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Quantitative MR volumetry in
Alzheimer’s disease

Topographic markers and the effects of sex and education

D. Kidron, MD, PhD; S.E. Black, MD, FRCP(C); P. Stanchev, PhD; B. Buck, MSc; J.P. Szalai, PhD;
J. Parker, MSc; C. Szekely, MA; and M.J. Bronskill, PhD

Article abstract—We determined topographic selectivity and diagnostic utility of brain atrophy in probable Alzheimer
disease (AD) and correlations with demographic factors such as age, sex, and education. Computerized imaging analys:
techniques were applied to MR images in 32 patients with probable AD and 20 age- and sex-matched normal contr
subjects using tissue segmentation and three-dimensional surface rendering to obtain individualized lobar volume
corrected for head size by a residualization technique. Group differences emerged in gray and white matter compartmen!
particularly in parietal and temporal lobes. Logistic regression demonstrated that larger parietal and temporal ventricule
CSF compartments and smaller temporal gray matter predicted AD group membership with an area under the receive
operating characteristic curve of 0.92. On multiple regression analysis using age, sex, education, duration, and severity «
cognitive decline to predict regional atrophy in the AD subjects, sex consistently entered the model for the fronta
temporal, and parietal ventricular compartments. In.the. parietal region, for example, sex accounted for 27% of tk
variance in the parietal CSF compartment and years of education accounted for an additional 15%, with women showir
less ventricular enlargement and individuals with more years of education showing more ventricular enlargement in th
region. Topographic selectivity of atrophic changes can be detected using quantitative volumetry and can differentiate A
from normal aging. Differential effects of sex and years of education can also be detected by these methods. Quantificatic
of tissue volumes in vulnerable regions offers the potential for monitoring longitudinal change in response to treatment
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Alzheimer’s disease (AD), the leading cause of de- been more compelling. The present criteria for diay
mentia, presents an increasingly formidable chal- nosis, proposed in 1984, depend heavily on clinic:
lenge to health care systems as we enter the next and behavioral analysis. In vivo volumetric and mo
century. The need for diagnostic accuracy and for phometric MR studies can provide sensitive indicc
biological and behavioral measures to monitor dis-  of brain anatomy,** including computer-assisted ti
ease progression and response to therapy has never  sue classification,® which in conjunction with appr
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Table 1 Demagraphics and general neuropsychological scores for pﬁtients with Alzheimer’s disease and normal control suojects

. : YearsAof Duration of
| Group n: - Sex . Age (y) _ A_education disease (y) MMSE DRS total NART

| AD 17  Female  683£102 ' 126x24  39=22 19.5 + 2.9 109.9 + 12.2 104.2 = 10.1

15 Male. 706+82 - 127%36 40+25  191+53  1022+214  1029%94

: 32  Total 69.4 + 9.2 12.7 3.0 4.0+23 193 * 4.1 106.2 + 17.4 103.5 = 9.6

NC ¢ 10 " Female 74.8 = 6.7 121 = 1.8 — 28,7+ 1.0 1409 = 2.4 1178 = 7.2

> 10 Male 725 £ 3.9 13.2+29 e 219 =11 139.3 £ 24 1178 £ 7.2

20 Total 73.6 £ 5.4 12.7 £ 256 - 283 =11 140.0 = 3.3 117.1 £ 6.9

\ialues are means * SD.

AD = Alzheimer’s disease; NC = normal control subjects; MMSE = Mini-Mental State Examination; DRS = Mattis Dementia Rating

Scule; NART = New Adult Reading Test.-

priate neurobehavioral measures can provide useful
tools for the diagnosis and objective documentation

of progression in AD and other neurodegenerative

diseases.”®

AD is a corticolimbic disease process with definite
regional accentuations. Histopathologic studies, as
weil as functional imaging with PET, have shown
that the areas most severely involved are typically
the amygdala and hippocampus, temporal and poste-
_rior parietal areas, the posterior cingulate gyrus, and
the prefrontal lobes.!®'¢ Microscopically, the gray
matter (GM) is the most affected.!® Semiautomatic
brain tissue segmentation and volumetry methods,
* including three-dimensional (3D) surface reconstruc-
" tion, allow investigation of these topographic predi-
~lections with anatomical accuracy “customized” for
. each individual.'** Reliable and accurate structural
". measurements may also reveal biological effects of
# demographic factors. For example, advanced age, fe-
;, male sex, and few years of education have been asso-
¢ ciated with increased incidence of AD.}"* The direct
. relationship of sex and education to brain atrophy,

% however, has not been adequately investigated.
i In this project, we used computerized MRI analy-
 sis techniques to determine brain tissue compart-
ment volumes in the major lobar regions of 20
- normal elderly subjects (NC) and 32 patients with
" probable AD. We predicted that the hippocampal for-
-mation, parietal, and temporal regions would be
most affected by atrophic loss and that the combina-
: thn of these measurements would be helpful in dis-
~Criminating AD from control subjects. We used brain
- tissue segmentation with 3D surface reconstruction
_-‘"»;:t° determine, individually in each subject, the vol-
&‘_.i'“mt?s of specific lobar regions. The brain variables
7 derived from these procedures were used to investi-
% Bate topographic selectivity, classification power,
¥ nd the effects of demographic variables such as age,

;’; 8ex, and education in probable AD.
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F%;ye.thods. Subjects. Patients with probable AD were re-
;&:;ﬁ“}bed from the Cognitive Neurology Clinic in a large
§.4 -Miversity of Toronto teaching hospital (Sunnybrook
'i;';;.nealfih Science Centre) serving an urban residential com-
ym“mty in Toronto, Canada. The group consisted of 32

AT
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right-handed community-dwelling patients (15 men and 17
women) who met the National Institute of Neurologic and
Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association diagnostic cri-
teria for probable AD.! In addition to the standard tests
included in the above criteria, all patients with AD had a
modified Hachinski score of 4 or less to reduce the likeli-
hood of vascular dementia.?2* The demographic character-
istics of all subjects are shown in table 1. Patients with AD
had a mean * SD age of 69.4 * 9.2 years (range, 50.3 to
84.0). The mean years of education (YOE) was 12.7 * 3.0
(range, 6 to 18) and the mean duration of disease was
4.0 * 2.0 years (range, 1.5 to 9.5).

Control subjects were normal volunteers from the com-
munity, living at home independently, who were partici-
pating in ongoing studies of aging. Subjects with any
history of neurologic or psychiatric disease were excluded.
The group consisted of 20 right-handed subjects (10 men
and 10 women) whose age and education did not differ
from the patients with AD. Their mean age was 73.5 * 5.4
years (range, 67.2 to 88.1) and their mean YOE was 12.7 =
.2.5 (range, 9 to 19).

. Patients with AD underwent MRI as part of their clini-
cal workup and received neuropsychological testing on a
standardized battery within a mean of 3.3 months of scan- *
ning. Similarly, control subjects underwent MRI and re-
ceived the same neuropsychological protocol within a mean
of 0.3 months of scanning. All patients with AD scored
below the cutoff level of 123 on the Mattis Dementia Rat-
ing Scale? and all control subjects scored above. The mean
score on the Mini-Mental State Examination (MMSE)?*" for
AD patients was 19.5 + 2.9 (range, 10 to 27) and for
control subjects, 28.7 = 1.0 (range, 26 to 30).

MRI protocol. Brain images were acquired on a 1.5-T
Signa system (General Electric Medical Systems, Milwau-
kee, WI). For the segmentation and lobar volumes, we used
a double spin-echo sequence with a 192 X 256 matrix,
TR/TE of 3000/30, 80 msec, 0.5 NEX, and a field of view of
20 cm. Imaging time was 11.6 minutes, and 58 3-mm con-
tiguous and interleaved slices were obtained.

Hippocampal measurements were performed on T1-
weighted images acquired with a 3D volume technique
using a TR/TE of 35/56 msec, 1 NEX, flip angle of 35 de-
grees, and a field of view of 22 cm. One hundred twenty-
four 1.3-mm slices covering the whole brain were acquired
in the sagittal plane in an imaging time of 14.4 minutes.
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Image analysis. Images were transferred to a Sun
SPARC station (Sun Microsystems, Mountain View, CA)
for analysis, which involved five major procedures: bifea-
ture segmentation of the whole brain into tissue compart-
ments using proton density and T2-weighted images,

" ventricular volume calculation, 3D surface reconstruction
of the T2-weighted image, lobar definition from 3D surface
reconstruction, and hippocampal volume determination
from coronal T1-weighted images.

In our pilot study, we carefully investigated different
aspects of the acquisition and measurement techniques
including the use of filters, correction for nonhomogeneity
of the magnetic field, and repeated measurement of the
same subject over a short time.? We also used different
mathematical models for segmentation, brain editing, and
3D reconstruction. The combination of techniques that pro-
vided the most reliable results was then selected and used
in the current study. High intra- and inter-rater reliability
(0.98 and >0.80, respectively) for the bifeature segmenta-
tion procedure was established in our pilot study using
three raters in 20 subjects.?

Bifeature segmentation procedure. Segmentation of
the MR images into GM, white matter (WM), and CSF was
performed using previously published bifeature segmenta-
tion procedures supplied with MRX imaging software by
GE Medical Systems.?®3° Thirty points per compartment
(15 per hemisphere) were sampled simultaneously from
the proton density and T2-weighted images. The index
slice chosen for sampling was the most inferior slice above
the level of the orbits where the anterior horns of the
lateral ventricles could be seen. WM lesion volumes were
not used in the group comparisons because of minimal
representation on the index slice. Using a nonparametric
statistical algorithm (k-nearest neighbors [KNN] super-
vised classification), the sampled points were used to de-
rive a “classificator” that determined the most probable
tissue type for each voxel.?¥® The KNN technique was

chosen because previous studies have shown that it is the .

most stable for tissue classification.®

Ventricular and sulcal CSE volume calculations. A
second procedure was used to semiautomatically define the
ventricular CSF (vCSF). Artrained observer placed a box
around the ventricles in each slice to define the vCSF.
Subtraction of the vCSF volume from the total CSF volume
yielded by the whole brain segmentation provided a sepa-
rate estimate of the sulcal CSF (sCSF) volume.

3D surface reconstruction: total brain capacity measure-
ment. A 3D surface rendering technique® was used to
obtain accurate lobar demarcation using ANALYZE soft-
ware (version 7.0, Mayo Foundation, Rochester, MN). The
T2-weighted image was first “edited” using intensity
thresholds and tracing limit lines on each slice to remove
nonbrain structures. The whole brain volume, which in-
cluded brainstem and cerebellum, was then calculated
from the edited brain as an index of the total intracranial
capacity and was used in the standardization procedures
to correct for brain size.

3D surface reconstruction: region of interest definition.
Using the edited images, a 3D reconstruction was com-
puted to project the brain surface of each cerebral hemi-
sphere separately. Using anatomical landmarks and a
priori geometric rules accepted by neuroanatomic conven-
tion, the frontal, parietal, temporal, and occipital lobes
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paricto-occipital
s fissure —»

Figure 1. Representational drawing illustrates the loca-
tion of the sulcal landmarks used in determining lobar

volumes.

were demarcated in the following manner (figure 1).* On
the lateral surface of each hemisphere, the Sylvian fissure
and central sulcus were traced and the parieto-occipital
fissure and the preoccipital notch were identified and
joined by a line. A line was then drawn from the posterior
end of the Sylvian fissure to the line joining the parieto-
occipital fissure and preoccipital notch to provide the pos-
terior demarcations of the parietal and temporal lobes. The
traced boundaries were projected orthogonally to the me-
dial surface to define lobar-equivalent volumes. The voxels
of the lobar region of interest (ROI) were used to mask the
segmented images, enabling quantification of the different
tissue compartments for each lobe. '

Hippocampal volume determination. Because tissue
compartments could not be discerned in the hippocampus,
an automatic procedure could not be applied. To determine
the volume of the hippocampus, therefore, a planimetric
measurement was obtained. Sagittal images were used to
define the anterior and posterior end points of the struc-
ture (pes hippocampus and fornix-fimbria, respective-
ly).3% The sagittal images were then reformatted into
coronal slices perpendicular to the longitudinal axis of the
hippocampal formation. Next, the hippocampal perimeter
for each 2.6-mm-thick coronal slice was traced manually
for each hemisphere. The demarcated area was multiplied
by slice thickness to obtain the hippocampal volume for
each slice. The volumes of contiguous hippocampal slices
were then summed to provide the total hippocampal
volume.

Correction for head size. Several studies established
structural volume differences in overall head size between
healthy individuals and also between healthy groups of
males and females.® To correct for normal variation in
head size between individuals, a regression model was per-
formed on the total intracranial capacity (as defined previ-
ously) in the NC group to yield brain size-residualized
volumes, which were then applied to the patients with AD.
For the regression model, the intercept was forced to zero
based on the assumption that as brain volume approaches
zero, the ROI volume should also approach zero. These
residualized measures express the ROI volumes as devia-
tions from the predicted volume for an NC with a given
intracranial capacity and, by definition, make no assump-




{ tion of a linear correlation between brain region and total

| intracranial capacity. In removing the influence of head
. gize from the structural measurements, the regression ap-

: Sample'

roach to brain size correction has been shown to be pref-
erable to the use of proportions.?” :

Reliability of measurement techniques. In the present
reliability was assessed for the volumetric esti-
mates of GM, ‘WM, and CSF for each ROIL Inter-rater
reliability was calculated based on ROI determinations of
two independent raters in 18 hemispheres. Intrarater reli-
abiility was estimated based on measurements for 10 hemi-
spheres. For the hippocampal volumes, 36 hemispheres
were measured for intrarater reliability and 20 for inter-
rater reliability. For all regions, the intraclass correla-
tions® for intrarater reliability was above 0.82, reaching
even higher levels for the vCSF (0.97), temporal lobe
(0.94), and hippocampus (0.91). Inter-rater reliability was
above 0.70 for all regions. \

Statistical methods. The measurements of a single
rater (D.K.) were used for all statistical analyses. Five
separate MANOVAs (SAS General Linear Models) were
performed, one for each region: global, frontal, parietal,
temporal, and occipital. Each MANOVA had group (AD or
NC) as a between-subjects factor. For each region, the
dependent measures included the four tissue compart-
ments (GM, WM, sCSF, and vCSF) in each hemisphere
(left and right) except for global region. Any significant
multivariate tests were further investigated for univariate
effects. Because the hippocampus was not segmentable
and only a total volume was derived, a univariate ANOVA
was used for this region.

To maintain nominal o at 0.05 for the study, standard
top-down statistical procedures were used (proceeding
from most general to the most specific comparisons). The
significant univariate results from the MANOVAs were
further investigated by various statistical procedures, in-
cluding split-plot ANOVA, logistic regression, and multiple
regression, to assess the effects of group, sex, or hemi-
sphere. Forward stepwise logistic regressions designed to
predict group membership were performed on both demo-
graphic and brain variables. Logistic regression was pre-
ferred over discriminant analysis because it has fewer
assumptions (e.g., no assumption of multivariate normal-
ity for covariates), because it allows categoric and continu-
ous variables to be included, and because it is just as
efficient as a discriminant analysis.*** In addition, it also
allows the area under the receiver operating characteristic
(ROC) curve to be calculated, and this can be useful for
diagnosis.

Finally, to explore the effects of demographic factors
and disease severity and duration on brain atrophy in AD,
the regions that were identified as significantly different
between the groups were used as dependent variables in a
series of forward stepwise multiple regressions. For each
regression, the effects of age, sex, YOE, disease duration,
and MMSE as an index of disease severity on regional
brain atrophy were examined. To determine the effects of
hemisphere, sex, and group, an ANOVA was performed on
each of the five dependent variables that differed signifi-
cantly in the two groups (i.e., frontal vCSF, parietal vCSF,
temporal vCSF, temporal GM, and hippocampus as dis-
cussed below).

Results. Group differences in cortical and hippocampal
volumes. Table 2 shows the mean raw volumes of the
global and regional GM, WM, sCSF, vCSF, and the hip-
pocampal volumes for the AD and control groups. The per-
cent volume change for each structure is also shown. The
MANOVA performed on the residualized global brain vol-
umes with the dependent measures of GM, WM, sCSF, and
vCSF revealed a significant multivariate effect of group on
the whole brain (Pillai's F(4,47) = 4.95, p = 0.0021). The
MANOVAs performed on residualized left and right GM,
WM, sCSF, and vCSF in individual lobes revealed signifi-
cant multivariate effects of group on frontal (Pillai’s
F(8,43) = 2.26, p = 0.0413), parietal (Pillai's F(8,43) =

2.74, p = 0.015), temporal (Pillai's F(8,43) = 4.65, p =
0.0004), and occipital (Pillai's F(8,43) = 2.28, p = 0.040)
volumes.

To identify the structural source of the group differ-
ences, the univariate effects were further investigated. In
the whole brain, there was a significant effect of group on
the total GM (F(1,50) = 7.64, p = 0.008) and total vCSF
(F(1,50) = 14.78, p = 0.0003). For the frontal lobe, there
was a significant group effect on left vCSF (F(1,50) =
14.76, p = 0.0003). The parietal lobe showed significant
group effects for both right vCSF (F(1,560) = 7.68, p =
0.0078) and left vCSF (F(1,60) = 12.92, p = 0.0007). For
the temporal lobe, there were significant group effects on
right GM (F(1,50) = 8.42, p = 0.0055), left GM (F(1,60) =
12.92, p = 0.0007), right vCSF (F(1,50) = 9.89, p =
0.0028), and left vCSF (F(1,50) = 14.91,p = 0.0003). There
were no significant univariate effects for the occipital lobe.
Note that there were no significant effects on WM and
sulcal CSF in any region. For the hippocampus, the uni-
variate ANOVA revealed a group difference (F(1,44) =
5.36, p = 0.0253) (figure 2).

Group classification. To determine which combination
of demographic variables and/or brain tissue volumes
could best predict group membership (AD versus NCQ), for-
ward stepwise logistic regressions were used. Separate
models were performed on the demographic variables and

‘then on brain variables to enable assessment of their con-

tribution independent of one another. The demographic
variables were age, sex, and YOE, which are known to
be risk factors for AD on the basis of epidemiologic

. studies.'®®2 The brain regions were those that signifi-

cantly differed on the previous MANOVASs. These included
the hippocampal, frontal vCSF, parietal vCSF, temporal
vCSF, and temporal GM volumes. No demographic factor
entered into a prediction equation. Of the available brain
variables, however, parietal vCSF, temporal vCSF, and
temporal GM entered into and produced a significant
model (x*(3) = 30.81, p = 0.0001). Specifically, larger pari-
etal and temporal vCSF and smaller temporal GM pre-
dicted membership in the AD group. The probability that
this model correctly distinguished any random pair of indi-
viduals, one AD and one NC, in our sample was 0.92 (fig-
ure 3, area under the ROC curve).

Demographic markers. To explore the effects of demo-
graphic factors on regional brain atrophy in the AD group
alone, the regions that were identified as significantly dif-
ferent between groups were used as dependent variables in

" a series of forward stepwise multiple regressions. This in-

cluded the frontal vCSF, parietal vCSF, temporal vCSF,
temporal GM, and the hippocampus. The independent.
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Table 2 Percent volume change of brain structures between patients with Alzheimer’s disease and normal control subjects

¥ AD group Control group % volume

Region Compartment volume (cm?) volume (cm®) change* p Val
Global GM 680.68 + 101.6 759.40 = 85.2 -10.4 0.006
: WM 472.00 = 73.3 476.61 + 87.3 -1.0 0.838

sCSF 179.00 * 53.4 168.67 + 46.8 +6.1 0.481

vCSF 50.71 + 21.4 31.44 * 16.4 +61.3 0.001

Frontal GM 102.35 = 20.1 108.72 = 20.3 -5.9 0.272
WM 84.48 = 19.2 89.13 = 20.2 -5.2 0.408

sCSF 34.25 = 17.5 28.20 = 10.9 +21:4 - 0.173

vCSF 8.20 = 4.2 6.06 £ 6.2 +36.2 0.110

GM 107.46 = 22.7 114.09 = 15.2 -5.8 0.253

WM 91.18 = 17.7 90.48 = 25.1 +0.8 0.906

sCSF 36.34 = 11.5 35.58 + 13.3 +2.1 0.828

vCSF 9.40 = 4.4 5.53 = 2.4 +69.9 0.001

Parietal GM 99.01 = 23.6 105.80 + 19.4 -6.4 0.282
WM 58.58 = 15.3 57.50  12.5 -11 0.876

sCSF 22.68 = 11.6 21.60 + 6.3 +19.5 0.270

vCSF 10.37 £ 7.0 5.20 + 3.3 +79.5 0.012

GM 99.45 * 17.6 110.80 = 19.4 -10.2 0.035

WM 62.19 = 15.6 57.50 = 12.5 +8.1 0.263

sCSF 23.30 = 7.7 21.60 * 6.3 +1.9 0.408

vCSF 9.32 49 5.20 + 3.3 +79.5 0.002

Temporal GM 78.01 * 14.1 91.72 + 15.1 -14.9 0.002
WM 66.19 = 15.8 68.96 + 19.8 -4.0 0.579

sCSF 22.58 * 6.7 19.87 + 6.6 +13.6 0.15¢

vCSF 5.52 = 2.7 3.53 = 2.0 +56.6 0.006

GM 85.25 = 12.4 101.51 * 16.0 -16.0 0.001

WM 72.76 * 13.6 69.37 + 19.8 +4.9 0.466

sCSF 23.37 £ 5.2 21.60 = 4.8 +8.1 0.228

vCSF 7.23 + 2.81 . 463%221 +56.2 0.001

Hippocampus R 1.09 = 0.36 1.40 = 0.34 -20.1 0.011
L 0.98 = 0.34 1.25 = 0.31 -21.2 0.01¢

Values are means *+ SD. Results based on Student’s ¢-tests between NC and AD. *Percentages calculated by (AD volume -

NC volume)/NC volume.

AD = Alzheimer’s disease; GM = gray matter; WM = white matter; R = right; L = left; NC = normal control subjects.

variables included age, sex, YOE; duration of disease, and
severity as measured by MMSE.?” Age, duration, and se-
verity of disease did ndt significantly contribute to any
model. However, breakdown of the variance contributions
showed that atrophy as reflected in increased vCSF in the
frontal, parietal, and temporal lobes was partially influ-
enced by sex (table 3). For parietal vCSF, for example, sex
alone accounted for 27% and YOE accounted for an addi-
tional 15% of the variance. Sex also accounted for 16% of
the variance for frontal vCSF and for 14% in temporal
vCSF. Specifically, female sex was associated with less
atrophy (smaller vCSF volumes) and higher education was
associated with more atrophy. No effects of these variables
emerged for the temporal GM or the hippocampal volumes.

To examine these sex effects in more detail and to com-
pare them with those observed in healthy normal control
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subjects, four ANOVAs were performed with hemisphei
(left, right), sex (male, female), and group (AD, NC) ¢
factors. The dependent measures were the regions thi
differed significantly in the two groups, namely the front:
vCSF, parietal vCSF, temporal vCSF, and temporal GM
As expected, there was a significant main effect of group i
all four brain regions (p < 0.002) in that the AD grou
showed more atrophy (reflected by greater vCSF volume ¢
smaller GM volume) compared with the NC group (figu
4). No group difference interacted with left or right side.

main effect of sex was seen in the temporal GM only, du
to smaller volume in males compared with females (F(1,4!
= 5.75, p = 0.020). Significant interactions between grou
and sex were seen on both the frontal vCSF (F(1,48)

5.28, p = 0.0260) and parietal vCSF (F(1,48) = 7.79, p

0.0075) (figure 5, a and b). Post-hoc analyses showed th:
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Figure 2. A group difference in the mean of the left and
- right residualized brain volume was found in the hip-
" pocampus, in that AD patients had smaller volumes com-

pare with normal control subjects (NC). To illustrate the

, overlap in the data, the raw values are plotted here.

* in both regions, the AD men had larger vCSF volumes

than women, whereas in the NC group, no sex difference

occurred. There was no effect of sex or side on the hip-
. pocampal, volumes.

* Discussion. This is the first study in AD as far as

we are aware that has used segmentation in combi-
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F f’gure 3. The area under the ROC curve illustrates the
high predictability of the model that included temporal
GM, temporal vCSF, and parietal vCSF. The probability
that this model correctly distinguished any random pair of
AD and NC subjects in our sample was 0.92.

nation with surface rendering to measure lobar tis-
sue compartment volumes as defined in each subject
individually by conventional surface anatomic land-
marks. We also adopted a new technique to correct:
for brain size that makes no assumptions about lin-
ear relationships between brain regions and total
head size. Satisfactory inter- and intrarater agree-
ment was achieved, and imaging analysis could be
accomplished within 2 hours for each subject. These
techniques allowed us to detect sex differences and
effects of education on brain atrophy and to capital-
ize on the known topographic selectivity of AD to
distinguish it from normal aging. }

Topographic susceptibility in AD. Our results re-
vealed significant differences between the AD and
NC groups in certain tissue compartment volumes in
selected regions, including the frontal, parietal, and
temporal vCSF; temporal GM; and hippocampus,
confirming the topographic predilection in AD found
by histopathologic'®*! and other quantitative neuro-
imaging studies.*

These results partially concur with one of the first
reports of regional volumetry using tissue segmenta-
tion in AD subjects.* Rusinek et al.# used two inver-
sion recovery sequences to sample GM, WM, and
CSF compartments and applied standardized region
of interest boundaries in a sample of 14 AD and 14
control subjects. They found that regional GM and
CSF compartments were strongly correlated, except
for the central subcortical region, and that GM and
CSF compartments differed significantly in AD sub-
jects both globally and in many regions measured,
particularly in the temporal lobe. Our study used a
larger sample, customized the region of interest mea-
surements for each individual, and separately evalu-
ated the sulcal and ventricular CSF compartments,
the hippocampal formation, and the right and left
hemispheres. Our results suggest that the differ-
ences in the CSF volumes arise primarily from the
ventricular CSF compartment. The fact that tempo-
ral GM volume emerged in both studies as signifi-
cantly reduced in AD subjects, despite differences in
techniques of segmentation, regional demarcation,
and sample size, suggests that the temporal GM may
prove tq be a useful discriminator of AD from normal
aging. This was supported by logistic regression
analysis in our sample.

Although we found a group difference in the hip-
pocampal volumes, there was considerable overlap
between AD patients and normal control subjects.
Initial MRI volumetric studies suggested that hip-
pocampal atrophy was a promising diagnostic mea-
sure of AD.* We concur, however, with a subsequent
study that suggested hippocampal atrophy alone
cannot fully separate patients with AD from NC.#
Furthermore, it should be noted that hippocampal
atrophy may not be restricted to dementia of the AD
type.‘“ ? s 3

Classification power. In our study, temporal and
parietal atrophy emerged as the best index for cor-
rectly identifying patients with AD. The logistic re-
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Table 3 Variance contributions of demographic factors to regional brain atrophy in patients with Alzheimer's disease

De;nographic

ROI variables B Partial R? Model R? F p Value
F vCSF Sex 3.093 0.162 0.162 5.723 0.023
PvCSF Sex 5.077 0.265 0.265 10.797 0.003
YOE 0.666 0.151 0.416 7.505 0.010
T vCSF Sex 1.560 0.142 0.142 4.945 0.034

Results based on forward regression of residualized scores. Only significant interactions are presented. B den
Partial R? denotes the variance accounted for by each factor alone.

otes direction of slope.

F vCSF = frontal vCSF; P vCSF = parietal vCSF; YOE = years of education; T vCSF = temporal vCSF.

gression, performed to determine which combination
of brain variables best predicted group membership,
indicated that temporal GM, temporal vCSF, and
parietal vCSF best differentiated AD from NC. Our
temporal lobe measure included the hippocampus,
but because this accounts for less than 1% of total
temporal volume, it likely contributes relatively lit-
tle. Temporal lobe volume emerged as an excellent
discriminating variable in early AD in another re-
cent MRI volumetry study.* The emergence of tem-
poral and parietal structures as the best predictors
of group membership is in keeping with the neocorti-
cal topographic selectivity of AD.'*

Important demographic and severity factors. Ag-
ing did not affect atrophy in either the AD or NC
subjects, possibly because of the relatively narrow
age range of our sample. Sex and education, by con-
trast, emerged as important predictors of atrophy in
AD. Epidemiologic studies have consistently shown
that women are more likely to develop AD.¥48 Yet, in
terms of tissue loss, our results have indicated that
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Figure 4. Group differences in residualized brain volumes
were found in four brain regions. Error bars represent the
standard error of the mean. *Significant at p < 0.003;
**significant at p < 0.0005.
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Figure 5. (A) A group by sex interaction was found in the
frontal vCSF (p = 0.0260). Post-hoc analyses showed t"l‘
men with AD had larger vCSF volumes than women wet
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interaction (p = 0.0075), it was found that men with AU
had larger vCSF volumes than women with AD (p= %
0.0026), whereas in the NC group, no sex differences wer
found. Error bars represent the standard error of the :
mean.



women with AD show less brain atrophy (as indexed
py CSF volume) than men with AD for the same age,
degree, and duration of dementia. Less brain atro-
phy in normal female subjects has been reported by
Gur et al.,*® although in that study the sex differ-
ences were age-related. Our finding of less atrophy
in women with AD despite no apparent difference in
the other factors, which included severity of cogni-
tive dysfunction, implies that clinical disease expres-
sion as indexed by the MMSE is actually more severe
in women for the same degree of atrophy. This sug-
gests that an additional factor in women other than
structural tissue loss may be correlated to the degree
of cognitive impairment. It is not clear whether this
factor may relate to lack of activational effects of
estrogen in postmenopausal women or some other
sex difference, but clearly this warrants further
investigation.

In recent years, several studies have suggested
that AD is less prevalent in individuals with more
years of education and that this is not just an ascer-

© tainment bias.!#202348 A favorite explanation is that
» more education may protect individuals longer from
¢ clinically expressing the disease. This implies that
. for patients with similar clinical severity of disease,

¢ the more educated will be more advanced biologically -

' and show greater AD pathology.!#2°234 There is one

¢ functional imaging study that lends support to this
7.concept. In a Xenon inhalation regional cerebral
§blood flow study in AD subjects matched for cogni-
~%.tive severity, significantly greater parietotemporal
’:fthypoperfusion was demonstrated in the more highly
i educated group, indicating more functional impair-
" ment as indexed by blood flow for the same level of
- cognitive performance.'® As far-as we are aware, our
% study is the first to show a direct correlation between

'§ - education and brain tissue volumes. Education may

gg';"including inborn intellectual capacity, social-
¥ economic status, and degree of lifelong mental stim-
% ulation, a neural correlate of which may be synaptic
3 connectivity.!® Recent pathologic studies suggest that
i 8ynaptic density is the best correlate of severity of
i+ cognitive decline in AD subjects.*®® Zhang et al.*® and
- Katszm et al.,?® among others, have proposed that
’.3'::,_',E¢1ucatxon may be an index of increased brain re-
& Berve, possibly reflecting increased synaptic density
4 10 the neocortex. Our study demonstrates a direct

_'s‘,%';,.mationship between years of education and parietal
ég{‘{"lb'ophy and lends further support to the concept
43 ‘uat education may have a tardive effect in the clin-
2cal evolution of AD.

é’&ghe outcome of the present study suggests that
larl method of analysis of the MR images, particu-
g vnt}}: the segmentation and boundary demarcation,
¥ the  additional use of the head size-
‘ f:!e»-md“ahzation method, enables an individualized
PProach to brain measures in AD. A sparse combi-
-,,..,,,POn of regional volumes can differentiate AD from
! @gﬁmal aging. The ability to quantify specific vulner-
Ak 3; regions could allow monitoring of longitudinal

‘be a surrogate measure for a combination of factors,

change and may help to differentiate AD from other
disorders. These possibilities certainly warrant fur-

ther investigation.
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