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8vailable in the scans. We will present some data neurologists' ratings of cortical atrophy.'* Jernigan 
Plevadt to this question below. et a1 suggest that this low correlation may be due to 

Quantifying cortical atrophy m e  reliability of ratings is also relevant, of bone artifact in areas of the scan image near the 
06,rse, but is rarely reported. De Leon1' reports an skull, or to the neurologists' unequal weighting of 

ter-rater reliability of 0.89, which may account for atrophy in different parts of the brain in making 
E R I C  TURKHEIMER, C MUNRO CULLUM, DONN W HUBLE !ei! pOsltive findings. This reliability may also be their rating. We may add to these possibilities a 
RONALD A YEO, ERIN D BIGLER atYPlcally high, because the development of the rat- third, that the construct of "atrophy" which the 

was a central purpose of their investigation, neurologists or neuroradiologists rate is inadequ- 
From the University of Texas at Austin, Texas, USA 'ke second, and most widely used means of ately measured by the volume of cerebrospinal fluid 

SUMMARY Most of the methods of quantifying cortical atrophy that hav 
the estimation of the volume of  enlarged sulci in the cerebral cortex. The  
surface area of  the sulci is a more  valid measure 
measuring the surface area of the cortex, and p r  
and validity. 

Computed tomography (CT) makes it possible to measure of the ph 
assess brain atrophy quantitatively.' Efforts at scan image and th 
quantification have focused in two areas: ventricular ever measured, 
enlargement, and widening of the sulci and fissures, concomitants of d 
which is often referred to as "cortical atrophy." In former depends on 
general, methods for measuring ventricular size technique, and is th 
have proved more successful than those for measur- latter involves the 
ing cortical atrophy. Despite problems arising from brain morphology 
the partial volume artifact: and slow progress from concern of this paper. 
linear to planimetric to volumetric measurement' Another area of confusion concerns 
most researchers have been satisfied with the valid- 
ity of the several available methods for measuring 
ventricular volume. 

Measurement of cortical atrophy has proved to be and the diagnostic utilit 
considerably more difficult. Jacob and Levy: in fact, more difficult t 
have rejected such measurements as too unreliable, pointed out tha 
and rely instead on clinical ratings of CT images. present without 
Other investigators have been disappointed with the CT, while other 
absence of expected relationships between quantita- present significa 
tive measurements of cortical atrophy and variables issue is importa 
such as age and neuropsychological test perfor- usefulness of q 
m a n ~ e . ~  This paper proposes using the surface area the relationship between the 
of the brain as a measure of brain atrophy. Before the degree of impairment. 
proceeding to data concerning the reliability and val- Three basic methods have been 
idity of the proposed technique, other methods of 
quantifying atrophy that have been utilised will be 
reviewed briefly. 

We will refer repeatedly in this paper to the valid- 
ity of our and others' methods of quantification. In point scale.'- 
previous reports, several issues have sometimes among those that have show 
been confounded in this area. One involves the dis- with behavioural variableslOll 
tinction between the validity of a technique as a 

Address for reprint requests: Dr E Turkhe~mer, Dept of Psychol- 
OW, University of Texas at Aust~n,  Aust~n,  Texas 78712, USA. 

Received 26 August 1983 and I" revised form 13 Apnl 1984 
Accepted 24 April 1984 

1314 



Kg Computer drawn representarion of slice from CT scan 
o f  a brain with significant cortical atrophy. 

neurological and neuropsychological evaluation and had 
normal CT scans. The Alzheimer patients were diagnosed 
by board certified neurologists on the basis of neurological 
and neuropsychological examination. Mean ages of the 
subjects are given in table 1. 

CT scans 
All scans were produced on an EM1 1010 scanner, with an 
80 X 80 grid. The scans were placed on x-ray view boxes 
and the inner surface of the cranium, the perimeter of the 
brain, the ventricles and any subcortical low density areas 
(other than vascular and cisternal areas) were traced onto 
tracing paper by each of three of the authors, working 
independently. Eight consecutive slices were traced from 
each scan, starting with the first slice on which both tem- 
poral lobe tips were visible. In tracing the perimeter of the 
brain, special attention was given to tracing the details of 
all sulci that were clearly visible (see fig). The tracings were 
then digitised using a Summagraphics Bitpad by moving a 
cursor manually around the perimeter of all relevant struc- 
tures. The Bitpad recorded the (x, y) coordinates of the 
cursor every 0.2 seconds. 

The volumes and surface areas of the relevant structures 
were then computed from the digitised images using a 
program written in APLSF on a DEC-20 comp~ter.~' The 
program computes the area and circumference of each 
structure in each slice of the CT series, and then computes 
volumes and surface areas by interpolating between slices 
using the trapezoidal rule. 

The ventricle-brain ratio (VBR) was computed by divid- 
ing ventricle volume by cranial volume. Cranial volume 
was used instead of brain volume as it represents a more 
reliable estimate of head size in the presence of significant 
tissue loss in the brain. Because we did not include dam- 
aged tissue (for example, widened sulci and fissures) in our 
measure of brain volume, the volumes of atrophic brains 
were reduced relative to ventricle volume, independent of 
head size. 

The surface of area of the brain is not in and of itself an 
adequate measure of brain atrophy, because larger brains 
have more surface area. Therefore, the surface areas were 

trkheimer, Munro Cullum, Hubler, pavet, lifying cortical atrophy 

ICC-2 is a more conservative index, in that 
b dlfferenceS are regarded as error. ICC-3 will 

Brain Surface Area 
/'Cranial Volume 

function of brain size while surface area i 

that while pairs of tracers were highly corre- 
here were consistent differences between 
eans. The linear measures of sulcal and 

y index has superior reliability, but that one 
have the same tracer prepare all scans for use 
a single study, to avoid the introduction of 

Results 

Means and standard deviations o f t  
ments are given in table 1. The si 
presented refer to t 

the young controls only in terms 
interhemispheric fissure width me 
phy index and other measures did 

Reliability 

1 2 3 4 5 6  

0.82 0.49 

0.35 0.93 0.55 

between the means of the r 0.69 0.34 0.68 0.42 
High correlations between 

prior concensus about tracing conventions. Reach- 
ing agreement about tracing procedures beforehand 
might increase reliability substantially. 

Relationskips Among the Measures 
Table 3 presents the correlations among the seven 
atrophy measures. The mean of all participants' rat- 
ings of each variable was used in this analysis, so the 
reliability of the measures is slightly higher than 
those presented above, The atrophy index has the 
highest canelation ( r  = 0.82) with neurologists' rat- 
ings of cortical atrophy, although it is not 
significantly higher than that between the four 
widest sulci and neurologists' ratings (r = 0.68). The 
atrophy index is relatively uncorrelated with VBR (r 
= 0.33). 

The magnitude of the correlation between the 
atrophy index and sulcal width ( r  = 0.69) is surpris- 
ing, in light of the relatively low reliability of the 
sulcal width measurement. It would appear that the 
width of the four widest sulci is a fair index of overall 
cortical atrophy, limited primarily by the low relia- 
bility introduced by the manual method of meas- 
urement. An automated technique of measuring 
sulcal width could therefore be expected to be a 
better measure of cortical atrophy. 

Discussion 

In establishing the usefulness of a new measure, the 
three critical issues are reliability, convergent valid- 
ity and discriminant validity. The atrophy index is 
very reliable, due largely to the fact that it is highly 
automated. It demonstrates convergent validity in 
its high correlation with neurologists' clinical impre- 
ssions of cortical atrophy, and discriminant validity 
in its relatively low correlations with ventricle vol- 
ume, which appears to be a somewhat distinct aspect 
of brain atrophy. 

The atrophy index also showed the expected 
mean differences between demented and normal 
older subjects, and was in agreement with neurolog- 
ists' ratings in this regard. There was no significant 
difference between head trauma patients and a 
group of younger controls, while the neurologists' 
ratings did show a difference. Examination of the 
CT scans revealed that the atrophy in the AIzheimer 
group was characterised by widened sulci in all parts 
of the cortex; in the trauma group the cortical atro- 
phy was predominant in the frontal regions, and 
especially in the interhemispheric fissure. This 
interpretation is supported by table 1, which shows 
that while the trauma patients had wider 
interhemispheric fissures than the Alzheimer 
patients, the AIzheimer patients had a higher mean 
atrophy index and wider sulci. This suggests that the 
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cortical atrophv that is often seen in Alzheimer's ' Roberts MA, Caird FL, Grossart KW, s t e v e d  
disease and head trauma may be qualitatively differ- 
ent to some degree. 

The atrophy index requires fairly simple computer 
equipment and the CT film images. When these are 
available, it would appear to be superior to manual 
measurement of the sulcal widths. When such 
equipment is not available, sulcal widths may pro- 
vide an acceptable alternative, especially if the mean 
of two independent measurements is used instead of 
a single measurement, in order to increase the relia- 
bility. 

As discussed earlier, the validity of these techni- 
ques has been assessed in terms of their accuracy of 
measurement of the physical atrophy visible in the 
scan images, as opposed to their correlation with 
behavioural variables. It remains to be seen, of 
course, whether improvement in measurement 
techniques will lead to parallel improvements in the 
magnitude of observed brain-behaviour relation- 
ships. We intend to report data on this topic in sub- 
sequent papers. 

The authors thank Douglas Hudson, MD and 
Michael Douglas, MD for rating the C T  scans. 

References 

' Bird JM. Computerized tomography and dementia: a 
review. Prog Neurobbl 1982;19:91-115. 

Jacoby RJ, Levy R, Dawson JM. Computed Tomogra- 
phy in the Elderly: 1. The normal population. Br J 
Psychiatry 1980; 136: 249-55. 

' Yeo RA, Turkhe~mer E, Bigler ED. Computer analysis 
of lesion volume: Reliability and utility. Clin Neurop- 
sychol 1983;44:683. 

" Fox JH, Kaszniak AW, Huckman M. Computerized 
tomographic scanning not very helpful in dementia- 
nor in craniopharyngioma. New Engl J Med 
1979;30&437. 

' Ramani SV, Loewenson RB, Gold L. Computerized 
tomographic scanning and the diagnosis of dementia. 
New Engl J Med 1979;300: 1336-7. 

Wells CE, Duncan GW. Danger of overreliance on com- 
puterized cranial tomography. Am J Psychratry 
1977;134:811-3. 

' Jacoby RJ, Levy R. Computed Tomography in the 
Elderly 2. Senile Dementia: Diagnosis and Functional 
Impairment. Br J Psychiatry 1980; 136:256-69. 

"ria for 
'mWted 
1. 
P ~ Y  and 

1980; 

tions of 
a d the 
ktionnl 

:ral v 
vith , 
i71-; 
z Qu 
emel 
89-5 
p s 

id in 
8nne 
I 
Xu ma 
LI cc Ea 
amp' 

98 
ber i  


