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Abstract

There are several magnetic resonance (MR) imaging methods to measure brain volume and cerebral atrophy;
however, the best measure for examining potential relationships between such measures and neuropsychological
performance has not been established. Relationships between seven measures of MR derived brain volume or
indices of atrophy and neuropsychological performance in the elderly subjects of the population-based Cache
County, Utah Study of Aging and Memoryn & 195) were evaluated. The seven MR measures included uncorrected
total brain volume (TBV), TBV corrected by total intracranial volume (TICV), TBV corrected by the ratio of the
individuals TICV by group TICV (TBF), a ventricle-to-brain ratio (VBR), total ventricular volume (TVV), TVV
corrected by TICV, and a measure of parenchymal volume loss. The cases from the Cache County Study were
comprised of elderly individuals classified into one of four subject groups based on a consensus diagnostic process,
independent of quantitative MR imaging findings. The groups included subjects with Alzheimer’s disease (AD,

n = 85), no dementia but mijmbiguous (MA) deficits (n = 30), a group of subjects with non-AD dementia or
neuropsychiatric disorder including vascular dementia (60), and control subjectsi(= 20). Neuropsychological
performance was based on the Mini-Mental Status Exam (MMSE) and an expanded neuropsychological test battery
(consortium to establish a registry for Alzheimer’s disease (CERAD). The results demonstrated that the various
gquantitative MR measures were highly interrelated and no single measure was statistically superior. However,
TBVC, TBV/TICV and VBR consistently exhibited the more robust relationships with neuropsychological
performance. These results suggest that a single corrected brain volume measure or index is sufficient in studies
examining global MR indicators of cerebral atrophy in relation to cognitive function and recommends use of either
TBVC, TBV/TICV, or VBR. (JINS 2004,10, 442-452.)
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INTRODUCTION How these variables are addressed influences the relation-
ships found between quantitative magnetic resonance (MR)
imaging and neuropsychological performance. With cur-
fent guantification techniques, measurement of brain vol-
ume has become relatively straightforward and is usually
based on the sum of total brain parenchymal volume deter-
_ _ , mined by pixel counts within a region of interest (ROI)
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Numerous factors influence brain volume including age,
sex, disease, and injury, as well as the physical and genet
characteristics of head and body size (Bigler & Tate, 2001)
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Chakraborty, 1996). As a measure of cerebral atrophy, retrol population which can be easily accomplished by divid-
duced brain volume generally is negatively associated witling the individual’s intracranial volume (TICVi) by the group’s
cognitive performance (Bigler et al., 2000; Gur et al., 2000),average intracranial volume (TICVQ). This results in a cor-
but it remains unclear whether there is a preferred methodected TBV or TB\F.

to measure atrophy or correct for head-gizmin size dif- The earliest measure of whole brain atrophy was the
ferences when investigating neuropsychological correlatesentricle-to-brain ratio (VBR), which originated in the era
Correction procedures are often necessary due to intenf pneumoencephalography (Haug, 1962). However, VBR
subject variability in body and head size as well as signifi-corrects for brain mass but does not directly adjust for ac-
cant sex differences in brain volume (Dekaban & Sadowskytual cranial size difference and on these grounds has been
1978). In the past, discussions about measurement techriticized as potentially inaccurately portraying cerebral at-
nique occupied considerable attention in quantitative neurorophy (Arndt et al., 1991; Raz et al., 1988a, 1988b). Much
imaging research for understandable reasons (Arndt et alof this criticism stems from the original planimetric method,
1991; Mathalon et al., 1993, 1994; Pfefferbaum et al., 1990which used the ratio determined from a single slice formed
Raz et al., 1988b), as measurement error and variabilitpy anterior horn width divided by brain width in the same
remain the bane of quantitative neuroimaging studies (Jacglane. However, it should be pointed out that current VBR
et al., 1995; Lancaster et al., 2000). Accordingly, establishmethods use whole brain ventricular volume divided by
ing a relationship between quantitative imaging findingsbrain volume rather than using a single slice VBR tech-
and neuropsychological performance is partidiypendent nique. Using the current whole braiventricular volume

on the method chosen to quantify the volume of the brainVBR measure relates to a broad spectrum of cognitive per-
measure atrophy, or correct for head size differences. Bdormance, where increased VBR is associated with worse
cause of the importance of minimizing measurement erroneuropsychological performance (Bigler et al., 2000). Ven-
as well as the central role that brain volume measurementsicular volume can also be divided by TICV, creating a
have in understanding a number of disorders and cognitiveentricle-to-cranial ratio (VCR). However, one of the rea-
conditions (Jack et al., 1999; Killiany et al., 2000; Smith sons why the VBR measure may be such a sensitive index
et al., 2000; Xu et al., 2000) we revisit these issues in thef atrophy is that the VBR captures both the expansion of
Cache County population-based study of Aging and Mem+he ventricular system in response to injury or diseasa

ory (see Breitner et al., 1999). decreased brain volume (Bigler et al., 2000); whereas VCR
only reflects changes in ventricular size. Whether the VBR
or VCR is used, any parenchymal volume loss results in
passive expansion of the ventricle, or hydrocephalusacuo
(Bradley & Orrison, 2000). Since the ventricular volume
In degenerative disease the typical measure of brain volumeonstitutes the numerator and the decreasing brain volume
is usually represented as total parenchymal brain volume adhe denominator, increasing VBR reflects atrophy, because
justed in some fashion for head size by total intracranial volin theex vacucstate enlarged ventricular space occurs only
ume (TICV; Cahnetal., 1998; Famaetal., 2000; Forstl etal.in proportion to dissolute brain parenchyma. Thus, in atro-
1996; Jacketal., 1998; Killiany et al., 2000; Shear etal., 1995phic states, VBR dynamically reflects both brain atrophy
Tanabeetal., 1997; Wilson etal., 1996), which can also servand ventricular expansion. In contrast, different processes
as the basis for an estimate of premorbid brain volume (Bigmay selectively influence ventricular expansion and there-
ler, 2001; Jenkins et al., 2000). Total brain volume (TBV) fore VCR may potentially capture different aspects of de-
corrected in this manner has been shown to reliably relate tgenerative processes than VBR. For example, ventricular
cognitive performance in a number of domains, particularlyexpansion may be more susceptible to subcortical and white
memory and executive function (Cahn et al., 1998; Wilsonmatter pathology (Gale et al., 1995).

et al., 1996). Blatter et al. (1995) argued that head size cor- We also introduce a method for estimating parenchymal
rected in this manner should also be normalized to the corvolume loss (PVL). This is based on the assumption that in

Methods of Brain Volume Measurement and
Head-Size Correction (see Table 1)

Table 1. Formulas for calculating the various methods for quantification of brain atrophy

Total Brain Volume (TBV) (uncorrectedy Gray Matter Volumet+ White Matter Volume

Total Ventricular Volume (TVV)= Lateral Ventricle Volumer Il and IV Ventricular Volume

Total Brain Volume (TB\F) (corrected)= (Mean TICV for the Groupindividual TICV) X Individual Brain Volume
Parenchymal Volume Loss (PVIs) 1Original Brain Volume— TBV

Ventricle-to-Brain Ratio (VBR)= TVV/TBV X 100

TBV-to-TICV Ratio = TBV/ TICV

Ventricle-to-Cranial Ratio (VCRy» TVV/ TICV

TICV = total intracranial volume; CSE cerebral spinal fluid
FOriginal Brain Volume= TICV — CSF Constant (Male CSF Constani85; Female CSF Constant 90)
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the normal individual TICV represents an index of maximal displayed other cognitive or neuropsychiatric disorders. Fol-
brain volume reached in adolescence—young adulthood (Bigewing a consensus diagnostic process, patients were diag-
ler, 2001). The rationale for this assumption comes fronnosed and classified by four general categories as either
developmental studies that demonstrate brain volume drivesaving (1) Alzheimer’s disease (AD); (2) non-AD dementia
intracranial volume and that TICV is fixed by late childhood- such as vascular dementia (VaD) or diagnosable neuropsy-
adolescence (Blinkov & Glezer, 1968; Courchesne et al.chiatric disorders hereafter referred to as thiged neuro-
2000; Nellhaus, 1968; Peterson et al., 2000; Reiss et alpsychiatricgroup; (3) subjects who met none of the above
1996). This stability provides a unique opportunity to esti-classifications but nonetheless displayed some cognitive def-
mate premorbid brain size because the only other intracraeit classified asnild/ambiguougM /A, see Breitner et al.,
nial contents are the non-neural structures of meninges, blodP99); and (4) a group of normal controls. Subjects within
vessels and their contents, and cerebral spinal fluid (CSRhe M/A classification have been considered to be at risk
Matsumae et al., 1996). In terms of the volume occupied byor developing dementia, and some of these subjects un-
the non-neural intracranial contents, Blatter et al. (19953oubtedly had what is now considered to be mild cognitive
demonstrated that whole brain CSF was approximatelympairment (MCI; Peterson et al., 2001). For the purposes
85 cn® for male subjects and 90 ¢énfior female subjects at  of this study, these subjects will be labeled WMCI. As
maturity (age 16—25), which is similar to what others havepart of the clinical assessment all subjects received a bat-
reported (Cherniak, 1990). Although it may be an oversim-tery of cognitive tests including the Mini-Mental Status Exam
plification, an estimate of original (or maximal) brain vol- (MMSE; Folstein et al., 1975) and an expanded version of
ume between the ages of 16 and 25 is TICV minus the CSkhe Consortium to Establish a Registry for Alzheimer’s Dis-
constant reported above for males and females. Althougkase (CERAD; Welsh et al., 1994), to more completely as-
imaging techniques exist for computing vascular and mensess potential areas of cognitive impairment not covered by
ingeal volumes, they are not practical in standard imaginghe original CERAD battery (Tschanz et al., 2000). In this
protocols. Furthermore, some of the vascular contents oftesample, collapsing the four diagnostic groups into a single
segment as CSF and thus the total CSF volume at maturityroup including control subjects we compared the correla-
(ages 16-25) may provide the best estimate to account farons between each brain measure, as indicated in Table 1,
non-neural intracranial contents. Once the original brairto neuropsychological performance. By performing such
volume is estimated, simply subtracting current brain vol-comparisons, the objective of this study was to determine
ume from the original brain volume estimate gives thethe relative effectiveness of individual MR morphometric
amount of parenchymal tissue lost. Similarly, subtractingmeasures to relate to cognitive performance on a battery of
the CSF constant at maturity from current CSF yields theneuropsychological tests and whether one quantitative mea-
CSF increase due to parenchymal loss. sure was superior. By having a continuum of clinical cases
The above correction procedures incorporate methods tsevere dementia to mild impairment) combined with a con-
adjust for head size prior to statistical analysis. Others hav&ol group insured that there would be full representation of
suggested that ratios and direct correction factors should beognitive performance and levels of cerebral atrophy (see
avoided and that variability due to head size should be adBigler et al., 2003).
dressed statistically (e.g., a covariate or the regression meth-
ods discussed below; Kidron et al., 1997; Mathalon et al. ETHODS
1993; Schlaepfer et al., 1995). However, these statistica
correction procedures may raise their own set of concernSubject demographics are shown in Table 2. The clinical
(Pfefferbaum et al., 1990) and are complicated by the factharacteristics of the dementia subjects have been pub-
that there is a significant positive correlation between mealished in detail elsewhere (Bigler et al., 2000, 2002a; Breit-
sures of a brain structure of interest and all other braimer et al., 1999; Tschanz et al., 2000). Briefly, through a
structures or regions (Finlay & Darlington, 1995; Thomp- screening followed by a consensus diagnostic approach,
son et al., 2001a, 2001b). Furthermore, in cases where theearly 6,000 individuals 65 and older residing in Cache
issue of cerebral reserve is under investigation (Bigler, 2001Lounty, Utah were evaluated (see Breitner et al., 1999;
the absolute and not relative size of a given neural structur&schanz et al., 2000) and the majority of cases of dementia
may be crucial. identified. The process began by identifying through vari-
ous types of public documents and advertisements all indi-
viduals 65 and older in the county. Next, through either a
telephone interview process or face-to-face contact with
county residents (see Breitner et al., 1999; Norton et al.,
In 1994 a comprehensive, population-based study of agin4999), 1,029 with potential cognitive symptoms were iden-
and dementia was initiated in Cache County, Utah the modified, as well as a stratified sample of othels £ 960),
northeastern county of the state that involved screening agnd all were further examined with a comprehensive clini-
proximately 6,000 individuals (see Breitner et al., 1999).cal assessment (CA) for detection and a differential diag-
As part of the clinical assessment neuroimaging was soughosis of dementia . Three hundred and thirty-five individuals
for most patients with suspected dementia or those whavith dementia and 42 not meeting criteria for dementia but

The Cache County Memory and
Aging Study
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Table 2. Cache County subject demographics (VBR, total ventricular volume divided by total brain vol-
- ume X 100) and a ventricle-to-cranial ratio (VCR, total
Educational  yentricular volume divided by TICV).
Age level
Group Sex N M (SD) M (SD)
Cache County subjects Quantitative MR Measurements
Control As previously introduced, seven quantitative measures of
Male 9 75.88(6.92) 12.56(3.00) prain volume or cerebral atrophy were used, as described in
~ Female 11 77.69(6.31) 13.09(2.34) Taple 1. Each measure used either one or a combination of
C'Q:;ﬁ;ﬁ}:‘;‘:ps TICV, TBV, whole brain CSF, and ventricular volume data
Male 32 8229(558) 13.19 (3.29) that had glready been established as part of the Cache County
Female 55 80.33(6.20) 1257 (2.51) St_udy (Bigler et aI.,_ 2000, 2002h, 2003). TICV was d.eter—
MCI/MA mined by total brain plus CSF volume, where the inner
Male 16 83.92(6.39) 13.13(3.36) table of the skull was the outer boundary of the segmented
Female 14 84.29(7.46) 13.79(2.58) image and whole brain volume was the sum of white and
Mixed neuropsychiatric gray matter pixels based on the ANALY 2Kk-nearest neigh-
Male 27 80.93(7.73) 13.15(3.42) bor routine (Robb, 1995a, 2001). Also using thaearest
Female 31 82.88(6.20) 12.41(2.03) neighbor routine, ventricular CSF was identified and vol-
Total 195 umes of the lateral, third and fourth ventricles determined

to calculate total ventricular volume. Each rater was blind
to diagnosis and achieved inter-rater reliability rates of .9

N _ _ ~or higher.
classified as MA subjects constituted the sample for which

imaging studies were sought. Of these 377 Cache CountKI i
subjects, 195 received MR imaging with sufficient quality Neuropsychological Measurements

to perform quantitative analysis and the clinical groups con-the CERAD neuropsychological battery has been fully de-
sisted of AD, a combined group of vascular dementia (VaD)scribed elsewhere (Welsh et al., 1994) and its explicit use in
and/or mixed neuropsychiatric disorder subjects (i.e., subthe Cache County population as an expanded battery has
jects with Parkinson’s disease, frontotemporal dementiaggen reported by Tschanz et al. (2000). All subjects were
Lewy Body dementia, alcoholism, etc.) and MINCI sub-  agministered the CERAD neuropsychological battery (Welsh
jects. Diagnostic classification was established indepengt g, 1994) which includes measures of mental sfatus
dent of quantitative neuroimaging data and was based on gientation (MMSE), language (naming, animal fluency),
consensus diagnostic method outlined by Breitner et aljmemory (Word List Memory Test), and constructional praxis.
(1999). A control sample of 20 individuals was also re-Thjs pattery was supplemented with additional common
cruited and underwent identical neuroimaging studies. Th‘?leuropsychological tests to augment the assessment of im-
mean educational level for all imaging subjects in the Cachenediate memory (Logical Memory | of the Wechsler Mem-
County group was 12.915p = 2.78). ory Scale—Revised, Benton Visual Retention Test), delayed
memory (Logical Memory I, recall of the constructional
praxis figures), language (Controlled Oral Word Associa-
tion Test from the Multilingual Aphasia Examination), pro-
MR imaging was performed on a 0.5 Tesla Philips scannecessing spee@xecutive functions (Trails A & B; Symbol
following a standard protocol as detailed elsewhere (BigleDigit Modalities Test, SDMT), and intelligence (Shipley

et al., 2000). Quantitative analyses were performed usinyocabulary Test). Not all patients were able to complete all
image analysis protocols previously published with scamaspects of the expanded CERAD battery. In addition, the
parameters as follows: Sagittal scans wera€ighted (500  Mini Mental Status Exam was administered to all subjects
15/2; TR/TE/excitations), with an acquisition matrix of (Folstein et al., 1975).

256X 256, a field of view of 24 cm, and a section thickness
of 5 mm with a 1 mmgap. Axial intermediate (proton
density-weighted) and,fweighted spin-echo images were
acquired with parameters of 3148L; 90/1, respectively,a The Pearson correlation coefficient was used to assess the
field of view of 22 cm, an acquisition matrix of 256256,  relationship between each of the seven brain volgme
and a section thickness of 5 mm with a 1.5 mm gap. Coroatrophy measures and performance in each of the neuropsy-
nal images obtained with a dual spin-echo technique (B046chological domains. The z-scores of the neuropsychological
30; 9¢/1) were 3 mm thick with a 0.3 mm gap, a 22 cm field tests were standardized based on age and gender character-
of view, and a matrix of 256< 240. We calculated total istics where possible. A chi-square test for comparing more
gray and white matter volumes, whole brain volume, ven-than two correlation coefficients was used to assess the
tricular volumes (lateral, Ill & IV) a ventricle-to-brain ratio differences (Zar, 1996, p. 384).

Neuroimaging

Statistical Methods
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Each of the seven measures of atrophy was ranked withiRESULTS
each of the neuropsychological tests according to the strength
of the correlation coefficient. The atrophy measure with thelnterrelationships of Brain Morphometry
strongest correlation for a given test was given a ranking ofjeasures
7, while the weakest correlation received a ranking of 1. A ]
Friedman Test (Conover, 1999, pp. 369-371) was used t§! 9eneral, regardless of the brain volufagophy correc-
assess differences in the ranking for each measure. TH®N Procedure (orno correction) used, all quantitative mea-
Friedman test is a nonparametric procedure designed to aft/'®s Were highly interrelated (see Table 3).
alyze ranks. It tests the equality of median ranks for each

atrophy measure. Also, each measure was paired with ea@omparison of Brain Morphometry

other in order Fo stqtlstlcally test .vvhg.ther the .Correlatlonﬁ\/leasures with Neuropsychological Tests
for each neuroimaging measure significantly differed when

directly compared. For clarity of presentation, Figure 1 simultaneously depicts
Finally we used the recommendations of Mathalon et alall correlations, regardless of sign, between brain morphom-
(1993, 1994) to explore whether their method of using re-etry measures and the expanded CERAD battery of neuro-
gression modeling to statistically correct for head size varipsychological tests including domains of neuropsychological
ability resulted in different or more salient correlations. function. As apparent in Figure 1, correlations were similar
Because of the number of potential measures and neuropsgeross the various morphometric measures for each neuro-
chological variables under investigation, we simplified thepsychological test administered. Chi-square analysis dem-
reporting of the findings using the Mathalon et al. (1993,onstrated that there were no significant differences between
1994) method to just the parenchymal volume loss (PVL)correlations of a given neuropsychological test and the dif-
measure. The reason for only selecting this measure wdsrent quantitative measures. In other words, in terms of the
because, as it will be shown, PVL was consistently sensimagnitude of the correlation, one quantitative measure was
tive to neuropsychological performance in this aging, clin-not statistically superior to another in relating to neuropsy-
ical population. More importantly, for the Mathalon et al. chological function.
(1993, 1994) method PVL can be treated as a specific ROl However, it is also evident from the correlation coeffi-
and using values from the normal controls, a regression lineients in Figure 1 that some of the atrophy measures (e.g.,
can be calculated that can predict PVL, given a subjectsTBV ¢ and TBV TICV and VBR) consistently yielded higher
particular head size or total intracranial volume (TICV) coefficients than the other atrophy measures (see orange
where the regression line equation is P¥I8, + 34[TICV]; line in Figure 1). The Friedman test of rank comparisons
wheref, is they-intercept ang3; is the slope coefficient. was highly significant p < .001), indicating that atrophy
From the Cache County neuroimaging data set, using thmeasures have significantly different median ranks from
y-intercept (B, = 404.623) and sloped; = 0.394) coeffi- each other (see Table 4). This further indicates that several
cients generated, residuals can then be calculated for thaf the atrophy measures consistently had stronger correla-
entire sample by simply subtracting the observed PVL valugions than the others. For example, TBWas the strongest
from the estimated or fitted value. Pearson correlations canorrelation in 11 out of the 15 tests and it was shown to
then be investigated to determine the relationships betweemave the strongest correlation with more neuropsychologi-
the various neuropsychological variables and this “headeal tests than all the atrophy measures except for/TTBYV.
size-residual” score of Mathalon et al. (1993, 1994). In the TBV/TICV was either the strongest or the second stron-
current study the aim of performing the residual compari-gest also in 11 out of the 15 tests (the strongest in one and
sons was to determine if it provided a better method forsecond strongest in 10). It was shown to have stronger cor-
examining neuroimaging measures of brain volume, thamelations in more tests than all atrophy measures except for
the other methods of correcting for head size. TBVC. VBR was ranked consistently higher than the re-

Table 3. Intercorrelational matrix for quantitative brain measures

All dementia groupsN = 195) TV TBVC® PVL VBR TBV/TICV ratio VCR
Uncorrected Total Brain Volume (TBV) —0.17* 0.60** —0.25%* —0.40** —0.60** —0.34**
Total Ventricular Volume (TVV) —0.61** 0.67** 0.96** 0.61** 0.97**
Corrected Total Brain Volume (TBY) —0.91* —0.71* —0.99** —0.64**
Parenchymal Volume Loss (PVL) 0.67** 0.91** 0.61**
Ventricle-to-Brain Ratio (VBR) 0.72** 0.99**
TBV/Total Intracranial Volume (TICV) Ratio 0.64**

Ventricle-to-Cranial Ratio (VCR)

*p=.01**p=.001
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measure yielded the highest correlations. The golden line was added to enhance the identification of the VBR showing that in most cases it represented
correlations with neuropsychological tests that were highest. Note that correlations are given in absolute terms. Lastly, even thougbtA@ VR a ratio
neuropsychological function are given in color and capitalized as underlined headings. Each domain was based on the average z-score of the summed
individual tests that made up each domain, except the constructional praxis task of the Consortium to Establish a Registry for Alzheimer'sHERgda)se (C

Fig. 1. This figure depicts correlations of the various quantitative magnetic resonance (MR) measures in comparison with individual neuropsyésological t
battery, which was the only task for the VISUOSPATIAL Domain and the Shipley IQ for the INTELLIGENCE Domain.

performance for all subjects in the Cache County Study. Each individual neuropsychological measure is listextadsthdth each quantitative neuro-
imaging procedure represented in a color-coded symbol as indicated in the legend on thg-&gis).(Note that in the majority of the cases total brain

volume-corrected (TBY; golden line), the ratio formed by total brain voluyttetal intracranial volume (TBXTICV) and the ventricle-to-brain ratio (VBR)
to TICV yielded the highest correlations, the magnitude of difference across the different measures was often minimal and always insignigasofDom
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maining four atrophy measures. Total ventricular volume
(uncorrected) had consistently weaker correlations than all
other atrophy measures.

Residualized Measures and Correction for
Head Size

Using the model outlined by Mathalon et al. (1993, 1994),
TICV was regressed onto parenchymal volume loss to re-
move the influence of head size from this particular ROI
(see Table 4). As can be seen, the regression method per-
formed slightly better with respect to the magnitude of the
correlation with neuropsychological performance than the
parenchymal volume loss measure or correction performed
statistically for parenchymal volume loss.

“Best” Measure of a Single Atrophy
Measure

Concerning whether there is a “best” measure for defining
cortical atrophy there are several limitations to this type of
analysis. When using a chi-square test for each of the nine-
teen neuropsychological tests across seven brain variables,
after adjusting the level of significance for multiple tests, it

is nearly impossible to detect potential significant differ-
ences. Secondly, as stated previously, the atrophy measures
are highly correlated (see Table 3), thus the chi-square test,
which assumes independence, overestimates the variability
and, again, potential significant differences will not be
detected.

We utilized two procedures that take into consideration
multiple measures and the interrelationships of atrophy mea-
sures. The first was the Friedman test of rank comparisons,
a non-parametric procedure which was described earlier.
This test was highly significantg < .001) indicating that
the atrophy measures have significantly different median
ranks from each other (refer to Table 5). This further indi-
cates that several of the atrophy measures had consistently
higher correlations than the others. For example, TB¥d
the highest correlation median rank (6.71), indicating that
TBVC tended to have stronger correlations with the neuro-
psychological tests. TBMICV had a median rank of 6.00
suggesting that it also had stronger correlations than the
other atrophy measures. Pair-wise analyses of the ranks
showed that the ranks for TBVand TBV TICV were not
significantly different from each other, but they were sig-
nificantly higher than the other measures. While the rank
results of the Friedman test do not specifically indicate sta-
tistical superiority of one atrophy measure over another,
they are indicative of a trend that TBVand TBV TICV
have stronger correlations than the others.

The second method used, that adjusted for multiple test-
ing and interrelation between atrophy measures was to use
a repeated measures analysis where the repeated measures
are not made over time, but over neuropsychological tests.
This can be thought of as comparing the mean correlations
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Table 4. Comparison of residualized measures with parenchymal volume loss (PVL) corrected and uncorrected

PVL regressed

Measure (Mathalon et al., 1993, 1994) PVL corrected PVL uncorrected
Immediate memory

Word List Memory Task Trial 3 —.40%** —.39%** —.34%**

Logical Memory Story A and B —.43*** —.40*** —.29%**

Benton Visual Total Correct —.54xxx —.50*** — . 41%**
Delayed memory

Word List recall-delayed —.14%** —.15* -.13*

Constructional Praxis total-delayed — . 44%** —.35%** —.27%**

Logical Memory—delayed — . 42%** —.40%** —.30%**
Visuospatial

Constructional Praxis total —.38*** —.35%** —.27%**
Language

Animal Fluency Test total — 4] — 41 —.36%**

Boston Naming Test total —.40%** —.37** —.26%**

Controlled Oral Word Association Test —.39%** —.40*** —.36%**
Executive

Trails Making Part A—time 31xx* 29%Fx .23%*

Trails Making Part B—time .36%** .36 .35%**

Symbol Digit total correct — .5E*** — . 57*** —.52%**
Intelligence

Shipley A1 A2 A2
Mini-Mental Status Exam —.37*** —.36%** —.29%**

*p=.05. *p = .01. **p= 001

of the brain atrophy measure across all tests. However, thiBISCUSSION

test assumes a normal distribution, so the correlations we
first transformed by taking the arc sin of the absolute value
so they would satisfy the normality assumption. This test

indicates that the means of the atrophy correlations are sidq— X o . ) .
| cranial capacity is largely driven by the expanding brain

nificantly different (p < .001) thus, averaged across al

neuropsychological tests, one or more of the atrophy mea-
sures have stronger correlations than the other measur
(see Table 6). Bonferroni adjusted pair-wise analysis re

veals that TBV* and TBV/ TICV have significantly higher

means than all the other measures but are not significantl

different from each other (TBMICV only approaches
significance when compared to VBRlgjustea = 12,

Punadjusted™ 006)

Table 5. Highest to lowest median ranking of the seven
morphometric measures relating to neuropsychological

r . : :
'Fhe various correction procedures for head size and mea-

ures of cerebral atrophy were highly interrelated. This is
ot surprising because from a developmental perspective

where TBV and TICV enlarge in concert. TICV approxi-

ggates maximal volume very early in life-6 years of age)

and by late childhood-adolescence becomes invariant
(Courchesne et al., 2000). In such a rapid growth matrix,
volumes of most brain structures as well as TBV become
Kighly interrelated (Baare et al., 2001a, 2001b; Thompson
et al., 1998, 2001b). Since the correlations were not uni-
form, each measure does still capture some unique ele-
ment of brain structure in relationship to neuropsychological

performance. However, from a statistical standpoint, no

performance Table 6. Means of the absolute value of the correlation
(uncorrected) of the atrophy measures
Median
Test rank Test M
Total Brain Volume (corrected) (TBY) 6.71 Total Brain Volume—corrected (TBY) 0.372
Total Brain Volumé Total Intracranial 6.00 Total Brain Volume Total Intracranial 0.359
Volume (TBV/TICV) Volume (TBV/TICV)
Ventricle-to-Brain Ratio (VBR) 5.00 Ventricle-to-Brain Ratio (VBR) 0.312
Ventricle-to-Cranial Ratio(VCR)TICV 4.00 Ventricle-to-Cranial Ratio(VCR)TICV 0.303
Total Brain Volume (uncorrected) (TBV) 3.29  Total Brain Volume—uncorrected (TBV) 0.297
Parenchymal Volume Loss (PVL) 3.00 Parenchymal Volume Loss (PVL) 0.277
Total Ventricular Volume (TVV) 2.00 Total Ventricular Volume (TVV) 0.259
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correction procedure or measure of atrophy showed a sigage, in which greater atrophy is part of the ‘normal’ aging

nificantly higher correlation with each neuropsychologicalprocess will be important. Also, the current study focused

measure than another. Nonetheless, across all the neuron whole brain measures and indices of atrophy, rather than

psychological tests, TB¥Vand TBV TICV consistently dem- focal lesions or regional areas of atrophy. We plan to study

onstrated higher correlations than other measures antthese relationships in a separate study and it may be that

possibly represent the better single measures for detectirgjfferent associations emerge when trying to quantify rela-

whole brain—cognitive relationships. VBR came in as ationships between lesions or focal cerebral changes and

very close third best candidate for detecting atrophy-neuropsychological performance.

neuropsychological relationships. Uncorrected values of In summary, correction of head size is important in ac-

brain and ventricular volume resulted in the least reliablecurately assessing the relationship between whole brain

and robust relationships with neuropsychological vari-atrophy and neuropsychological performance in aging,

ables. Accordingly, the use of uncorrected brain mmd neuropsychiatric disordered, or demented subjects. The rec-

ventricular values may not be warranted in aging and deemmended correction methods are TBVIBV/TICV or

mented populations unless there are special circumstancégBR. Only one method is necessary as the different mea-

From the above analysis TBY TICV or VBR are the sures are highly interrelated and do not differ statistically

preferred methods. However, these three corrected meaa their magnitude and consistency of relationship to neuro-

sures are similar enough that they may be interchangeablpsychological test performance.

Certainly this similarity indicates redundancy if more than

one is used_ in studies of ge_nera! brain morphol_og)_/ ar.]%\CKNOWLEDGMENTS
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