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Quantifying cortical atrophy
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sisimiairy  Most o the methods of quantifying cortical atrophy thut have been proposed invalyg
the estimation of the vialume of enlarged sulei in the cerebral cortex. The authors propose it the
surface ares of the sulci 15 a more valid measure of cortical atrophy, and describe a system for
measuring the surface aren of the corlex, and present daia in support of the method's "'i'uﬂbﬂli'tg

and valudity,

Lomputled fomography (CT) makes it possible 10
astess  brain atrophy  quonditetively.! Efforis  ai
quanidication have focused in two areas: veatnicular
cnlargement, and widening of the suleh and fissures,
which is often referred to as “cortical atrophy " In
general, methods for mensuring ventricular size
have proved more successful than those for measur-
ing cortical atrophy. Desmite problems arising from
the portial volume ortfect,® and slow progress from
limear 1o planimetic o volumelric measurement”
meesl researchers have been satesfied with the valid-
ity of the several avallable methods for measuring
wentricular valume

Mensurement of cortical atrophy has proved to be
considerabdy more difficult. Jacoh and Levy, m lact
hawve rejected such measurements & wo wnrelable
and rely instend on climical ratings of CT mmiages
Chihier investigators have been disappolnted with the
absence of expected relationships between guantita
Live mensurements of cortical atrophy and vartables
such as age and pewropsychological fest perfor-
mance. " This paper proposes using the surface aren
of the Bram as & measure of brain i||ru|'|h:. Before
procesding o data comcerming the relinhility and val-
i-|||I:_'_-' i the proposed lechnigue, other rnérhmj: of
quanifying atrophy that have been otilised will be
revicwed hriefy,

We will refer repeatedly in this paper to the valid-
ity of our and others’ methods of quantification, |n
previoes reporis, several npsees hove sometimes
been confounded in this area. One mvolves the dis-
tinctign between the valllity of a lechnigque as a
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meadure of the physical atrophy that is visiblhe in Iiht
scan mmage and the validity of cortical atrophy, Bow.
pver mensured, 8 6 |'\-||_'q,|||_'|;||r of the h'Eh"i
comncrhmilants of dementih or head \FAETRL 'Th
former depends on the guality of the I i TE g
lechnbee, & i the wsape that e vell “m;‘ the
latter mvalves the empirical relotiombip. hetween
bram morphology and behaviour, and js less [he
ooncern of this paper.

Another area of conlsson concerns tee diffdrenpe
Debween the starsteal validity of o measare, whach
may be directly sssessed by the magnitude of the
correlation between the measure ond & criterian,
and the dimgnosiic willity of a measure, wisch &
mare difficull 0 assess. Several suthos®® have
pointed oul that seme dearly demeniod patients
present without any apparent cortical strophy oo
CT, while other patients with severe atrophy o not
present sigmfcant behavioural deficiis, le thim
st i important dingmostically, it does not il the
iselulness of quantiative CT measures in
the relatsnship between the degree of Bimaphy
e u'r.urrr.' ol mpnirment

[hree haske methods have been proposed e
quantiving corticad atrophy, The first n;-nrnpri'lulill.lr
bories rating systeme. These usually involve newholigs
wls o peunordiologist who rane the degnee of
from nomexistent e severe on & three, four ar lise
point scale ' These rating systems hive bees
among those that have shown weak relationships
with behavioural variables** alihough De Leone
al repon more positive resulis. The relationship
between rafings of atrophy and degree ol i
ment represents the second type of validiry that s
discumsed above, one of the shortcomings of
af this twpe is that it is difficult (o ossess their
in the r;rll-'::;-: sense, that s the exteni o which ke
raters mpde accurate use of the indrp e thal was
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gl in the scuns, We will Present soams ilzkn
i :-.;Il"-"" liv this gquestion below

the reliahility of rtings s also relevant, of
| gurse, bl s rarely reported. [e Leon' reports an
| I'J“l.r peier reliabelity of -89, which miny necount Tor
tive indmgs. This refiability may nlso be

Sell
§ anpic high, hecause the development of the ral
a4 1
| ppcalc wasa central purpose of thear investigation
a comad, ancd most wedely osed means of
1i k
EasHl corticil atrophy 15 o measure the width

of the foir largest suley and sum them. '™ '7 As s phe
! _.ﬁ,_. wil | ratings o atrophy, Has method has shown
aixed 1osuits in regard 10 relationships with demen-
R off Thir same reasons may be cited. Foest,
j clear (hat selecting only the four largest sukcl
jgnares good deal of isformaten presenl i ehe
gan. The techmague mmphcitly comsiders & scan with
g faw s large sukcl a5 more atrophved thisd & scan
guth mary moderoiely enlurged salci, becawse sulci
graller (hin e fawreh lareest are |‘!_'|'|||:1_'|_I ennrely
the relicialay of this lechnmages ofien 15 not r-'.'|'HI|I:|.'L|
dihoug! Brink mn g af report an inter-raber relis

ity al 1241
Thee thered mecans of measuring cortien] strophy has
beety |_"|||'||_1._| by  Jderniganm o  her  co-
wotker [his techmique involves computing the
| miimthes Jiovwy |‘||_‘I1'~|i1:||' pixeh in the Internd corlex

grectly, vsing the digital version of the image thai &
ﬁ_-_..:“;l- by the CT sconner, Since each low densaty
|'-|;|;r| anprosimates o voxel {1 = 1 = 14 mom g vedl
gme), the odal low density voliame con be computed
[ i tal member of low denaty pivels. Jer-
WgRn 1 i use the total vedume of cerebeospanal flwid
pear the sierSace of the Bran ad 3 measore of aortical
gmophy.  Lhis approach may nod be leasible lor
many rescarchers, however, because 1 requires e
dgital clois from which the familiar film images ane
prodaced In most settings only the seral CT images
e relaincd & permanent data.

The Jermignn ¢f @f technigue has produced high
mmelations between measured veninicle volume
i ney wpisls rtings of ventriculnr enlargement,
et lower correlations between suleal volume and
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Table 1 Afeans sad samderd devanons of CT measremenns
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peurologisis’ ranngs of corpcal aurophy ™ Jermigan
@l ad sugpe that ths low eorrelation may be due tin
bone artifect in areas of the scan image near the
skull, or o the neurologlsts’ wnegual weighting o
atrophy I different parts of the brain in making
their ratings. We may sdd to these possibilities a
third, ileat the construct of “atrophy” which the
'|||_'|_'r|_|-||'h|__l|'||l-\. L |'-.|_-|,|.-.'.r.j...]|u|-.-"|~.r~. raie ik IIIi||||'|.||I
ately medsured by the volume of cerebraspinal fuid
i the corten,

When one exomines 3 CT image Tor evidence of
cortlcal wrophy, the most relevant leature o the
degree of “eonvolutedness” of the surlsce of the
brain. The widensd sulcl and fissures that produce
these convalutkons, however, oflen do nod subirne
wapnificantly from the total volome of misct heain
matier. Rather, convolutiors will always have the
effect of increasing the surface urea of Lhe birain, or,
on a single shice, ity circumierence. We propose that
mensuring the wrrface area ol the brain s the most
walid way of quantilying the degree of niraphy that is
wisihle tn a CT scéan

The relatiomship between surface orca awmd airo-
phy is illustrated in the llgune, which is @ computer
penerated représentation of the binin and craniwm
from one dice of a highly atrophicd brain. The 1wal
aren of the sulel inthes lice amownts to [E% of the
fordal cramdad ares. The circumference of the corlex in
ihe lguse, however, is 253% greater than the cir-
cumference of the crunium. Thus, it appears tha
braln elecumference, and hence surface nres, may be
§ mare sensitive megsere ol cortical prophy thian
subcal volume. We describe a methad of makimng this
e asuRment below

Sdetbnd

Seabifevis

Thisty sashpecss, incfudeng 10 patiends with Alzheimer s dis-
cisg, [ patlesis with closed head imjury, amd 10 control
s jees, wene selecied for analysis. The normal grosp con-
sisted of five subjecis similar in oge o tbe trauma patiemis,
amd five subjects simikar im age to the Aktheimer paticals
e comiral subjecis were wilhin normal bmsis o6
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meurologeal and newnopsyelsological evaluation and had
miwmmil CT scans. The Alrheimer patents wene dagnised
by board certified nduml-ngl:-l-. o the hasis of nowrolopical
Al meuropyychologicsl examinstbon Mean ages ol ihe
shpocts are given in table |

T Sy

Al scamy were produeced on an EMI 010 scagnines. wiib &t
b = Ji gl The scans were placed vn x-ray view boues
and the inser smrfsce of the cramium, the perimeter of the
heatn, ke yenirches amd any subcorical low dessity arcas
fothes than vascular and cisternal orens) wene trnced aido
imacing papet by cath of three of tbe suthors, working
mdependemly. Eight comsecutive shices were traced from
each scan, staming with the frst sfice on which bath 1em-
poral lishe tips were visible. In tracing the perimeter of the
brain, special avembon was given fo tracng the details iof
all sulci that were clearly visible [see fig). The fracings were
them dlEIII:.tl.‘l using & Summagraphecs Bapad by maving a
cursor manuakly armand 1he peremeter of all relevans strue-
tures. The Bitpad recorded the &, ¥1 coordinates ol the
tursor every (F2 seconds

The vilames and surfnce areas of the relevan! sineciures
were then computed from the digaiised images wsing &
pragram written in APLSF on 8 DEC-20 camputer,” The
progrum compuies the area and crounderence ol cach
siruciare im each slace af the CT series, and then compuales
wilaimnes amd surface areas by imterpolating berscen hoes
TLLTRII !rap::'l.'-'r]ul rule,

Phe wenincle-brain ratio { ¥ DR wos competed by divsd-
g vewricle vlume by cranial volume. Crandsl salieme
wilk whedl imilead] of braim volume as it represemis o more
relinbde estiate of head suze in the presence of signiileam
tssue loss an the braan. Because we did nod inclode dasn-
aged ok (for example, widened sulci amd ssures) in o
mensure af brain vodumse, the vodumes of atrophic bmins
were reduced relative 1o veminicle volame, independent of
head mize

The surlace of ares of the brain is nol m and of iself an
ndequate measare of braim atrophy, becouse larger brains
have mare sorfece ares, Therelare. the sarlace areas were

Lurkfienmer, Mumio Cullum, Hibler Paver, Yenq
s ]

standariised by dividing them by 1he 2
tiil ernieal volume. The BjsIAreE roan| gf he vl
engal Becaimse the area of o structure in g Eingle {71
guadislic Tuncison of its circumierence The
Ly mssure carbical atrophy, therefore, wye:

alicn g
fotemilg e
Hram Surface Ares

SCraneal Violume

We will feted to 1his value ns ihe “wirophy indey = i

e nided that wnce the valume of the beraisy i 5
lumsgthsn f Beaen wze while surfsse aren is ':I“Idr'ﬂn'.-\,
carrec! stasdoardsgbion woulkd appEar bo be the ; the
i suirfoce aren divicled by the cube rood al vitlume I'E
ewir, begaise the munvber of slices ised in 'm'll'.l'l-l-li the
vidume was hoeld constant, and bevause the di"’-lﬂzlhh
ween sleges o8 wlways the same, there & no "'"':i“b"“lij'hh
iBird dimenssgm, %0 this addidionnl COrTectiog i s
required

The €T film inresges of 1he 240 patiemis were rl'”jﬁ}'l‘m
hoard cercied neisralagisis on twa five poim rcalen,
{or cortical slraphy and o Tor ventricular tﬂhqr:u':
Additionnlly, one of the authers and o colleagne |
denily measured ibhe widihs of the four birgess sulel the
greaies width af ghe ide rlsemsgphene Eiisure, H‘
greadest width of the sylvinm fssure wsing g ransparen
maler. A smgle rater maide the ssme meossremenis oo fhe
coairal subjects,

Hesanlis

Means and stamdord devintions of the CT M e
menls e given m table |, The dgni!]mp.- leveds
presenled refer 10 the §iest |.'|1rr|.p.ar.i_l,:_m|. helaeen
the traume pabents and the younger |:|:|r|1_-|'.|':|1,|.‘| amsd
the Adzbeimer pattienls and the older contral s
pects, The trauma palients dilfersd sgnificantly from
the youing controls only in terms of the YBR ane
||'|[|;I|'||:||:|h|.1|!||:||-'.' Hssife wilth measure. The atro-
phy index and other measures did not significantly
differentiate these groups. Significamt differéncey
between the dementin group and olded cosirsi
were ohserved on the Atrophy Index and the YHE:
(hther indices of cortical orophy did mot show
significant differences between these two proupes

Reliabiliy

v the heond travmpe and the Ahemmer p.uu'nu'tlf‘n
= 20N were usedd in the relinhility analysis. the rels-
hality of the measures wons pesessed wing piirsclass
conrelations (ICC), as described by Sl and
Fleisa.™ Twa of their versions of 00 were emps
layed. 1003 i comparable fo the intef-raler SO
lations thal woally are employed. Neither Inbes
rater correlations aor 1003 comsider differencs
hetween the means of the ralers rafings 48 et
High correlations between the raters, thenefors:
produce high reliability coefficients regardless al
comsistent differences berween the raters mesi
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LI-'.'-'II'-"' i corticm anrophy
1 [i0-2 s a mose conservative index, in that
cpan el [fenences are regarded as error. 10C-1 wall
:h,ﬂ tsam BOC-2 1o the extent thar the raters
sffet o to the overall level of their ratings. All
|-!F"'1h icleabilitics represent the roliability of a
Jate rotet: higher reliabilities could be sbtained by
_ne Whe mean of several raters.
fublc I presents the two reliability coefficients for
ogch of b seven measures. Our measure of YBR
wea 0 reliability that approaches umity, as his been
e cuse 11t previous reports. Neurologists” ratings of
gniriculor airophy are quite reliable also, though
gmewital less s0, The airophy index has a reliability
'_I-_-|.;t._x jen assessed by IOC-1, and of 377 when
gacssend oy FOC-2. A described above, this reflects
e fact 1lzal while paits of tracers were highly corme-
ted, 1heTe were consisteni differences belween
aett moans, The linenr measures of suleal and
gsare width are much less relinble, but there s les
SpriHr il cluced by menn differences, The relability
o meud igesds ratings of cortical enlargement also
i Ui w, Ume may conglude from this that the
giophy madex hos superior relinhality, bud that one
gemld v Ehe swme trvcer preqone sl scans for owe
withdn mmle stuady, 1o avosd the mirodwction ol
g stemimimg from mean differences. 11 shouldd
gay bo noted thot the tracers m this stedy worked
.IIIIII"|' v independently of each other, without
Table 7 Kellafdlry af cormeal atraphy mercares (meibog
af meis HECHE A r'lllrl'.lll'llr-r||."|I
Frractiey Trmavhar
COTTVTLLCAY 4" T i
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Imethemi < ohenc widih (refer] (66 (k-
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prior concensus about tracing conventions. Reach-
Ing agreement dboul iracig procedres. beforelnnsd
might imcrease seliability subsiantially

Relarcnships Awmong the Memsires
Fabde 3 presents the correlatioms anvoig the seven
atrophy measures. The mean of all participants’ rat-
ings of gach variahle was used in this analysis, so the
relinbility of the messures is stightly higher than
thase presented above, The atrophy index has the
highest correlation (r = (FE2) with neurologists’ rat-
ings of cortical atrophy, although it is  no
significanily higher than that beiween the four
wiidest sulei and newrnlogists' ratings{r = (68, The
mrophy index is relafively |||'.L'nrr-,'|'i|l;|_u! with VHBE (r

(3N

The magnitede of the correlotion between the
atrophy indexs and sulcal widih (r = (69 s surpris-
ing, im light of the relotively low relinbility of the
subcal width messarement. 1t would oppeor that the
width ol the four widest sula is o fair index of overall
cortical atrophy, lmiled primarily by the bow relis
bty imirodeced by the monoal methadd ol mens
urement, An automabed technwgue of measerng
sulcal wadth couldd therelore be expected 10 be o
ettt measure of cortscal atrophy

DMisgussion

I establhshing the welulness of 0 new measune, the
thres crtical issues are relinhdlity, convergent valud
ity and chscriminant validhty, The atrophy index =
viery refiable, doe lnrgely o the Lac that 6l 1s highly
automated. 11 demanstrates convergent valsdity in
ike high correlotion with neurologiels’ climcal imgpre-
as0ns ol eortecal atrophy, and discromimant vahdicy
in its relatively low correlatons with ventricle vol-
witie, wikich appaears o be o somewlind distinet aspect
of bran atroply.

The atrophy index also showed the expected
mean differences berween demented and normal
older subjects, and was in agreement with peurolog-
ists’ ratings in this regand. There was no significani
difference between head trauma patients and a
growp of vounger conirols, while the neurologists
ratings did show a difference. Examination of the
CT scans revenled that the atrophy in the Aleheimer
group was charncierised by widened sulci in all pares
of the cortex; in the trauma group the cortical airo-
phy was predominunt in the frontal regions, wnd
especially in the inderhemispheric fissure, This
inferpretation s '-:upp-.:nrl;u_'-:l by tabkle |, which shows
that  while the trouma  patients hod  wider
interhemepheric  Asures  than  the  Alzheimer
patients, the Alrheimer patients had a higher mean
atrophy index and wider sulca, This suggesis that the
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