button, the position .of the pen .is
transmitted to the computer and displayed on the CRT to pro-

vide immediate feedback to the user,

The PDP=11/70 'runs under the RSX«=11M V03 Operating Syse
texr in a real tini multieuser environment, The Lung Sy;tem

is written in the pPDP=11 FORTRAN 1V PLUS language, DEC sup=

~plied graphics software package (PLOT=10) is used to direct

.graphic output to the starage tube terminals, Ine-SCLQnt{t-

{
i¢ Subroutine package (SSP) has also been used iextensively.
2,4 Data Acquisition And Data Base,

The purpose of data acquisition .is to extract relevant
data from wsach section for use by the alignnent and display
F;qulll. The relevant intareation consists .ot th; boundary
of the lung, tumor nodules and aligneent marks in each sec-
tion. The boundat es (ar contours) o .these structures are
lpproalnnucd by line segments, and internally represanted as

4

the coardinates ot the .end=paints ot,thi line segments.-

4
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.

Data iextracted tros any lunw is stored .in two data
tiles, wia, & .prisary data file and 2 secondary data ‘file,
The coardinates are stared in the secondary dats file, .The
primary data file acts as a tabho“oixconunntl to the gecone
dary. data file by giving the address .ar locatian of 'all .cone

tours staned .in the sscandary g1le,

The prisary data tile 18 arganized in terms of necords,
Each irecard .being asaigned-to a sgecific structure (lung,
tumar nodules of alignment marks), the recard number explie
citly :identifles a structure. LFar .the sake .0f .consistency
the fallowing numersl assignments have been choseni record
iﬁunuers 1 ,2 and 3 are asaigned to the three alignment
marksj :recard number 4 to the lung; and subsequent Tecards’
are assigned to thc~tunnr‘nod&;ao.l,A-rucurd.'ncttntnino to
a lnructunc;mosards the Cddt!llgj of all contours compoaing

4t, Rence, the iist of 111~eoﬂ§curl’tn a structure .can be

conveniently .‘read=off’ -fzom the secondary dats sile,

‘One necqrd .in the pnimary data file is peserved to

store .the Is-coordinate .of -all the sections .composing the
”‘innq. ibn additfon, .the vary -2irst mecaord .&n .the prisary
data '$ide centains .sndqrmation on the .cunrent ‘status of ‘die
gitisatian, vCGllktl;detnlll:onxthﬁ'ilta structure ot .the

pRimary and secaondary data £1les are available in appendix

Ay ! \ -

i
.
~ ~
§ : s
N /o~
e — ~,
N
<
N

Sy




———

|

PAGE 34

i

2,5 Starage Requinements,

A lung may uo;ncpiltqucd.by»no mare than 64 tcnlll}
sections. ‘Accardingly, gpéﬁﬁhillrv data Q&i‘xtl'COIFOled.bt
Tecords 64 wards lang .(each ward .consisting :0f two bytes .in
the ‘inveger farmat). 'As shown in 819,2.4, 70 such wecards
are avaflable far use.The secondary ‘data tile is composed ot
1000 inecards, .each ‘recard being:632 words .Jang (£18.,2.5).
Both -the '‘primary and the secaondary data £iles lexist as ran-
dom a0cess ‘files .on -the system disk, ‘The .total ntormation
'content of .these two files amounts .to & manimum ©f 73K
bytes, ‘

|

2.6 Data Aoquisitian Programs,

‘The Data ‘Acquisitian programs facilitate .Lnput of data
and ‘its subsequent irouting to .the proper location far 'sto=

rage -3n .the data bage, . The programs set farth .the .interace

tive 'poocedure .in which the user may contnal .the :entry :of

data. ‘At iavary stage, the data .is checked gar logical jne
‘conlilﬁtwfiit.

‘Ihe /ppograms cohcerned with .duta acquisition ase)
‘inocz@u"natiaiequittttca. Rrogran Digplay, Arogram bung and
Progras Jnpus. Rrogras Qonvection .is separately included .to
nahle .conzectiens of ithe data base at eny uture tine,

5




A

ES
'
2
'
s
[
«
"t
.
1
é .
’ ?
o
PR
3
. A
B
LA
o
ok
‘
s
s
,
¥

L t
‘l

rig. 2.4. The primary data file (random-access)
conaists of 70 recards, each réccrd-.containing .64 . ” ' o
words. Tables named IN!‘OR; MEMTAB, ZTAB, CONAD are '

-tarq/ in rcdordn, as shown. Appendix A details the
f ]

information content of thess tables.

. .
. o
] & e
b o
¢ \
7
, * o <
. -
I . .
i
' I
\
¥
1 * 1
Ll
. .
5 -
a
,
¢
.
.
t
v .
.
.
B
3
. o1 oS
4
’
N L
A z
f
i ¥
1
.
| .
‘
, .
[ . ‘ v
\ v 1 i
. A F
i . ' »




T

i

CONAD

n’ mmJ uxnmal ZTAB | ZTAB

INFOR | MEMTA

70 RECORDS




—————

. '
. \ )
* } Nod v ! * i vy )
. ‘ . [ o B e CEEA LN . . &
. ;3 LR A o -
MIII ¥ b TR .

-

"

)
r
-
T Y\{
s
}
) )
a

o
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consists of 1000 records, each record containing

32 words. The X, Y coordinates of points along the \ 0
contour are stored in this file in addition to

information pertaining to a specific contour. The

data structure is detailed in Appendix A. .
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CHARTER 11l
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This .chapter :eaplains the a&tqﬁuout-opnrcn&on.(-luczno-

0esSary transftarsations are developed, 'rhelnnhnnipkt:ot'J-D

stereo display s presented. Algorithms to-extract quantie

tative data such as volume and surfade area of tunar nodules

ave presentied,
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3.3 Trenslation And Rotatipn Factors, ‘ ' .

PAGE 16

[

3.2 Axldnwent Ot Sections,
To:generate a usable ‘stored model® Of' the lung a prels

iminary a!lonmentfoperatxon is necessary.: 1he”a;19nnent.op-

eration must correct tor varlaetions in the positioning ot

the irage ot the section 'on the input tablet. ' o

Two adjacent sectlons can, be correctly aligned by

matching ‘up ddentical Laﬁdmarks on the two sections, The
landrarks can be the centers ot the alignment coﬁtours
and/or the centers ot centours of othér struptﬁres (lung and
tumor nodules), The positlon of corresponding landmarks on

the twg sections is usea to compute the displacement of one

section relative to andther in terms‘of a rotation (angle)

and translation factor, LEach of these factors .is computed

by applying the least squares criteria on the distance,

between the . corresponding landmarks on the two sections
These transtormations cen be upplled to 4ll the contours
édnpotlnq tnawutct16n hexqq aligned, Repeating this proce-
dure for all ;cctlonl”lh?thllluno results in the vcntrutlon\

?

ot a compact rode)l of the lung,

) 1

Algorithrs to compute the transletion and rotation !ac-//‘

tors dre based on the tesults ol\:nc tollowing rathermatical

© a ¢

4
. ¢
\ |

\
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.A3ed, .Hence, we difterentiate 8 ¥ith respect to A and B

"0;, ’

Vo

developnent, o “ _
\ %

. ’ -
o

' \

Let Xgand ¥y be th?jcootdlnatcs.ot.:hf conter of mass of
the 1§ th contour in 'the reference section. 'Also, .let Xy’
and Y4’ repressnt the coordinates of the Centar of mass .of
the { th contour in the section being aligned, it the sec~
tion hllnc‘n}iqn-dtis moved by translation factars ot ‘A :kn
the X-axis direction and B in the Y=axis direction, the re-
sulting distance Dybetween the corresponding .lanngix: can

be expressed as: 5

@

, g | \
oi SR P NP PUCTY S P N SPICIN PR D

The sum 8}ot‘tno squire ot these distances gor .N .contours
B N , 4 &

_is expressed as: | .

N, 2
TF- T

Ne are sdeking A and B under the condition that .8 .is minime

9 .

stpatdtely and set each of these differantials.to yero.
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‘Similarly, by setting ‘. :
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Next, if the uctxon beinc aligned u rotated - by an

e

. ‘angle € with ;respect to the refarence. ncuon. .the dutance S

)

.Dg between -xhe“corngapunqmo llndlll‘k% can be iwxpressed asj

.+ o= ek, . (Xi"Cosx "r'ﬁa“““}“?‘r' (X P84RK ¢ X ,°Conrd)2

¥ ) 2a
Once again.the sus 8 ot the square ‘0t these dunnén "L

for N contours 1s uumund ass . LA o
R o k
g
Qur aim i find an angle o such that 8 s minimized, “
Rence, tiating B with respect to mng’& and )

- | 'setting -the result to stro we get: : \ s
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5

eiving , \

* s Y'Y’ ‘
PEEFA

‘v ,‘ .
Tan = éi (Yixi )sili M (X i

i
. ' %
Alignaent may'e imperfect due to truncation and roun=-
Jottgacrrors ar idue’ ta impertections inherent in the sec-
tléﬂi, This .errar may be dezlnedu as .the average of the
angle (in (radians) -each landmark .ls displaced relative to
" the reterence section.. The average error e is determined as

tollows, : \ {

[]

Iin equation 2a, ue.sau that

! 2 , s . i
Dfe (g = Gty °Cosx = 4y *Sinfecy, = (X St ¢ X
i N )
1f alignment is pergect,
|
:

Under this qonditian.

p, = 0 tor all i,

Xy xiicmnc - Ytl‘Sih‘( | ‘ 3a
SR | Xy '8inc ¢ x‘!'COIK 3b

‘n ’ ( "
‘so*vipq.'an and 3b simultaneously, we get ' e

. Taneg L ‘?;"f’ o S PRI R T A Y,

_where angle , is the anqle the i th contour'should be

. Totated to pertectly alien it,

o

s ’ \
| . L .
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v

The average error ¢ is theratorq given by

{ n - - .
‘a } -, .
e a i:él(nn}.l ‘nnoj(“)

1t alignment is perfect, ¢ = 0 and

A i

;unn(,L ] tam("
Cla11 g .

Alignment is a two step procedure, The factors A and B
as computed in equations ja and ib determine the translation
of the section. The angle« computed as 'in eguation 2b
determines the rotation :necessary to complete the alignment

ot the section,

1
Program Align computes n;e translation and motquonn
tactors :in accordance with equations 1 and 2b. .It peraits
alignment .of sections interactively, Programilnput (Chapter
I1) cqupﬂunu the center of mass of all contours as well as

Athe area enclosed by the contour and .its perimever, o

@ N

oﬂ'}' “
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Alignuent Operatian.llliustrated,

- 1An.tllustration of the lhlonuuntaogcr.tionxis presented
An £19:341 .through £19.3.¢. PRig.3.1 presents a display ot
the reference section (No, :32) with a ‘T=anis caardinate .ot
112 units, <Contours marked 31,2 and ) represent .the sciatic
nerve ‘sections and say he used for ltiqnncnt, JRigede2 dige
plays .the section (No, '3%) being a)igned to iho:nttnmdncc
section, Fi19.).3 shovws .this section uranslated with irespect
to the refarence gection, The translation factars are dise
played in the uppar .left carner, Rotation is the next ‘step
4n the alignment .operation, Figi3.4 displays section number
'35 patated with (Tespect .to the Tefenence loantcni ‘This COme=
‘Rletes .the £irst iteration in the elignment .oparation. Mo
Amprovenent .in alignment 18 seen after .the third .iteration
of .the ‘alignWent operation. :Satisfadtory adignment -of .two
sections is achfawed within three iterations,

il

3.4 Graphics Display.,

[

<

-ghe graphic disnlay module of the Lung :System permits
the :vEe¥ar .6O examine 'the reconstructed .1ung 4n .three disens
ssons. (It ks :posainle .80 exanine the .lung ‘Avom ditferent
angles ©f vBev .my specifying the angle .of imotasien of -the |
1ung ARt iX,Y ar “Seanis, Ine 13«0 pioture may e Rreviewed
onelinie eh @ ‘starede -tube u:gﬂm& °  Reraanent

[+



Fig. 3.1. Computer display of saction number 32 (Z=112).

cor‘n{t:ourc wkod 1,2,3 are the aeuiat:lc nerve sections 0
used for alignment purposes. Contour 4 represents the
lung ssction. Contours 7 and 9 are the outlines of tumor

nodule sections in this section.
}
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v Fig. 3.2. Computer display of section number 35 (Z=71).

Contours 1f2'3 are the sciatic nerve contours in thias

section. Contour 4 repreaents the lung section. Contours

5, 7 and 8 are the outlines of tumor nodule sections in
|

. section pumbar 35,
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rig. 3.3. Computer display of section number 35 translated

(by factors indicated in upper left cornex) to align it

with section number 32. The translation factors are computed
by applying a least squares error criteria to the position

of contours 1, 2, 3 in the two sections baing aligned.
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|
colored=copies ot the picture #re obtained by directing the

I3

output to the digital rlotter,

&

) \

The Stereo display syster we quclppcd results In a
three dimensional wire=mesh model of the lung. 7The followe
ing sectioh deals with the principles ot sterec picture gen=

tratxoh. The necegsary transtormntionl are also developed,
3.5 Principle Of Stereo pjctures,

kan’s ability to perceive aepth-by fusing together the
two Limages (one in each eye) ot an object is the basis of
'stereo plctuxes. Essentially, & pair ot Purlpoctlﬁo projec=
tions ‘ot the object on a’cémmon plane 1 obtained, The two
pictures when viewed through a stereoscope (ar even with
unalded eayes with some practice) enable a 3-D perception of

the object (11).

éantral to the principle of stereo FéctU§!l is the gen~
eration ot perspective projections of an object, A photo=|
graph ot an object §s essentially a projcctlon\lot the .obe
Ject, 1t one iragines & picture plani to‘bc interposed
between the object and the eye (camera lens), then the locus
0t all points in the P$§t0r0 piane and on the pencil of rays
/@BANAting tror the object and Eonvcrqlbo at the eye (canera
lens) would detine the perspective view of the chject,

\ ‘

Ay
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a*}?-!

Lt

[

lr;nclpli.al perspective projections,

-

0w /
This is llustrated .in £ig,3.5 and £1q,).6., The n&:-‘

e

). . .
Jection 0f triangle ABC on a plane P 'is ?onﬁnod by A‘’B’
o ’ - i \

. _ Fhe projectich is obtained by draving rays through points
A)8,C trom the center O, The points A’, B, G* .in which the

\

rays \tntarsect the plane are the projections of paints A, B,
e €, respectively. [FiQ.3.6 f{llustrates the projection of a

A
J..;

straight 1ine on an arbitrary plane. .1t ‘48 clear therefate, ;
that .the projection of a straight 1ine is the locus ot the.
nro:oc:%oni.ot)polu:s'an the ‘1ine (36). Fig.3,7 f:arvu: 6
d;upllw\a parspective viev of a cube, - '

o~
]

¥ .
& 5\“‘ o ’ \ . ¢ , -y
PR

Ny Nathematical Basis (0t .Perspective Projections.

-

s

Lk R

BERIRE

o »
S

P © Let:tne set of coardinstes A, H, % ‘describe the
aity ] ' i | e \
three dimenaional object, Let the pictyre plane (the plane

.0f projection) be defined by I » 0, and let. the object be
‘behind this plane, The viewing point nay.hﬁ assuned to e
ot a, b, ¢, \ , . | N
} The projection ot the objett anto -the utoui;g Dl
will be ‘detined by the set of points on tnexvtolihOt;lAnc
;x,"”. '¥4* and &, = 0, whare the iine joining the points g,
¥, and ‘3, to the viewsng point 8,b,c intersect the picture
Plane, B8imilsr triengles can nov be o;tabxlnn;é as shown .in

1)

a8y
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P = R

Jond

S
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TR AT IR E R R T P

e , o
rig. 3.5. The porlpoctivo pxojtcti.&n of triangle ABC
on & plane P is oh;uinud by drawing a pencil of uy-
originatinq at the vhw point 0, touching points A. B,
C and mmeoptinq the plane P at points A', B', C'.
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Flg. 3.6. The projection of the line ABCD on an arbi-
trary plane P is the locus of the projection of the

points on the line.
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119.3,8 resulting ip the following relationships,
I

Xg* - a Y* = b e

x’.-. ‘1“ ‘ziu.c‘l

i

therefare,

xt’ L] (ati - Cx")l(zt . ¢)
i !i‘ . (b!i . CYthzi - ¢)
| ' =0

Homogeneous Coordinates,

\

b (:) o \xt the coordinates of a point 4n thres ‘dimensions .is
’ written as & 4 vector de. as ( x y % d), whare d can be a

. : scale factar, then .t 1s possible to carry .out .the .opera=
tions of ‘rotation, translaticn, perspective transtarmation
and scaling by a aingle 44 transtormation matnix .°3° (1), <

P

-

Iy

- %

A W W R U vem
‘

1%)

- W W W

1% ‘ f

G A A N G SNy Ve

L
]
.

The 3¢) matrix produces a linesr transtormation .in the form
of rotation, %he 1) row matrix produces transiatlon, the
31 column matrix produces perspective transtarsation and

4
L




Fig. 3.8. An illustration of the perspective projection
of a point P4 on the viewing plane %=0. The view boint:,
0 is aisplayed at ‘a' units on the X-axis. Duve to

sinilax triangles Xi'-8 = __h ‘,
, Xt -4 L +h
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. |
the l:l elenpent can be used to-produce overall scaling.

]

Mathewatics Of Sterec Picture Generation,

En what tollows, alf the principles outlined above have

.. been utilized to arrive at the formulatlion of watrix opera-
\ tors R0 ‘avantually generates a stereo pair ot the object in
question, Mn Xeaping .with the objective of .being able to

. 'view .the .bbject from any-desired viewpoint, the tallowing

outlines the lctnad.to translate, ratate about any desired
axis and subsequently produce & pair ‘of perspective pilce
" tures, The .various ultrtécu are multiplied in the order in
‘; ) which the transtarmstions are pertormed,
| |
‘She .ohject 1s first centered ie, the .arigin ot .the

§ ‘ coardinate cy%ton {8 moved to the center of .the screen and
? colncident with the center of gravity of the object, The
t o " gsollowing matrix .As used gor this oparation,

txyz1ifa000] = pxéyiz
0100
loo1o

BN

' ri
“p . -

The tactors p, q, v are established by tirst determining the
center Of Qravity of the object and the centar of the dis-
Play screen, Rotation about the X, X or Ze &xis can be par-

l
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tormed by the gollowing three matrices (2) rllaocttvciy.
r .

1

" Rotatlan ntbuud the X=axis,

| "1 0 0 0
0 Cosx =8ink 0
0 sink  Cosk 0
- i ' 0 00 1

b ’ Rotatian around the Yeaxis,

s , ’ FCOIK 0 8ink 0
' o : ’ ' 0 1 0 0
«8ink O Coax ¢

b (w) 0 0 0 1

W - :
‘ ‘Rotationh around the -axis. J
] . i ‘ .j
r -
5 CosxX =8inK 0 0O
e Bink  Cosk 0 0
" ab \ 0 ‘ o
. N oD
e -

Fil

where ¢, ¢, ¢ are the translation factors and 'd .is the scale

gactor, the translation at this ‘stage serves to move the
object Benind the scresn 30 that the perspactive view -does

not qet ‘distarted.

'Y
“

3

- 'She parspective transiormation for '!‘h"i:;§32°b‘!1ﬁ'¢
| ' ' 7

I

|
t




1O .8ince .h is large covparcd,eo
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by considering the wiew points at a diatance ‘h* .An tront ot
the picture plane apd'tyunctrtc0x1¥)pxaeod‘nﬁout.tno z-ailé
on & iine . = 0 fe, it thn‘ayo separation is 2e, thc‘thQ-
ing points are =e, 0, =h for the left eye and ¢, 0, ‘7p for

the right .aye,

‘Theretare,’

(hX, = €3,)/(%, +"H)
(hxy ¢ €2,)/(2; + h)

Ny /02 ¢ 0
¥, Tignt

8!’ Llett
xt * right
: ¥y* left

X' keft m Ky = 3, Ce/h)
X g might @ X, ¢+ 3 (o/n)

the matrices tor the left and the KM.CM“ ‘eye ate .therefores

o ‘ L
For the .keft eyes ' '
! pa
1 0.0 0
\ y
! 0 10 0 .
‘ “w/h 0 0 O L
- a0 01
- e s o /
L | 5 ’@‘ ,
& ’
. / o
f ' . N
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For the right eyes ¢ .
.
" 1 0 0 0
01 00
eh 0 0 0 _
XX EY ")

Where » and n are the translation tactors .te |cni|:c{<tno

T

proper separation .betwaen the two views,

In conclusion, it the composjite satrix (the matrix .ob=
tained by multiplying the proper matrices) .is "A‘ and it the
coordinates X, , Y, and 2, of the object are wnitten.in the
Retrix form as (X X 2 1) then the matrix . x* ¥‘ z° 1)
would yield the transtarmed coordinates,Where, ‘

X0 X0 2 ) o XY Z MR
“ \
‘Rrogram Stereo Picture torsulates ithe tranalation, roe
-En:iono and nit:pocttvo‘trlnngerung;un matrices. the compo=-
‘site matrix obtained by multiplying the required :transtorsa-
tion' matzices is .used by Program Picture to display a stareo
pair ‘ot the dung. ; |

.

R

‘SaNples .0f Starec pictures produced by the stereo dise
play systes are presentsd in £49.),9 through £1q@.3.13,

These Rictures ware oBtalned with the following picture pare
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rig. 3.l0. Steresoscopic colm: dhplw of a rccomu'ucud
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{

areters, i
4 1be cnqxil of rotation around X, Y, Z axes 30
‘b The picture scale tactor . . - 0.8
¢: The eye separetion distance 30 mn,
do The viewing distance %0 cm,
% The separation bitwcon the pxcturcl’ 30 cn,

Fig.3.9 di8plays the stereo pair of the lung, The same
. | ‘
picture is visualized with gQrester clarity in £49,3,10 where

ein the lung end tumor nodule contours are drawn :in two dif=

“terent colors. Fig,d.Vietig,.d:13 display the lung as viewed

trom difterent angles of view,
J.6 Quantitcative Data Extraction,

With programs d!vgxopOQ tosdate »e CAn extract the voe
\Une , SuUZtace ares and tne sphericity index of the tumor
Nosules, 1ne volume and surtece area can be 5cltigaend to
within 8% (test results sncluded In appendix A), Ihe

V inter~nodule aistance satrix il alsa availahle tfor each

ng.

Ihe volute of a turor hodule is corputed by, addine up
the  volumes encloses between svery pair of the planar aece

_tiuns. Yhe volume (V) between uny palr of planar sectiens

Vith Cross=sectional areas Al and A2 , end separation T iss
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.H-é. 3.13. Stereoscopic display of a reconstructed
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v 8 (AL ¢ AT )¥1/2

®

Like the computation of the volume, the total surtface |

_Area  of 3 tumor nodule is computed by adding up tnhllurcacc
- area betwsen every pair ot adjoining contours, The surtace
between two adjolning contours is appronimated by triangular
*tiles as shown in £19.3,144 and £1g,),14b, The edges of the

trianguler tiles are ‘‘determined’ by an ajgorithe that cone -

| nects the dlagonals between points on the two contours. The

A § algorithm £irst connects the two closest paints (a=b) on the
i‘ 33 two contours, then connects a to ¢.4f distance ac s shorter
p - than (or equal to) B4 ar else connects b to d. 7This oparas
K tion 1s lllustrated in t1g.d,14b, The entire surtace .is

‘triangulated’ and its surtece area determined,

: The spharicity index (8,1.) of a tumor nodule is deters
Ained by the following relation: * .

: 8.1, = VWA

where V¥ tg the volume and A (s the syrtace grea of the tumer
) )

nodule, The sphepicity-index attains 4 maximus value taor a
sphere ( 8,1.m,46 ), . | ) -

\\
\

\
.. Progren Data extracts the required quantitative data,
L
\ Included .in this module are Program Direction, Rroqrem pie

angulation, Rrogras 2rngt, and Program Coliate,
b
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Mig. 3.14a. The surface betwesn two corresponding
I

contours X and Y in adjoining sections can h.

ip_grox:hut-d by constructing tringaqular tiles as

o

indicated in rig. 3.14b. )

- 1 A

!

rig. 3.14b. The two closest p?i.nt:l (a,b) on the two
gontours X and Y are aonnoatod ﬂ.::-t. Next point a is

conmct-.od to ¢ if the distance ac is less than or equal

The entire gurface is 'triangulated® cn the basis of
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3.7 System Rerformance Nessurements,
N P
The parfarmande of & S0Ltware system ncv\u; assessed by
-the QcalUnolgnt.ot.bﬁc fallowing parameters, |
1, 11/0 (Input/Output) counts .Fhis is the nusber of
a10's ‘:qsu;a \of behalt of the program. The 1/0 -count
1s & measure .of the utilisation .ot the wexecutive (I/0
.related modules, ‘ ¢ |
3. CPU 2imes .This s the amount of central processing
unit  time (pequined Dby the progrem .to colplete
execution, The CPU time .18 a direct measure of the .CPU
usage, - -
'3, Memary Qemand: ,This is .the amount .of  memary
requived (in Nkilo words) clnc;\ the CPU time (in
odoksnl /00 second) :required bi the Program to execute, ~
. . . Y
" Zhe above 'p;fgniuqri Were measured gar the data
acquisition iprograms, picture genaration pROgrams and .the
quantitative analysis programs, In addition, tne cost s
also -computed besed \an the Rrevaiying irates of computer
sérvices at the Biohedical Eng, Unit, Megill Univarssty,
The tarminal ‘connegt iime ¢uh§éﬁ-conuatbhﬁiu-ua,ano'aoltJltu
vecarded as well, o

!
|
N t
] |
[ 4 . . ‘

|
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Plt‘llﬁlrl'ﬂlltﬂtnq'Idrﬁni'Dltl‘lﬁqullﬁﬁton anogrlut.x

I

l

A BEngle section ‘of .the Nouse lung was dlgitised and
aligned (with respect to & petepence section), The

_~'tellening perfarmance parameters waph recarded,

, o 3erasnal Qonnect 1imes t4nin,

2. 140 County 1622
3. CPU.Times 37 sec. 4and 40 ticks \
,////::/«Nonqtv Denandi 104921000 kv¥ticks '
n 'as. Qost per gectiony z.o‘doxlgru (apnncnlnlioxf)
Based on the cb?vczoaotngyo. eno;caot(gt*qiciﬁiufnc 60
sections .in'4 lung nouxd\§z\fnnfontnacclv 12040 dolliare,

N

‘Relating 10 :J«D :Steareoscopic Qelar Display 0f A
f ’ 4 f, J

Lung,. . : .

Paranstars

L h «1u:n§nnl-ecnn‘otsltnij;1y.|&n. 4
2, 1/0 County 892 ‘
3y CPU Nimet 21 mec.. and 81 bicks,
4, Memary Demand: 291¢1000 kw¥gicks
.i;‘rCOlt*llllﬂlﬂluail 68 .conts (approxinately)

A - *

Q

Paraneters.elating 3o -Ine ‘Quancitetive Analysts Rrograme,

; N L :
5o’ 3erainel Connect ine} i mih -
‘2. 1340 Qounty 337 . . .
* W l\ ‘ ¢ N " -
/ L
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} NXPERINENTS 10 STUQY | NETASTATIC GROWTH /
' o
‘I ¢ i ,
[
i
|
- \
tu R \ ’
S ) 4.1 Introduesion,
( o -
Lo
- 3n this Chaptar i1 -descpibe ‘expariments .conducted 0
] :s“ « . \
’ study the growth of tumar nodules 4n wouse lung. The thrae §

’

,
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PAGE )8
4.2 Rationale,

Metastases occur -fallowing the melease 0f .celis trom a
primary tuncr (43), 3he bloode~barne ‘metastases 9o through a
series of stages (),7,43,47), vis, -cell separation, dissen-
1anEton.kfntbtal&ontnpxtlnulnt and nnelxkoroutnn.‘qylntulxlv
Ltldlnﬂaﬁo.fcl&nlcil'lIitlltpl!l. Gnce the cancer embold

_ are anrested .in a .capiilary bed they sust penetrate the vase

eular iendothalium to lestablish metastatic gecd. aubui@ucn:
Qrowth .of tumer nodules irequires the developuent otilnkado-
QUATE (VABCULAr SUPRLY (16,42,46). Factars alloctgnd}‘uno
Proliserasion of tusar cells can be qaounot‘qqﬁqgjphnnatton.
growth ‘stisuleting tactars, end growth .inhibitary tectors
t30), The nature of arowth 0f tumars at this stage is dee
pendent on the mutusl ‘interactions ot ithese -tccgoru' (Bued
and :Soil hypethesie, Paget 1809), "Ine sole of theae factars

on the growth .of tunars .is pocrly understood ¢7,9,33),
‘the ‘pesnt of out -enpelinents was to sw;ucuutleuttv anas»
y’apuutnx dilomibutlnnuo! ehcﬁeuncr

!

nedules \in mowse lung .Cupper Jedt Jone) dhd.tn.thlc vay des

carmine -she egdect of Rigroenwizonsent ‘on grewen,

A+ Natenials ‘And Nethods, o !

AhkESY OSTBLASY miGe wape Snocyleted with 2083000 \B46

«
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? ( ) : mouse relancia cells (44), Lne group ot tifteen mice was
sacrtttcia atter 19 adys and Lthe ruaatﬁtnu titteen vare sa~
criticed atler 24 ocays. ‘Ihe leit upper lobe of the mice }

lung (hitherte reterrec as the ';unq') ol l(u animala, three

£100 @ACh QrOUP were prepared Lor nistological sectloning 4n
s | @CCOrdance with stancaro procedures. ‘the lung tissue was
tixed in UV tormal sallne and erpecued in paraftin wax,
Prior to Lhe sectlaning, three pieces of sciatic nerve were

sncroducda’into the paretiin wax plock approdirately perpen=

“; diculer to Lne pldne ot secllondng (these later served us
§%~ . ' ) P
%'{2% - dddgnment Quides during the serial reconstruction), 1he

Luny «as seridlly secticnea &n #n American Optical Corpora=
tion "820* Hpencer picrolowe, 1nto sections ¥ RiCrons thick.
Dulan“ICGC1Qﬂ$n0 (the temparature ot the oa:ateln block was
Kept approxirately constant by repeatedly treeging it tor
4bout =¥ ninutes. ‘In¢ serial sections were stained and

. sounted on slcrosCopic siides, '

N

lﬁo lntnrncgﬂvu,Conputir Systes (Lung .dystem, Chapter
11 app I11) enables digitization of the lung sections on the

microscopic siides, Using this systes the entire lung can . |'
DO FecONSLIucted and relevant quantitative data (such as voe ' of |

lume, surtace area, sphericity ‘I“!X 0f tusor -ﬂﬂd!ﬂ.ll“) "Qlll!

!

"be computes,

f ' xne histological procedures are subject to mystematic

i -

i
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. " shrinkage and .compression enrars, Kxperiments weare conducte

4d to -quantitate these serial sectioning Artifects (eppendix

B). -Al) data are carrected gor-these sysctematic histologie

cal ennars, ' “
1. Data Acquiajition, e

The shide to be dleivised s mounted on .the projectar
and the .image of the contours which .is projeated (magnitied
T to 27,36X) on the “tablket®, .can be digitined by moving the
pen’ 4leng the aontour, Under program centrol, the posis
tion of points along .the contour are Gransmitted to the aome
putar and displayed on & CAT, he .‘digita)’ desaription o
the -contour (in tarms of. oht Ay ¥ eoardtnau-uxot the points
along the contour) s essinilated inte tqo data base on the
storage ¢ise, A typscal sestion 48 -nounkxn 449,441, Whanes
An -contours 1,3 and ‘) are the -eontourl\ol .the selatie
NArVes, -gentour 4 iy the .contqur of !nq lung and .contours
912 ake the -.cantours .of the tuuur;ﬁedulcl. ‘Lach :contour ®
mey consist ot I“llillﬂl\ﬁl‘ii?'Geerq4ndi|'ﬂﬂln30. A manie ’}g
aum 0f 64 difgenent mections can un/élctutugp gar :eagh .Jung, |

— . / ” W |
2, -Alignment Of :dections, / ”

/

/ k \

vvvvv

“Ine adignment ¢ & secbhon, (with respect .£o. snathar
section) 4¢ achieved oy pinedng the censar ot .the caprese
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rig. il.l. Computer dhplgy of ‘a typioal lung section ‘
digitiszed from its histological slide (magnified 27.36X).
Contours marked 1, 2, 3 are the sciatic nexve contours-

used as alighment guides, Contour marked 4 represants

the lung section and contours marked 9, 10, 1}, l2

represent tumox nodule ‘contours. Scale. 1;14.1
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‘Ponding uclilsc»numvo contours into close Qanrespondence
Vith .each .other uaing & least squared anrar critenis
(Chaptear .L1E1), '

The Blta base resulting atter the completion’ ot the
data aecquisition end allgnment proaedures far any lung can
Be dinectly used by the 33098|y and nnaxleilnaaorano.

8

-3« 1nree Dimsnstonsl Display Of The Lung.

The xuni»nleonl;ruuund grom senial sections .48 displae
yed a8 A atereo pair. The Lung syscen ﬁotutt|§vt';|":o be
obtained trom ditdarent angles.of view, This display tecils
Jtages the .ebsarvation .ot the spatisl relationahips ot ‘the
tunor nodules, ‘

4, Quentitative Analysis 0f Ine ‘Recanstructed Lung,
[
ABOUIARE NaVe LESN devaioped o GOBPUTE, 4aF €ach 1ung,
the veluse, surfece anes, the sphericity .ndex and -the
\Gantermtoegentar digtanae 0f tumor inodules, "

B+ MNonte Carle Sisylations Of .Inree Dimensionsl Grovth Pate

-GaEns (An 2he .Lung,

e

‘18 .She ‘spatial “disunibution of .tusar notules n the

' ¢
¥
.
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" § '

lung ranacom 1 10 deterrmine the characteristics ot a randon

spatial distribution the following simulation (called a

Nonte Carxo llnulattoﬁl was pertormed, For each lung under

. study, random points vere generated, In each lung as many

points as the number ot tumor nodules incident in the expere=

Anental lung vere generated, TIhe centercto-center distance
of the randosly generated tumor nodule positions were coae
puted, By repesting the trials with ditferent seed values
of the random NURbET generator, adequate dats on the first
neighbor distances can be collected to determine the distrie
bution of the tirst neighbor distances ot randorly generated

points in any lung,

The distribution of the £irst neighoor distances of
random points in three dtuinqtonnl space 1s also ;noun. 1t
I represents the tirst neighbor distance, then the probanii=
ity denaity tunction (ot the nearest nelghber distance) £(r)
is qlven (18),

)

f(x) = A;n:acxp(-agﬂt’)dr ,
wherd 348 the number density of points,
The mean nearest nejbnhbor distance R is

" and the varjance v i “ )

.o

¢
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,.u‘ Results,

30 Tables B the date computed far each Aung under study
are displayed., Each Table details the volume, diametyr ot

an equivalent spharaid, surtece ares and sphenieity index of
each tumor n the lung., The asaociation of the tumar nodule
with bronehi .or blood vessels is detailed., The peripheral -
of panenchymal .nature ot the tusors .is also inecorded, The

canresponding sterecqgrans eor these lungs ane ‘Qund Y,
L £ig.4,.20840,4,7,

‘Table .C SUBMARiZES the Mean volume, mean surtage apea

i <:) and :the mean diameter ot the tumar nodules. droup 1 lungs
S were ohtlsnld trom nice sacrifticed aster 19 days and éroup
11 mice uqno obtasned trom mice -lurxaxccc atter )0 days,
The .nunber .0f paripharal tumar .nodukes 1 largar ‘then .the
‘AURber Of 'PARGNChyRal .tumar nedules in both Qroup I and
, aroup 31 lungs.

{\ A y -

‘The aveTage volume ot pepspheral tumars (41 ) 4n

Qroup 11 &nd (395 mi 4 Grous 31) .18 £aF Greaver compared to b
the avarage -volume .0f ithe panenchynal tumars 4n beth Greup 1 ﬁ?&;’
(06 B1):and Gooup 131 (,0) Ml), -The avarage valume of papie .
pheral tunars 4n doovp l! (398 Il);tl consjdaranly qreacer ,ﬁ§
~¢onhlunl 30 -that 4n Qrouplx Cedd B1), The cvqrnqa‘ucauuouet” ?g&.

parenchysai tulqtl €402 ml) 4n Qroup isl 4s e snaldest ot

4
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Table 3(2) . Summary -of data concerning Lung @A,

PR stande for periphexal, ¥C for parenchymal, PB for
mi&mhtil and for pexivasaular tumor nodulas.
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‘Table B(3). Summexy of data concexning Lung 1lGA.
PR -étndd for peripheral, PC for parenchymal, PB for

peribronchial and PV for perivascular tumor nodules.
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PUNMOR VOLIME DIAMETER SURFACE SPHERICITY . PR PB 4% NECROTIC ANATOMICAL
»0. A::za INDEX or } INPLUBNCE
: xer’ m o S .
2 0.14 0.64 1.55 0.42 PR & PC - PV s - Chestwall
3 0.54 1.10 3.88 0.41 PR&PC PB PV - Chestwall
4 0.03 0.38 0.58 02 apc - v - Blood vessels
3 0.87 ° 1.18 5.86 0.40 ¥ PR & PC =~ 474 - Chestwall
1
6 0.12 0.61 1.38 0.42 , PR & PC. PB —RY - -
. | '
7 0.40 0.91 <3.05 L 0.42 7 PR & PC =~ PV - . Chestwall &
- ’ : Blood vessels
8 0.99 1.24 8.18 0.35 " PR, PB PV - Chestwall & -
, ‘Diaphragm
9 0023 0076 2.83 0.36‘ - m & Pc - - - ¥ -
; . ‘
1o 0.29 0.82 4,12 0.33 PR PB v - Chestwall
11 2.34 1.64 19.07 0.30 PR - - necrotic  Mediasternum




'l‘ahh"nu Susmary of data concexning Lung 15A.

/
z .
:»
avpl s

. \
PR stands for peripheral, PC for parenchymal, ;‘ for -

peribronchial and PV for perivascular tumor nodules.
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PR stﬂxds for peripheral, PC far Jparenchymal, PB for ‘

porihronéhhl #nd PV for perivascular tumor nodules.
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Table B(6) . Summary of data concerning Lung 26A. '

PR stands for peripheral, PC for parenchymal, PB for -

peribronchial: and PV for parivascular tumor nodules.
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TABIE B(S) -
LONG 2GA, ;
TUMOR VOLUME  DIAMETER . SURPACE  SPHERICITY “vr B BV
R A B -
1 6.16 2.28 30.38 0.33 PR&PC PB PV
2 0,01 0.27 0.30 0.39 pc - -
3.53 1.89 . 22.26 0.32 PR & PC PB BV Chestwall &
B:l:ood vo/-g}c
4‘ 0.67 11.09 5.36 0.38 PR & PC PB PV Blood vessels
5 333 1.66 "19.20 0.30 "PR. -~ BV Chestwall
- 0.83 1.16 6.65 0.36 m"s; pc z;n PV Chestwall
7 0.27- 0.80 3.80 0.33 . PR . =~ PV Chestwall
8 0.04 0.42 1.43 0.30 - - ‘
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i S rig. 4.3. A stereoscopic color display of lung 6A reconstructed. Blue

contours pertain to the ‘Lung. Red cmtoﬁurs indicate tumor nodules.
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ung. Red contours indicate tumor nodules.

Pig. 4.5. A stexeoscopic color display of lung 15A reconstructsd. Blue
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.6. A stereoscopic color display of lung 24A reconstructed. Blue
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rig. 4

contours pertain to ths lung. Red contours indicate tumor nodules.
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rig. 4.7. A sterecscopic color 'di.splay“ of lung 26A reconstxucted.{ Blue

|

contours po:tai.n to the lung. ied contours indicate tumor nodulesé.
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'The ‘fnequency with which individusl diemetars of .tumar

\ ‘ .. . ,
nodules 00CUr, 4as grouped .in class -intervals .of .4 am:is
displayed .in £ig,4,9. he distribution of the diameters .0f

\

Group (I .tumars .is .cospaned with the distribution of the di-

nl$tors.ot the Groyp (11 .tumars,

<
S

It .is dnteresting to note that, with B=36 mouse melono-
Ra cells quowing as isolated spheroids in bissue culture,
Folkman and Hochberg (11) reported a medn diasetar i stans
dard deviation ot approximately .Bl‘i'.lf ml st 10 days, tjs
036 ml at')4 days and 1,76 ¢ .28 m) at ‘31 days, WNe .obtas
tned & mean diameter ¢ standard deviation ot'¢1gbg'.34 il at
19 days and 1,38 ¢ .,96 ) at 3§ d;yo. .
'Teble D ‘summapises the data concarning .the three dimen=

sjonal spatial. distribution .of tumor nodules .ih the Jung,

Por ieach lung, -the Wean meanest meighbor distance + standard-
deviation :is displayed. 3Ihe mean nearest neighber distance

0f¢ tumar nodukes may be compared with the wmean nearest

neighbar ‘dtstance obtained by parforning Monte Carlo Simulae

tions and by )computing the Mean neanest neighbar distance

_ ‘fer:the .theepevical disgpibution (indsnite space), Far .each

i . :
-dung, 30 Monve .Caclo ;trigls were .conducted.to anpive at the
Nean wmearest neighker :distance gnd‘thq-tninuuncv‘dtsurihu-

Ay

RAGE .41
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| Fig. 4.8. The frequency (f) histogram of the diameter (D)
. (of an equivalent spheroid) of tumar nodules in Group I
. N
‘M' (continuous line) and Group II (broken chain line) . .
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Table DZ The first neagé’ut migl;bor diatance (mn‘ &
standard deviation) of tumor nodules in nxpoximntil“
obtaiined

0 .

.lungs compared with the nearest neighbor distance
by theoritical computation (infinite space) and by Monte'
Garlo simulations. In all but cne lung (24) the experim-:
entally oh.ror“vod mean nearest neighbor distance of tumoﬁr [
nodules is larger than up mean nearest neighbor ;\i.stanea‘

of the random three dimensional spatial distribution of

i3

,
tumcr nodules. .
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o, 1-79 2 0.3
. a4 xo.e8

1.64 + 0.47

1,52 + 0.49°

1.34 & 0.61
2.22- 4 1,01

1.71 £ 0.78

‘1.31 # 0.70

- ) ‘o‘ w -7 ’ T .= -+ ’ = “u -
- BONG TOMOR - EXPERTMENTAL | RANDOM- _° RANDOM
NODULES - * | (SIMUIATED) | ° (INPINITE) .
- A <) 9 1.13 + Q.41°| 1.08  0.60 | 0,89 %+ .0.32
- = 3.69 + 1.11 | 2.29 + 0.62.| 1.45 +°0.52,

'1.10 + 0.39

1.54 t 0.56

[

1.28 £ 0.46

0.91 % 0.33

32
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‘tion of cnceu-um-ntzn-tonhor ‘distances, An additional 40
hnlnl; were »uonéueumd to study lung 10A sare .closely, :In
all but‘ouc aunc (13A)  the ‘cxuqnxlnntax neagest negghbar
ntstandl ‘was qnolucr than ~the aimulated nearest neighbar
distance which .in turn wes Qréater than .the thearetical
.1uc’£ist n’xqﬁhnr distance, -!ho\‘bouhdiév~otntct’ 0f .the ire
igcculnélyfanlpcd lung on the spatial distributian’ of .tusar
‘noduxosxttfi;tktcucdxgn thcviindtnq that .the simulated npear-
“fiat&nct;;;ur:dlataaac is greatear .than the thearetical .near-
o8t neighbar dfstance.

[
[

Q. 2 1) llﬂle‘j’ e 810,444 are displayed the frequency dise
.tributison dli;gnnn 0f .the nearest neighbar distances ot
' tumar .nodules gar each.lung, The fnequency distributicn .obe
tltnvdﬁineljlonctvc.txo ainulations (10 trials .cqonducted tor
all .lungs iexcept 40A -tat which 50 unictc‘uqnosnurtotuod),‘x
cespared with the theqresscal distributien tfar dnsinite
space) and the eapapinental neavest neighbor distance dise
' Geibutisen, he finequency histogram ‘of cbsepwed values .of
.the mean nearest naighbar d;stunoc tar -each of uug 50 simue
, xautono ‘pertarned 10: .lung '$0A .18 shown .§n axn.ﬁ.zs. ‘is
nlsboutlu‘indicauoa that chatnnahihtxttyxotxoocunoneo oc e

- s!‘lﬂtl!iﬂtlt}!“sﬂhﬂqmvaﬂ mean wnearest neighnar dxitgagozta

_..’“ 2.' 4 {
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rig. 4.9. 9- rxiqumcy r) di-tribution of the nearest
neighbor distances (ni of tumnor nodules in lung 2A is \

compared with \th- frequency distribution of the mean
. neaxest nsighbor distances o! tumor nodules qonqrnhd
:andoﬁly. The unlhl\d\@ histograms represent the c:p'-r‘s.-
wental data and the croas-hatchad histograms represent
data obtained from Nonte Carlo simulations (10 trials).
The smooth ‘curva depicts t.l\n frequency distxribution
of the ng;rclt noighbow;' alstances of tumor nodules

P

distributed randomly in infinite space. ,
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!‘iq. 4.10. The frequency (Fr) distribution of the nearest
neighbor distances (R) of tumcr nodules in lung 6A is
compared with the frequency distribution of the mean
nearest nei.glibm: distances of tumor nodules generated
randomly. 'Jrhc unshaded histograms represent the experi-
1 mental data and the cross-hatchad histograms :npmunt—
data obtained from Monte Carlo simulations (10 t;'nln) .
The smooth curve depicts the frequency distribution

of the nearest naighbor distances of tumor nodules

distributed randomly in infinite space.
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Fig. 4.11. The frequency (f) distribution of the nearest
. neighbor distances (R) of tumor nodules in lung 1l0A is | (\
e compared with ths frequency distribution of the mean
| nearest neighbor diltln;:Ol of tumox nodules generated
rando*nly « The unshaded histograms represent the experi-

\
mental data and the cross-hatched histograms represent

data obtained from Monte Carlb simulations (50 trials).

The smooth curve depicts the frequency distribution o

of the nearast neighbor distances of tumor nodules

distributed randomly in infinite space.
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| uq. \a The frequancy (r) distribution of the nearest
' neighbar distances (R\) ot tumoxr nodules in lung' l5A is

cwpund w:lth the !uqmncy digtrimtmn of the mean

‘ nearest neighbox distances of tumor nodules gomtatod

randomly. The unshaded hutoq:m “w.“‘l‘lt the experi- ‘4 N o §

‘ mental data and the crm-mtc.h-d histograms represent , !

|

|

anta obtained from Monte akla simulations (10 trials).
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!‘:Lg.‘ 4.13. The fragquency (F) distribution of the nearesat
neighbor distances (R) of tumor nodules in lung 24A is
compared with ths frequency distribution of the mean
nearest neighbor distances of tumoxr nodules generated
randomly. The unshaded histograms represent the experi-
pental data and the cross-hatched histograms represent
data wobtained from Monte Carlo simulations (10 trials).

The smooth curve depicts the frequency distribution -

" of the nearest neighbor distances of tumor nodules

distributed randomly in infinite space.
& .




e T ———

or .7 ofc  ('w u qe° o -
e
< - (\
R —_ . F)
- (F
\ , wtd | \
.

-

..




)!‘i.g. 4.14. The frequency (F) digtrl‘bution ﬁo“f the nearest
neighbor ‘aista(nces (R) of tumor nodules in Jung 267 is
compared w:l.th the frequency diatripution of tha mean
nearest n/eighhor distnncea of tumor nodulen generated
randomly. The unshaded hiatograma rep:esant the experi-
mantal data and the croanuhatehcd hiatogrm repw:aaant
datn ‘obtained from Monte carlo‘ ss.mu}ations (10 triauls) .

The smooth cuxrve depicts the fruquoncy distribution - -~

of tha nsaxest noighhor distances of tumor nodulel

di.stri.buted randqmly in infinite space.
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plg. 4.15. The fraquency (£) histogram of observed values

J4

50 simulations performed for lung 10A is displayed. On the

of the mean nearest neighbor distance (R) for sach of the

' busis of this histogram the experimentally abuorv‘d mean,
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nearest x';nighboé distance (1.,79¢m.’)‘ for lung 10A would .

have a probability of occurrehce of about 2%.
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PAGE 43

4,5 piscusaion,

Our results give a strong indxcation that the three di=-
mensional Qpatlal distribution of tumor nodules in the lung
may be non=random. This tollows from the fact that turor
nodules are largely paripheral and that the mean nearest
neighbor distance of tumor nodules in one exparimental 1lung
ditfers aignificantly from the same distance in a random
spatial distribution ot tumar nodules, ,
v Y

There is a wide difterence in the size of tumor nodules
in the individual lungs as well as between ditferent lungs,
Also, the parenchymal tumor nodules are considarably smpaller
than the paripheral tumor nodules. We observe a much gre=
ater varlabjility in the size distribution than in the in
vitro study (11), The .increased variability in the in wivo
System might arise from atleast 3 different mechanisnsi

@, The nodules ®ight act as continuous aources for

generating l‘conduriluotlstnttc spread. .ln this case,

the srall nodyles that are found might represent a

younger class than the larger nodules,

be The growth ot a tumor nodyle depends .on.its micro-

environment, Thus dxtt«ron; tumor slelcnoiuit ﬂthu ]

nide variation 1n;tnq ability of tumor :nodules to .bee
come vasculapized and/or the efgect of various .extnine

alic factors .an thelr growth kinetics.

b ¢
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¢, Nodules may be initiated by .either single cells or

enbali of difterent alzes,

Folkhan and Brem (6) .have demanstrated thet the growth

pf solid tumors is lnhibited by the presence .of a cartilage
source .in the vioinity of the tumor nodules, A aiffusible
inhibitory tfactor wés shown to inhibit capjillary prolitera-
tion induced by tumor angiogenesis tactor (TAF)., The {nhi~
bitory effect oparates over distances of up to 2.0 am tin
vivo) preventing or delaQinq the vascularjzation of tumor

nodules, ’ The paranchymal tumors would be particularly Suse

“  ceptible to such inhibitory etfect due to the fact that the
cartilagenous branchial .network {s much gé:eennotune tovard
the center of the lung, ‘At the present ;oncnt it i{s not
possihle to evalyate the melativetlmbortgncc of these nee

chanisms,

‘The three=dimensional reconstruction technique we have
used has the potential for greatly expanding the quantita-
tive data base for .questions of considerable .importance in K
the . study Of Betastasis, such asi 'assessing the Telavive -
importance of secondary a&nd tertiary tumar spread)
deternining the intluence of the primary tumar .on the growth

0f secondary tumorgy; and determining the spatial dependence g;y)

of the mitotic .ndex as a~tunct1§n,ot metastatic sige and

| )Jocation besare and agter cnonocncfupy.b
vl \
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t. .Ahuja, D, C. and Qoons, S, A. Geometry far Construce
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f | APPENDIX A ¢ L

A.l The Primary And Sscondary File Data Structure.

a., 7The Rrimary File (£ig.2.4), °

Recard number 1 contains the tanle, IKFOR such that:

INFOR(1) .» The last sgection digitized, ¢

INFOR(2) .= unuged .
INFOR(3) .= ‘Address to stare the mext .contour .in,

IRFOR(4) .» The nunber of sections in the .lung.
l(;) ‘ ‘INFOR(S) ® The .numher of structures in the .lung,
‘INFOR(6) .= The lung .identigication number.

Record numbar 5 .contains the takble, ZTAB, such that:
. 2IAB(1) = The T=coardinate .of section number ‘1°,

T |

Recard .numbiars 2,3,4 and 6 Qh.»ﬁnclcntxy.unuled. 4

suructunes ane assigned mecard numbaers:? .to 70, . Each s

such recard .contains the .tahle, CONAD, ‘such thats . L |
CONADCI) .= The address 0f .contour .An RecCtion number Sk
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b. The Secondary Kike (£19.2.5).

e
-
o

Esch .)ist .0f ix, Y caordinates representing a contour :is

' preceded by a headar ‘Sone as shown in £ig,A.}, The hesdar
sone {8 £ollowed by the X and Y .coqrdinates «of the tirst

point, then the X and Y .coardinates Of :the seccnd peint, and

- 30 on. The neadar sone contains the follouing lelements:

0 | | - Qul.l~whe.nulblr‘ot'caqrdbna:eznolnts\nocqrded dn 1"tn?r
% .cantour , ,
‘ ‘:'f , ICON .& THE structure .number cannesponding .to the .cane
itour. “
] v IARE .= The area ienclosed by the .contour,
O IPER .2 The pepimetar of the .QONLOur.
| IXCG .= .The X=coardinate :0f tné'dtnbtr of mass .of .tn;
.  :qantour,
I1¥CG s The Yegoardinate of the .center of nass .0t the

cantour, "

A.2 ‘Quantitation Of The Vglume And Surface Anea Of .Tumor,

Nodulest ‘Ruror ‘Estimates,

4

To test -the aocuracy .in the computation of .the volume
and surface area .of the .tumar .nodules the tollowing -vest vas

qenducted,

:sapial ‘section contours .of gctnhqmo (10 .cm (radius) vere

[T \

L e i e do e o A an
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N g.‘. points along a contour is preceded by the héader
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Pacz‘sq
, |
digitined in accardance with the data acquiajtion proces

dures, 19 sections (parallel to each other) spaced 'l cw

'apart were digitised. -The VOluWe and surfade area of -the
sphere was .computied by .the computer algoritha (Chapter 111},
These estimates ape aomparied with .the thagretjcal computa=
tion of .the volume and surface area of the sphere, Table

A.2 displays these computations,

The .computaticn of the .volume of the sphane (by use .of
the .computer algapiths) was undenestimated by 1,668, The
surtace anea of the sphane vas undanestimated by 5,454,




'
L

‘mable . A.2. The volume and surface area of a sphere

computed by the computer algorithms is compared -
\1 ' . . e ©
with the theoritioal computations. The computer
|
algorithms under eatimate tha volume of the sphexe
byl 1.66% and the surface axea by 5.45%.
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‘APPENDIX B

B.1 Quantitative Analyais And Allociieod Problexs,

'The ‘qQuantitative analysis prograss compute .the .valume,

surtface ansa and sphenicity .index of the tumar .nodules, .In

. addition, we computed the crossesectional width (w) .of .the

tumor nodules ‘trom the .computer pnint out .of the sections,
‘The :dength (L) :0f .the tumor nOdules was computed by counting

the numbar 0¢ sections the tumar .nodyle gaes through,

1t vas .obsarved that the width (w) consistently exceed-
ed the length (L) .in all tumor .nodules (in all lungs) under
study, Assuaing & irandom .arientatian :0f tumar nodules thane
should &e a 508 .chance .of «obsarving that the langth .of the
tunar inodules exceed the width, .To .jnvestigate this anamo-
.Jous ‘situation we set ahout @xamining the artifacts .of sepi-
al sectioning mane .closely,

‘3t ihas Ween tecoghised gligc.fo.ata)nnct artiteacts iene
countaned ‘dunsng nissadogical ‘sectioning .impair 3eb recons
struation, ‘Bypeniments (8,37) .o 'diuo;ntuo -'Whiech tactars
1Sncpesse ane ‘whien -deqpeass .the ‘distartion (have een pere

-forned, /3ne icondivions .under which minima) distartion (ges.
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sults, ‘have a)so heen outlined, However, wark .on 3«D recone

struction firom serjal sections (22,3%) do not .consider .these

arcizaces,

Previous studies .(8,40) indicate that duning senial

sectioning, @& Dparatfin hlock undergoes compression. -Ihe
compression .0t the paratsin block .is manifest .noth along the
surface .of the cutesection (ie .in the plane .of cutting) and
in the direction paerpendicular .toc the plane of cutting,

" Along the surface .of .the cutesection .compresason leads to an

overall shrinksge .of the material. .Compression perpendscus
lar :to the :plane of cutting .results in gectian thickness
being qreatar than would be expected -£rom the mjiarotome séte
ting, ,iht:cxuantxot-coupncuaxénztl dependent .on the emhede
dlnq\lcdlut.;tht‘cututno-hﬁlplrltumt. and the :bevel and rake
angle .0f the microteme knige (8),

© ‘the lextent .of .compresaion ajong .the ‘plane wof .cutting
‘can  be 'quanttaﬂdehv'aouqrntn&nv the :shrinkage of the dise
‘tance hetween any two pasnts :on the surtace .0f .the ‘sectien,
‘The )eonnncsutenu?}\cht*tkuceatonlpqmpondscuxqr.totthc‘ul‘uc
‘at~cutttno»cnnxuolcolpubud{aaou.tno:nuuhtr 0f ‘sepis) ‘mece

t4ons .obtaimed ‘sar 8ny given thsckness 0f the parsisin
=h&0¢k. ‘ \ °
[

BAPERiMents waye :canducted to determine .the iexvent ot

i




JUENS

‘ PAGE 38
|
‘Gompression., .In all experiments a paratfin block (centaine
4ng eni uPpar legt .Jobe of mice lunPeras initially -tromen
(to about .3 degraes -nonugrgdo.) snd mounted .an an American
Optical Carparation "820" :Spencer ajerctome, -Ihe microtome
was set .to cut serial sections § microns .in -thickness. A
vernier caldiper (nesolution of .05 mm) vas Used L0 Neasune
the position 0f the block face wuith pespect to a fixed
‘Teterence, Neasurewents ware taken from the Sour camnars .ot
the bMock surtace (£ig.B.1). ‘The average of these measures
ments constitutes the poaition of the block with respect to
the ‘fyxed neference. .The distances A, B, € (8ig.B.1)
etwesn .the positions of the sciatic. nerves on the block
face ware alao measuned uith the vepnser calliper, |
!
.Eupeniuents I and (X1 ware qonducted to .evaluate .the .exe
.tent 0f .CONRTession under »cnt__‘cuid‘uhm undar which sesial
‘sectioning vas norsally undertaken, puring .the sectionang
pRocedure the iparefdin wai araduslly softens Fendening
-furthar ‘sectioning dsdsicule, . Consequently, .She Block is
wemoved :from the h;anqncnq .t :continue sanial ‘segtionsng,.
'This PROCESS \i8 epested until -the antire Jung iis sectioned,
RRiar .00 -AnEeSINQAReSTessing the, block, the poaition of .the
Block :$8a¢ s Measuped and ;vhe numkier .of usable ‘uguinni Qbe
taned ks o0untes, At :this peint, Ane distances ¢ 8, ¢ ase
280 Beasuted,. DRRSGES EROBLABA RROGUANE @LTHAT GUQ B0 \iBe

_ pardsenbons in .the iNerkde lage ar due ito .the anid. seivening

t
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‘ " PAGE ‘99

ot the wax are .ot .counted, Allo,.notrct:bnOL?t the block

[ pesults 4n the misalignment Of the block face with respect
to the knite .edge, Every time ehoahxockxxcrnotunncd to .the
nicratome (after nefraezing) .it may need uniaming to align
its surface to the knite iedge, Sections that are damaged
and material lost in serial sectioning does mot appear .on
the histalogical slides and contributes to compression ere
rors, Data.obtained during experiment I and I is displayed
qraphically (£49.8,2)

B.2 Compressicn Ercar Alang The Axis 'uall'lll T6 \The Plane 0Of
cutting. ’ ! |

Data obtained -2vos Expepiments 1 and 11 s dlsplayed
graphically in f2ig.B.2, the position of the block .face
measured [relative to a-tixed refarenge 'ts plotted along the
ardinate and tnc»cuuulcﬁivixnuahtr\ot‘tochlonl.obtlxncd-tqr

.respective positions .0f the block fage 'is plotted alang .the .

abScLSS8, INe Compression NNAT -CAN b €aNilY CONPUTEE HTON
the -nelationship wikbibiced wbetwesn these .two vaziavles
(£10.8,2). \ '

: ,

_Let i ‘denote .the cumulative .nuabiar of sections, n be
‘the'numbiar Of miCROLON® SUROKes, ¥ the poaitian wf .the bdock
'£800 'With IDesReCE .to Qtnniiﬁingqaﬁﬁﬂ AN), and /X e .Ghe cumye
1avive nuBber .of aections abtesned until ‘mosivden y. :8ince,
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i':lg. B.2. Data obtained from Bxpox:li.mont I {wkod A) and
Bxperiment IX (marked C1) is displayed graphically. The
absciasa X is the cumulative number of sections and the
ordinate Y is the position of the block face in mm.
Regression lines are drawn through the data for each
experiment. The compressien error *:l.: ?3'1289)‘ for Bxperiment
T and 31.45% for Bxperiment II.
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eaéﬁ stroke of thé aicrotome knite advances the position ot
the block ‘face by 8 microns (8}, the tollowing relationship
holds:

. y yo + ‘u‘tsfl-
whare ypis ths—tixed reterence point,

\

We now attempt. to tlt‘a.ltnear regression line,

y 3 a ¢+ bx
, . \
where a and .b are the regression coefticlents.
“~ + . )
Table 5 displays ihc:rtsults.qt goodness of £it .of data .obe

tained froms .experiments I and II,

The cospression error (C,E.) is deflned as:
\ .
C CeEs (0 (4= Lg)/Lg 24100 a
where Lo is the thickness of the section obtained (8 microns)

and Lgis the length :of hlock sectioned :to yield .ane ‘section,

Now, the .equation
y®asbx a2
«eXpresses the relationship between the .cumulative number .0t ‘

sections X .obtained -for a position y .of the block face,

u ©let Lbe the position of the block tace hetore .one sece
tion s cut. .Then .in accordance with ithe definition .of L,
\ L+l would be the new position.of the block ":face, .Hence,

gron squation a2: S ] . .
Ly = 8 + bx f |

W R MERGAEY Yo, oY AR
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.7 . 'mabla K. Linekr fit of data (y=a + bx) obtained from
!
“ | Experiments 1 and II to quantitate the compression ..
" . errex slomg the axis normal to the plane of cutting. ’
- ° - < | ' |x
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ly ¢+ la = & & Db(x+ Q) ad

QQ\IIIIONI (l!) cdn .b_' solved tor L ¢ resulting dn
la 3 b ’

The regressiaon co=efficient b represents the .thickness .of

one section,

Using thﬂﬁhn a1 the compression errar is corputed to be

37.,89% and 34.45% far experimants | and 11 respactively,

S
i

Bed Compression Error Along The Surface Ot The Cut~8ectian,

The shninkage .in the lengths of the distances A, B, C
A8 computed from their respective measuremants befare sece
tioning and atter staining. 7The sverage shrinkage .observed
during each axperiment constitutes t;lt compression errar,
Ahe ‘shrinkage s is defined as the relative change .in .the
distance hlof.uun any‘.uo paints,. “‘n“,,.

. 8 408 00y = 13)/L,)9100 - "ol
where, L is the distance h%tuolnaqyonoLntu befare .the asece
tfon A8 cut and 18 the distance batween the same points

atter nta&nsnenjfg,;qgg;ino on the histelogical slide,

&

The comspresalon ui:or‘.“(c.fl.l.). in this case .18}

© CeleBe “’ " %g.” £5) veue ﬂ ol

'where n 18 the nuber of cbservationf,

Using quations ¢f and c2 the avarage compression ersar
0 \ - ¢ .
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along the surface ot the sections was found to be £5,7% dure
' ing experiment I and 10,108 during experiment 31, An 1so=
) tropic lexpanaton of 10.18% i3 appiied to all the sections to
correct for the coppression arror in the plane 0t cutting,
, .
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