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Atlas normalization, as commonly used by functional data analysis,
provides an automated solution to the widely encountered problem of
correcting for head size variation in regional and whole-brain
morphometric analyses, so long as an age- and population-appropriate
target atlas is used. In the present article, we develop and validate an
atlas normalization procedure for head size correction using manual
total intracranial volume (TIV) measurement as a reference. The target
image used for atlas transformation consisted of a merged young and
old-adult template specifically created for cross age-span normaliza-
tion. Automated atlas transformation generated the Atlas Scaling
Factor (ASF) defined as the volume-scaling factor required to match
each individual to the atlas target. Because atlas normalization equates
head size, the ASF should be proportional to TIV. A validation analysis
was performed on 147 subjects to evaluate ASF as a proxy for manual
TIV measurement. In addition, 19 subjects were imaged on multiple
days to assess test—retest reliability. Results indicated that the ASF was
(1) equivalent to manual TIV normalization (r = 0.93), (2) reliable
across multiple imaging sessions (r = 1.00; mean absolute percentage of
difference = 0.51%), (3) able to correct between-gender head size
differences, and (4) minimally biased in demented older adults with
marked atrophy. Hippocampal volume differences between non-
demented (n = 49) and demented (n = 50) older adults (measured
manually) were equivalent whether corrected using manual TIV or
automated ASF (effect sizes of 1.29 and 1.46, respectively). To provide
normative values, ASF was used to automatically derive estimated TIV
(eTIV) in 335 subjects aged 15—-96 including both clinically character-
ized nondemented (» = 77) and demented (n = 90) older adults.
Differences in eTIV between nondemented and demented groups were
negligible, thus failing to support the hypothesis that large premorbid
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brain size moderates Alzheimer’s disease. Gender was the only robust
factor that influenced eTIV. Men showed an approximately ~12%
larger eTIV than women. These results demonstrate that atlas
normalization using appropriate template images provides a robust,
automated method for head size correction that is equivalent to manual
TIV correction in studies of aging and dementia. Thus, atlas
normalization provides a common framework for both morphometric
and functional data analysis.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

Morphometric analysis of brain structure confronts the chal-
lenge that head size markedly differs among individuals—a
challenge also present in functional data analysis. Measurement
of regional volumes, rates of atrophy, and estimated premorbid
whole-brain volume require some form of procedure to measure
and account for head size variation. Quantities that have been
used for this purpose in morphometric analysis include height
(Bartzokis et al., 2001; Raz et al., 1997), head circumference
(Graves et al., 1996; Schofield et al., 1997), and MRI-based
measurement of the total intracranial volume (TIV; also some-
times called TICV and ICV) (Blatter et al., 1995; Edland et al.,
2002; Jenkins et al., 2000; Mathalon et al., 1993). The usual
assumption, supported by postmortem findings (Davis and
Wright, 1977; Epstein and Epstein, 1978), is that these meas-
ures serve as proxy variables for the premorbid (unatrophied)
brain volume. Normalization by head size increases the robust-
ness of expected mophometric effects, for example, gray-matter
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volume differences in aging (Mathalon et al., 1993). Moreover,
as clinical practice moves to routine use of morphometric
variables, automated head size measurement and correction will
be required to compare individual patients against normative
values.

Here we present a fast, automated procedure for head size
correction that is validated against manual TIV measurement. The
method uses the volume-scaling factor derived by registration of
each individual to an atlas template to automatically generate a
good estimate of TIV. Atlas normalization, of this form, is also
commonly used in functional data analysis. By using atlas-based
head size normalization, the same validated procedures derive
robust morphometric quantities for structural comparisons as well
as normalized images for between-subject and between-group
functional data analysis.

Methods
Overview

We evaluated automated atlas-based registration as a means of
measuring and correcting for variation in head size. Each subject
was registered to an atlas-representative template. The template
consisted of a merged, averaged image representing the atlas of
Talairach and Tournoux (1988). This template was generated from
data acquired in 12 young and 12 healthy old adults. The Atlas
Scaling Factor (ASF) was computed as the determinant of the
affine transform connecting each individual to the atlas-represen-
tative template. The ASF represents the whole-brain volume
expansion (or contraction) required to register each individual to
the template. To determine ASF reliability, data from the same
subjects imaged on two separate days were independently pro-
cessed and compared. Two procedures were employed to deter-
mine validity. First, total intracranial volume in atlas space (TIV,y)
and its conversion to native space (TIV,,) were manually mea-
sured using T1- and T2-weighted images, thereby providing a
gold standard measure of head size; the relation between ASF and
TIV,a Was explored. A concern regarding automated atlas-based
registration in older adults is that atrophy in aging and dementia
may bias ASF, in particular, by overexpanding brains with greater
atrophy. The relation of ASF to atrophy was investigated by
computing normalized whole-brain volume (nWBV) using a
previously validated tissue-segmentation procedure (Zhang et al.,

2001). We also measured ASF longitudinally over 4 years in an
individual with unusually accelerated atrophy. Second, to examine
criterion validity, hippocampal volumes were manually measured
and normalized using both automated ASF and manual TIV .
Volume differences between age-matched demented and nonde-
mented groups were compared using both normalization proce-
dures. Finally, after establishing the reliability and validity of
atlas-based normalization, estimated total intracranial volume
(eTIV) was automatically derived from ASF in an expanded
group of 335 subjects aged 15-96 including both nondemented
older adults and older adults with dementia of the Alzheimer type
(DAT) (Table 1).

Subjects

Three hundred thirty-five subjects aged 15-96 (194 females,
141 males; mean age 53.2 years) were consented and participated
in accordance with guidelines of the Washington University
Human Studies Committee. Of these, 147 contributed to a core
validation data set that included automated and manual measures
(Table 2). The expanded group of 335 individuals was used to
derive normative data (Table 3). One additional individual, fol-
lowed longitudinally, was not included in other analyses but was
included as a case study. Subjects were recruited from the general
Washington University community and also from the longitudinal
sample of the Washington University Alzheimer Disease Research
Center (ADRC). All subjects were screened for neurological
impairment (other than dementia in the demented sample), current
depression, and psychoactive medications. Adults 60 and over
were clinically screened for dementia and classified based on the
Clinical Dementia Rating (CDR) (Morris, 1993). Exclusion criteria
included dementia other than DAT (e.g., vascular dementia, pri-
mary progressive aphasia). Of the individuals classified with the
CDR, 77 were CDR 0 (no dementia), 59 were CDR 0.5 (very mild
dementia), 29 were CDR 1 (mild dementia), and 2 were CDR 2
(moderate dementia).

Image acquisition

All imaging was conducted at 1.5 T (Siemens Vision scanner,
Erlangen Germany). Head movement was minimized by cush-
ioning and a thermoplastic face mask. Headphones were provided
for communication. A vitamin E capsule was placed over the left
forehead. Positioning was low in the head coil (toward the feet)

Table 1

Measures, abbreviations, and their relations

TIVay Total intracranial volume (cm®) head size adjusted by use of atlas space. Manually measured estimate of the cranial cavity based on
T1- and T2-weighted sagittal images.

TIV e Total intracranial volume (cm®) in native space. The above manual estimate scaled to reflect the native acquisition space.

ASF Atlas Scaling Factor (unitless). Computed scaling factor that transforms native-space brain and skull to the atlas target (i.e., the determinant
of the transform matrix).

eTIV Estimated total intracranial volume (cm3). Automated estimate of total intracranial volume in native space derived from the ASF.

HCV,y Hippocampal volume (mm®) head size adjusted by use of atlas space. Manually measured estimate of hippocampal volume.

HCV Hippocampal volume (mm?®) in native space. The above manual estimate scaled to reflect the native acquisition space.

HCV,q; Hippocampal volume (mm?®) normalized via covariance correction for head size.

nWBV Normalized whole-brain volume (%) Automated tissue segmentation based estimate of brain volume (gray-plus white-matter). Normalized

to percentage based on the atlas target mask.

The relations between the measures above can be summarized as follows. (1) TIV,q divided by ASF yields TIV,,. (2) Thus, TIV,y and TIV,,, are manual
measurements of total intracranial volume with and without transformation into atlas space, respectively. (3) eTIV is a fully automated estimate of TIV ... (4)

HCV,q divided by ASF yields HCV .
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Table 2
Clinical and demographic characteristics for the validation sample

Young (n = 48)

Nondemented old (n = 49)

Demented old (DAT) (n = 50)

Gender (F/M) 23/25
Age (years) 22.5 (3.0)
CDR (0/0.5/1/2) n/a
Education (years) n/a
MMSE n/a

36/13 31/19

76.8 (6.9) 773 (5.5)
49/0/0/0 0/33/16/1
14.8 (2.9) 13.3 2.7)
28.9 (1.3) 24.0 (4.2)

Note. Sample includes 147 individuals. DAT = dementia of the Alzheimer type. F = female; M = male. Young adults are aged 18—30; old adults are 65—93.
CDR = Clinical Dementia Rating (CDR scores of 0, 0.5, 1, and 2 indicate no, very mild, mild, and moderate dementia, respectively; Morris, 1993). MMSE =
Mini-Mental State Examination (score range = 0—30, with 30 being high functioning; Folstein et al., 1975). Age, Education, and MMSE are presented as

means with SD in parentheses. n/a = not available.

to optimize imaging of the cerebral cortex. Three or four T1-
weighted MP-RAGE (Mugler and Brookeman, 1990) scans were
acquired in each subject. MP-RAGE parameters were empirically
optimized for gray—white contrast [TR = 9.7 ms, TE = 4 ms, flip
angle = 10°, inversion time (TT) = 20 ms, delay time (TD) = 200
ms, 256 X 256 (I X 1 mm) in-plane resolution, one hundred
twenty-eight 1.25-mm slices without gaps]. The MP-RAGE data
were averaged offline (with correction for head movement) to
increase the contrast to noise ratio in all procedures involving
manual tracing, segmentation, and measurement of nWBYV. For
the subset of subjects for whom total intracranial volume was
manually measured, T2-weighted images were also acquired
using a turbo spin-echo (TSE) sequence [TR = 6150 ms, TE =
15 ms, 256 X 256 (1 X 1 mm) in-plane resolution, sixty-four 2-
mm slices with 2-mm gaps]. TSE images were collected twice
shifting by 2 mm between acquisitions to provide contiguous
coverage.

Construction of the merged young- and old-adult atlas target

The basis of atlas normalization is the target to which individual
subjects are registered. The atlas-representative target used here
was constructed from 24 adults (12 young, 12 nondemented old)
and made to conform to the Talairach and Tournoux (1988) atlas
using the method of Lancaster et al. (1995). Details concerning
creation of the combined (young plus old) target are given in
Appendix A. An important feature of this target is the inclusion of
anatomic variation representative of the population under study. As
can be seen in Fig. 1, the template exhibits blurring of the

Table 3

Estimated total intracranial volume (eTIV) by gender and diagnostic category

ventricular boundaries, as expected from the inclusion of young
(unatrophied) adults as well as older adults with marked atrophy.
The template is somewhat larger than the average brain, a property
that reflects the Talairach and Tournoux (1988) atlas. An atlas
mask was constructed by manually segmenting the brain out of the
young-adult averaged template, blurring 5 mm full-width at half-
maximum (FWHM) in each direction, and then thresholding at
25%. This mask, which roughly corresponds to the intracranial
volume and measures 1755 cm>, was used as the reference for
atlas-normalized total intracranial volume [see Eq. (3)].

Registration of individuals to the atlas target and MP-RAGE
averaging

Several registration steps were used to generate structural
images resampled to 1 mm?® voxels in the atlas space of Talairach
and Tournoux (1988) (Head et al., 2004). The basic strategy
involved transforming an individual’s brain, through a single
affine transformation, to match the atlas-representative target
(Ojemann et al., 1997). For each individual, only the first acquired
MP-RAGE was directly registered to the atlas-representative target
using a 12-parameter affine transform. Registration was driven by
the brain as a loose-fitting mask was applied to exclude skull and
extracranial features. The remaining MP-RAGE images were
registered to the first (rigid body plus cardinal axis stretch) and
transformed to the atlas-representative target through a single,
composite interpolation. The TSE images were similarly registered
to the atlas-representative target through within-subject registra-
tion to the first MP-RAGE.

Subjects n Age (SD) eTIV (SD) eTIV quantiles
25th Median 75th

Young/middle

Male 80 29.1 (11.9) 1592.4 (115.1) 1505.3 1590.0 1676.8

Female 88 29.1 (11.6) 1427.8 (133.6) 1337.0 1438.4 1524.3
Nondemented (CDR 0)

Male 20 76.8 (8.4) 1560.7 (163.7) 1418.2 1556.2 1697.9

Female 57 76.7 (9.0) 1379.0 (117.6) 1312.4 1370.6 1474.4
Demented (DAT, CDR 0.5/1/2)

Male 41 77.7 (6.8) 1563.3 (156.3) 1467.8 1556.4 1642.2

Female 49 78.6 (7.0) 1424.8 (135.9) 1335.2 1423.1 1476.7

Note. Sample includes 335 individuals. Young/Middle-aged adults are between 15 and 59. Older adults (both nondemented and demented) are 60 and over.
DAT = dementia of the Alzheimer type. CDR = Clinical Dementia Rating (see text). Age is in years. eTIV is in cm®.
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MERGED
YOUNG/OLD OoLD
TARGET

YOUNG

Fig. 1. Axial sections illustrate the merged young and old-adult atlas template. Averages of the atlas-forming 12 young adults (left), 12 old adults (right), and
merged young and old adults (center) are displayed using sections 4 mm above the anterior-commissure posterior-commissure (AC—PC) plane (based on the
atlas of Talairach and Tournoux, 1988). Colored lines appear on each image as reference to the young-adult contours. Atlas normalization in this paper uses the

merged atlas for all individuals.

Registration of the first MP-RAGE image to the atlas-repre-
sentative target generated the key metric of this report, the Atlas
Scaling Factor (ASF), computed as the reciprocal of the atlas
transform determinant. The ASF represents the volume expansion
(ASF > 1) or contraction (ASF < 1) required to register each
individual to the atlas template. This metric is similar to the
volume-scaling factor described in Smith et al. (2000).

The final product of MP-RAGE preprocessing is illustrated in
Fig. 2 for three representative individuals. High contrast-to-noise
(attributable to the sequence parameters and averaging) is evident.
The figure also demonstrates that local structural variation (includ-
ing atrophy) remains after affine transformation.

19/F 94/F CDR 0

ATLAS-TRANSFORMED

MASKED/GFC

Manual total intracranial volume measurement

Manual total intracranial volume measurement used a proce-
dure modified from Eritaia et al. (2000). Coregistered T1- and T2-
weighted images in atlas space (see Fig. 3) were simultaneously
viewed using Analyze software (Analyze Version 4.0, Mayo
Clinic, Rochester, MN). Two operators (JP and DH), both blind
to subject’s exact age, gender, and cognitive status, each manually
outlined TIV on half of the sample. Inter-rater reliability was
assessed on 10 randomly selected brains (mean age = 58.7 years;
three young, three nondemented old, and four old DAT). The
reliability coefficient, using intraclass correlations presuming ran-

77/M CDR 1

Fig. 2. Representative atlas-normalized images are shown for three individuals including a 19-year-old female (left), a 94-year-old nondemented female
(middle), and a 77-year-old male with dementia of the Alzheimer type (DAT) (right). The top row displays images following atlas normalization and within-
subject averaging, but before any additional processing. The left forehead reference marker can be seen in the two older adults. The bottom row displays
corresponding gain-field-corrected (GFC) images after the atlas-based mask has been applied.
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Fig. 3. Example total manual intracranial volume (TIV,q) tracings in atlas space are shown for a 20-year-old female in sagittal section. The T1-weighted image
is displayed to the left and the T2-weighted image to the right. Registered T1- and T2-weighted images were simultaneously viewed during tracing. The green
contour is the actual tracing of TIV,q on this section. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

dom selection of raters (ICC[2]; Shrout and Fleiss, 1979), was
0.99. Images were visualized on an 18-in. interactive LCD display
with an accompanying grip pen (Cintiq 15X LCD Tablet, Wacom,
Vancouver, WA). The cranial cavity was manually outlined on
sections beginning at the midsagittal plane and then on every 10th
slice (1-cm intervals) outward in both directions. The midsagittal
section was determined primarily by the clarity of the cerebral
aqueduct, using the septum pellucidum as a second landmark when
the cerebral aqueduct was less clearly visualized. Tracings were
made on the supratentorial dural margins. As in Eritaia et al.
(2000), when the dura was not visible the cerebral contour was
outlined. Other landmarks were the undersurfaces of the frontal
lobe, dorsum sellae, clivus, and at the craniovetebral junction, the
attachment of the dura to the posterior foramen magnum cutting
across to the anterior arch of C1. Volume calculation (here and for
the hippocampus) used the Cavalieri procedure (Rosen and Harry,
1990). Atlas-normalized measures (TIV,y) were converted to
native-space measures (TIV,,) by dividing by the ASF. In this
manner, (1) native-space TIV,, and (2) atlas-normalized TIV,
were tabulated for each subject.

Normalized whole-brain volume measurement

Normalized whole-brain volume (nWBV) was computed by
first intensity normalizing the MP-RAGE data based on Styner et
al. (2000) and then using a validated segmentation tool to classify
brain tissue as cerebral spinal fluid (CSF), gray, or white matter
(Smith, 2002; Zhang et al., 2001). First, correction of intensity
inhomogeneity was accomplished by an automated procedure to
minimize intensity variation within contiguous regions. Contigu-
ous region boundaries were determined (without brain masking)
based on intensity limits and contour (intensity gradient) detection.
The bias field was modeled as a general, second-order polynomial
in three dimensions (10 free parameters) (Styner et al., 2000). Next,
segmentation began with an initial estimation step to obtain and
classify tissue parameters. A three-step, expectation-maximization
algorithm then updated class labels and tissue parameters to iterate
toward the maximum likelihood estimates of a hidden Markov
random field model. The model used spatial proximity to constrain
the probability with which voxels of a given intensity are assigned
to each tissue class. Finally, brain volume was estimated as the sum
of white and gray-matter voxels within the atlas-based brain mask
and expressed as the percentage of the mask.

Manual hippocampal volume measurement

Hippocampal measurement was derived from Head et al. (sub-
mitted for publication) using procedures similar to Jack et al.
(1992a,b, 1997) and Killiany et al. (1993). One operator (DH), blind
to participant age, gender, and cognitive status, performed the
measurements. Reliability was assessed on 10 randomly selected
brains measured on two occasions separated by 2 weeks (mean age =
56.6 years; four young, four nondemented old, and two old DAT).
The reliability coefficient, using ICC[2], was 0.98. Tracings were
made on atlas-transformed MP-RAGE data recut to align the long
axis of the hippocampus perpendicular to the coronal plane (31°
tilted about the X-axis relative to standard AC-PC orientation).
Alignment to the long axis of the hippocampus provides consistent
visualization over subjects (Jack et al., 1995). The data were
resampled to 0.5 mm? voxels (by trilinear interpolation) on loading
into Analyze to enable precise tracing. Measurements were made on
23-30 coronal images separated by 1.5 mm, that is, every third slice.
The most anterior slice on which the hippocampus emerged inferior
to the amygdala formed the rostral border. The caudal border was the
slice on which the fornices rise after leaving the fimbria of the
hippocampus. Measurement included the hippocampal formation,
dentate gyrus, alveus, fimbria, and portions of the subiculum.
Measured atlas space volumes (HCV,,) were converted to native
space (HCV,,) by division by ASF. Both HCV,; and HCV
include volumes summed over both hemispheres.

Manual head size correction of hippocampal volume

For comparative purposes, head size correction of hippocampal
volumes was derived using a procedure common to the literature.
Normalized hippocampal volumes were computed using a covari-
ance approach (Free et al., 1995; Jack et al., 1989; see Mathalon et
al., 1993, for discussion), which estimates the hippocampal volume
by removing the influence of head size. These head size corrected
hippocampal volumes were generated using only the manual
measurement of TIV ... Specifically, head size adjusted hippocam-
pal volume was estimated using the formula:

HC Vg = HCVyy — b(TIV, — Mean TIV ) (1)

where HCV,q; is the covariance-adjusted (corrected) volume,
HCV,, is the hippocampal volume in native space, b is the slope
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of the volume regression on TIV,,. TIV,, is as described
previously and Mean TIV,, is the sample mean of the TIV .
These hippocampal volumes, which were estimated based on
manual measures typical of the literature (HCV,,,) and also on a
covariance correction procedure (HCV,g;), were directly compared
to the hippocampal volumes as measured in atlas space (HCV,q).

Results

Atlas normalization reduces head size variance and equates head
size across the age span

The first set of results concerns the effect of atlas normaliza-
tion on head size as measured by manual total intracranial
volume. Fig. 4 plots the relation between age and total intracra-
nial volume measured in atlas space (TIV,y) and also in native
space (TIV,,). The sample consists of the 147 individuals
described in Table 2. Several features of atlas normalization are
apparent.

First, TIV,,, shows a slight age-related volume decrease man-
ifesting as a small, but significant, negative correlation [slope =
—1.05 cm3/year; r=0.19; F(1,145) = 5.20, P < 0.05], perhaps
reflecting an age-associated cohort effect. In contrast, TIV,, is flat
across the age span with no detectable correlation [—0.09 cm?/
year; r = 0.04; F(1,145) < 1]. Thus, atlas transformation eliminates
systematic young-adult vs. old-adult head size differences.

Second, the sample variance for TIV,, is less than that for
TIV . Quantitatively, the standard deviations are 67.8 and 147.5
cm®, respectively. This effect is reflected in Fig. 4 as a reduced
95% confidence interval (CI) for TIV,, relative to TIV,, at all

2100

ages. The corresponding coefficients of variation (standard devia-
tion divided by the mean) are 3.9% vs. 10.2%.

Finally, TIV,y is systematically larger than TIV,, by about
15%. This difference reflects the 1988 atlas of Talairach and
Tournoux and has no biological significance. However, a similar
inflation must affect all measures performed in atlas space. In
principle, it is possible to scale atlas-normalized measured
volumes to eliminate the systematic inflation (using a constant
scaling factor across all subjects and volumes). With the excep-
tion of the normative values presented in the Estimated total
intracranial volume (¢TIV) in 335 subjects section [see Eq. (3)],
we do not perform such an adjustment so as to present the data
as actually measured in Talairach and Tournoux (1988) atlas
space.

Atlas normalization is highly reliable across independent imaging
sessions

The second set of results quantifies the reliability of atlas
normalization. To estimate ASF reliability, 19 subjects were imaged
on two separate days (within a 60-day interval; mean interval = 22
days; mean age = 31.9, range = 18—87) and the image sets were
processed independently. In this manner, the influences of head
positioning, day-to-day scanner variability, and other sources of
uncontrolled ASF variance were estimated. Across the 19 subjects,
the mean ASF ranged from 1.00 to 1.44. The correlation between
ASF estimates from the 2 days was nearly perfect (» = 1.00).
Moreover, the mean absolute percentage difference (measured as
the absolute difference between the two daily measures divided by
their mean, expressed in percentage) was small (mean = 0.51%;
range = 0.04—1.45% across the 19 individuals).

1900+

1800+

+ NATIVE ACQUISITION SPACE (TIVpg)
20004 ® NORMALIZED ATLAS SPACE (TIVgy)

.8

1700+

1600+

1500+

1400+

Total Intracranial Volume (cm3)

1300+

12004

4
4

0 T T T T T T T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Age (years)

Fig. 4. Atlas normalization reduces variance and equates manual measures of total intracranial volume across the age span. Manually, measures are plotted as a
function of age for the 147 subjects listed in Table 2. The blue diamonds and lines plot native acquisition space measures without any head size correction
(denoted as TIV,,). The darker line is the regression line and the lighter curved line represents the 95% confidence interval (CI). The black circles and lines
plot measures corrected by atlas transformation (denoted as TIV,q). Note the reduced variance about the TIV,y and its flat slope. The increase in absolute
volume for TIV,, is due to the specific, arbitrary size of the atlas target and should not be interpreted (see text). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Atlas normalization corrects for gender-based head size
differences

Head size differs between men and women. An effective head
size normalization should correct this difference. Using the 147
individuals from Table 2, Fig. 5 shows that atlas normalization
corrects for gender-based head size differences (TIV, and TIV,q
are the dependent variables). Men were 12.4% larger than women
before correction (TIV,,) and 1.3% smaller following correction
(TIV,q). It is unclear whether this residual error reflects variance or
a small, systematic gender bias. The baseline difference of 12.4%
between men and women is similar, but slightly smaller, than that
recently measured in several other reports. Blatter et al. (1995)
noted a 13.8—16.5% larger male total intracranial volume across
five different samples that varied in age (mean = 15.0%). Jenkins et
al. (2000) estimated 14.9% and 16.2% larger male total intracranial
volume in their control and AD patients, respectively. Edland et al.
(2002) recently reported similar estimates of 14.0% and 16.1%.
Whitwell et al. (2001) reported a 12.4% difference nearly identical
to that reported here. The issue of gender difference in baseline
head size is revisited in the estimated total intracranial volume
(eTIV) in 335 subjects section.

Atlas normalization based on ASF is proportional to manual
measurement of TIV

The relation between atlas normalization using ASF and nor-
malization using manual measurements of TIV is central to the
potential use of ASF as a routine metric for head size correction,
and also to the validation of atlas-based normalization as an
appropriate step in between-group functional data analysis. Fig. 6
(top) plots ASF against TIV,,, for the 147 individuals from Table
3. The two measures are highly correlated (» = 0.93). Thus, the size
of the head in native acquisition space is nearly fully reflected in
the automated derivation of ASF. Moreover, across the three
groups (young, nondemented old, and demented old), the relation
is quite similar. These results suggest that it is feasible to use
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adults are reduced further. Nonetheless, ASF is unaffected (» = 0.04). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

automated measurement of ASF as a proxy for manual measure-
ment of TIV.

Atlas normalization is minimally biased by atrophy

An intuitive concern regarding atlas-based automated head size
correction is that it may be biased by atrophy. This might result if
smaller, atrophied brains are overexpanded to match the atlas
target. We observed this effect in the past when registering old-
adult brains to a young-adult-only atlas template (Buckner RL,
Snyder AZ, unpublished observations). The merged (young plus
old) adult template was developed to solve this problem (see
Appendix A). The similar relations between ASF and TIV, in
both young- and old-adult groups (Fig. 6, top) indicate substantial
bias is unlikely. Nonetheless, because this is a significant issue and
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atrophy often correlates with the groups being compared, we
further explored the influence of atrophy using two separate
procedures—one based on cross-sectional measurement of
whole-brain volume differences and a second based on longitudi-
naly measured atrophy.

First, normalized whole-brain volume (nWBV) was measured
as an estimate of atrophy and plotted against ASF for young,
nondemented old, and demented old groups (Fig. 6, bottom). There
was minimal, if any, relation between ASF and nWBV (r = 0.04).
Atrophy bias would be expected to manifest as larger ASF for
atrophied brains. Moreover, across the three groups, the lack of
relation is similarly apparent despite a large baseline group effect
on nWBYV. Nondemented old adults showed significantly reduced
nWBYV as compared to young adults [unpaired #95) = 15.41, P <
0.001], and demented old adults showed significant reduction as
compared to nondemented old adults [unpaired #95) = 3.40, P <
0.001]. Thus, automated measurement of ASF was not influenced
by marked brain volume differences among separate age and
dementia groups.

Second, the relation of ASF and atrophy was examined in a
longitudinal case study of an individual with marked, accelerated
atrophy (see Buckner et al., 2002). This male subject with atypical
DAT (enrolled at age 66) was chosen to represent a worst-case
scenario: his brain was asymmetric and he showed substantial
whole-brain atrophy over a period of 1233 days. Fig. 7 plots the
results. Clear atrophy is present while ASF remains stable. Quan-

titatively, the mean absolute percentage of difference between his
first measurement and the four others was 0.84% placing the
variance of his longitudinal ASF measures in a range similar to
that noted for the test—retest reliability analysis. The difference
between his two most discrepant ASF measures (between days 0
and 970) represents a 1.11% absolute percentage difference. These
results suggest that, in addition to being minimally influenced by
atrophy, atlas normalization shows longitudinal stability over
multiple years (see similar analysis of manual TIV in Whitwell
et al., 2001).

Atlas normalization can be used to detect dementia-associated
hippocampal volume differences

As a test of criterion validity, atlas-based hippocampal volumes
were explored in the context of detecting dementia effects. For this
analysis, the separation of hippocampal volume between non-
demented and DAT subjects was used as the gold standard (Convit
et al., 1993; Csernansky et al., 2000; DeCarli et al., 1995; Head et
al., submitted for publication; Jack et al., 1992a,b; Killiany et al.,
1993; Laakso et al., 1995; Soininen et al., 1994). The question
asked was how atlas-based volumes (fully automated head size
correction) compared to normalized volumes based on the manual
measures of TIV,,. Fig. 8 shows the results. For this analysis, the
hippocampal volumes were held constant; the independent variable
was whether the volume was normalized using TIV,,,, as described
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in Eq. (1) (yielding HCV,gj), or whether the volume was simply
that measured in atlas space (HCV,y). Both HCV,4j and HCV,q
showed robust effects of dementia status, with significant volume
reduction in demented individuals [unpaired #97) = 7.23 and 6.40
for HCV,y and HCV,q4j volumes, respectively; both P < 0.001).

To compare their relative power, the effect sizes of the
hippocampal volume measures were computed using Cohen’s
(1988) d-

d = (HCVnp — HCVp)/Sqrt((SDyp, + SDp)/2) (2)

where HCVyp and HCVp were the mean hippocampal volumes
for the nondemented and demented older adults and SDyp and

SDp were the respective standard deviations. Using this metric,
the effect size for the atlas-based hippocampal volumes (HCV,y)
was, if anything, greater than that for the manually normalized
volumes (HCV,q;) (1.46 vs. 1.29). Both effect sizes were greater
than those measured without any head size normalization
(HCV,a0) (1.11). In practice, these values mean that atlas-based
hippocampal volumes (HCV,y) show 30% overlap between
demented and nondemented individuals, compared to 40%
without normalization (HCV,,) (Cohen, 1988). The relation
between atlas-based (HCV,y) and manually normalized (HCV ;)
volumes is further plotted in Fig. 8 (bottom) for each individual.
A strong correlation for hippocampal volume between atlas-
based (HCV,y) and manual normalization (HCV,4j) was observed
(r = 0.90).

Estimated total intracranial volume (eTIV) in 335 subjects

Having established the reliability and validity of atlas normal-
ization, we next provide normative values based on an expanded
sample of 335 subjects. ASF can be converted to an estimate of
TIV,at by scaling the ASF metric by the atlas mask volume. For
our target atlas:

eTIV = 1755cm’® /ASF (3)

where eTIV is the estimated TIV,,, and 1755 cm’ is a constant
representing the atlas mask volume. (If the constant is empirically
derived to equate ¢TIV with manually measured TIV,,, based on
the 147 subjects in Table 2, it is similarly estimated to be 1738
mm?. All eTIV values reported in this paper can thus be multiplied
by 0.9903 if an empirically derived constant for eTIV estimation,
based on manual TIV,,,, is desired.)

Fig. 9 and Tables 3 and 4 provide normative data for eTIV.
eTIV showed strong gender effects in each of the young or middle,
nondemented old, and demented old groups [#166) = 8.51, #75) =
5.35, 1(88) = 4.50, respectively; all P < 0.001) and a trend for a
very small age effect [ = —0.13; F(1,192) = 3.17, P = 0.07 for
females and » = —0.08; F(1,139) < 1 for males]. Direct eTIV
comparison of demented and nondemented groups failed to reach
significance for either the males [unpaired #59)=0.06, P = 0.95] or
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Estimated total intracranial volume (eTIV) by Blatter et al. (1995) decade groupings

733

Age decade n Age (SD) eTIV (SD) Values taken from Blatter et al. (1995)
n Age (SD) TIV (SD)
Female
16-25 53 21.3 (2.1 1457.2 (136.5) 20 21.3 (2.5) 1400.3 (93.1)
26-35 10 28.4 (2.6) 1385.2 (133.9) 24 30.7 (3.1) 1329.7 (112.4)
36-45 12 40.7 (3.0) 1392.1 (138.0) 22 40.7 (3.0) 1351.6 (110.8)
46-55 12 50.8 (2.5) 1370.6 (92.5) 24 50.4 (2.7) 1343.2 (146.4)
56-65 8 62.0 (3.0) 1367.2 (53.8) 15 59.8 (2.2) 1335.5 (83.0)
6675 38 71.1 (2.7) 1386.1 (119.7) 0 n/a n/a
7685 41 80.2 (2.5) 1409.1 (131.3) 0 n/a n/a
86-95 19 89.2 (2.1) 1419.8 (157.1) 0 n/a n/a
Male
16-25 46 214 (2.1 1598.4 (105.2) 24 232 (1.9) 1594.1 (101.4)
26-35 14 28.9 (2.2) 1556.5 (99.0) 19 30.9 (3.3) 1549.4 (81.9)
36-45 5 40.2 (4.8) 1526.6 (243.8) 16 41.1 2.7) 1545.9 (103.9)
46-55 10 48.8 (2.7) 1612.4 (99.2) 15 51.1 (2.7) 1532.9 (89.3)
56-65 6 59.7 (3.2) 1578.7 (172.3) 15 60.6 (3.0) 1548.9 (106.1)
66-75 25 71.1 (3.1) 1573.2 (163.4) 0 n/a n/a
76-85 24 80.8 (2.7) 1600.8 (136.9) 0 n/a n/a
86-95 10 87.8 (1.8) 1481.9 (162.1) 0 n/a n/a

Note. Sample includes 333 individuals (all individuals between 16 and 95). Age is in years. ¢TIV and TIV are in cm>. Age bins are divided by decade to be
similar to Blatter et al. (1995) and therefore are of unequal sample size. Estimates from samples with fewer than 10 subjects should be considered cautiously.

females [#(104) = 1.86, P = 0.07]. Table 4 plots eTIV in relation to
age-span decades as previously reported for normative data by
Blatter et al. (1995).

Discussion

Automated measures of head size using atlas-based transfor-
mation are proportional to manual total intracranial volume nor-
malization (» = 0.93) and reliable from 1 day to the next (» = 1.00).
Potential bias due to atrophy minimally influenced head size
measurement indicating that atlas-based normalization is appropri-
ate for comparisons between populations in studies that seek to
quantify global and regional volume differences. The normative
values generated by our atlas-based procedure are discussed first
followed by a discussion of the relevance of the procedure to
morphometric and functional imaging studies.

Estimated total intracranial volume (eTIV) and relevance to the
cerebral reserve hypothesis

Normative data for eTIV are presented for 335 subjects in
Tables 3 and 4, and Fig. 9. Summarizing the results, (1) gender
effects were robust in all groups explored, (2) age-associated
differences were minimal (although a slight trend cannot be ruled
out), and (3) differences between demented and nondemented
individuals were minimal.

Gender was the only robust influence on eTIV. Our data suggest
a roughly 12% increase in male over female eTIV. As discussed
earlier, others have generally estimated a 14—16% difference.
While the origin of this slight difference is unclear, it should be
noted that similar gender differences were also observed for our
manual TIV,, measures. Thus, the difference is unlikely to arise
from the atlas normalization procedure but rather to characteristics
of the sample. Several examples of gender-difference values
similar to those obtained here have been reported. Reiss et al.

(1996) noted an approximately 10% cerebral volume difference
between young boys and girls (aged 5—17). Courchesne et al.
(2000) report an 11.1% difference in a sample of individuals aged
2—-80. Whitwell et al. (2001) noted a 12.4% male greater than
female TIV in a sample similar to that presented here.

Normative eTIV values are relevant to the cerebral reserve
hypothesis. Several reports suggest that large premorbid brain
volume is protective against developing clinically symptomatic
dementia (Graves et al., 1996; Katzman et al., 1988; Schofield et
al., 1995, 1997; see also Cummings et al., 1998), while others fail
to find support for a reserve hypothesis (Edland et al., 2002;
Jenkins et al., 2000). Consistent with Jenkins et al. (2000) and
Edland et al. (2002), our data provide minimal support for this
hypothesis, at least insofar as TIV is the relevant measure of
reserve. We do not interpret the nonsignificant trend in females
(which goes in opposite direction to the reserve hypothesis) in light
of the nearly identical eTIVs in males.

Relevance to morphometric analysis

Head size normalization, based on direct or indirect measure-
ment of the cranial cavity, is commonly used in regional and
whole-brain volume analysis. Postmortem studies suggest that the
cranial cavity is a good proxy for premorbid brain volume. Using
an elegant procedure, Davis and Wright (1977) measured 100
postmortem brain volumes and then compared the values to the
cranial cavity volumes measured by inflating a water-filled bal-
loon within the skull. Their results indicated that brain volume
variance is nearly fully accounted for by a linear relation to cranial
cavity volume in young and middle-aged adults. Atrophied brains
deviate from this relation because the skull changes minimally
with age (see Fig. 5 of Davis and Wright, 1977 for a particularly
clear demonstration of this relation). Thus, the cranial cavity
volume represents an estimate of premorbid brain size before
global and local atrophy (see Whitwell et al., 2001, for further
discussion). Because between-subject head size variance is so
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great, baseline normalization, or inclusion of a head size measure
as a covariate, is important to morphometric analysis. Studies of
criterion validity note that gray-matter volume differences in aging
are better detected after head size normalization (Mathalon et al.,
1993), a finding replicated in our data for hippocampal volume
difference in dementia. In practice, head size correction, most
often using manually measured TIV, is commonly employed in
research and clinical studies of aging and dementia (e.g., Jernigan
et al., 1990, and Blatter et al., 1995; Hesselink, 1990; Jack et al.,
1992a,b; Killiany et al., 1993; Raz et al., 1997; Resnick et al.,
2000; Salat et al., 1999; Sullivan et al., 1995). What is novel in
the present study is the demonstration that automated atlas-based
measurement is as effective as manual measurement in head size
normalization.

Atlas-based head size measurement and correction has two
immediate uses in morphometric analysis. The first use is as an
efficient, robust estimate of TIV. We refer to atlas-based estimated
TIV as eTIV to differentiate its derivation from that of direct
measurement (Table 1). Atlas-based eTIV is proportional to TIV
and highly reliable. Thus, it can serve as a covariate or normali-
zation factor in morphometric analysis of regional and whole-brain
volume, much in the same manner of manually measured TIV (or
alternative automated measures such as estimation of the skull
boundary; e.g., see Smith et al., 2001, 2002).

Second, atlas-based normalization provides a direct means of
head normalization for morphometric analysis: measurements can
be made directly on the atlas-transformed images (see Goldszal et
al., 1998, for an interesting, related approach; see applications of
their procedure in Resnick et al., 2000, 2003). Head et al. (2004)
have recently applied an atlas-based volume normalization to
regional measures of diffusion tensor imaging (DTI) data. Atlas
transformation, in one step, places individuals in a consistent
orientation, adjusts for between-subject head size variation, and
allows for between-modality measurements to be made on regis-
tered images (such as was done here for TIV,, using T1- and T2-
weighted images; Fig. 3). Atlas transformation does require inter-
polation. Most in-use manual tracing procedures already induce a
single interpolation to align axes and/or adjust for tilted head
position. However, some methods optimize acquisition to non-
orthogonal planes and thus avoid interpolation (e.g., Jack et al.,
1995).

A further subtle feature of using atlas-transformed images for
morphometric measures relates to how the head size correction is
implemented. Regional volumes measured in transformed images
are inherently proportion corrected, as contrasted to head size-
residual scores or volumes corrected with a covariance approach
{Eq. (1); Free et al., 1995; Jack et al., 1989; Mathalon et al., 1993}.
Some correction procedures may be better than others, depending
on the analysis goals'. Of importance, atlas-based normalization
does not obligate any specific statistical correction procedure (see
also Albrecht et al., 1993), but additional steps may be required to
obtain the desired correction. For example, the covariance method
can be applied to correct for head size following atlas-based

! Atchley et al. (1976) provide empirical and theoretical analysis of the
hazards of using ratio variables as scaling factors, particularly in the context
of falsely inducing (or increasing) correlations among measures being
scaled. Mathalon et al. (1993) provide a thoughtful discussion on varied
correction procedures in regional measures.

normalization using the ASF to derive the native space volume
and then using eTIV as the covariate. Alternatively, the volumes in
atlas space can be retained which is analogous to proportion
correction.

Relevance to functional brain imaging

Group-based functional imaging studies often use, or begin
with, affine transformation to an atlas target (e.g., Bickman et al.,
1999; Bookheimer et al., 2000; Cabeza et al., 1997; Grady et al.,
1995; Logan et al., 2002; Lustig et al., 2003; Madden et al.,
1999). The present results suggest that if an appropriate atlas
target is employed, such as the merged young and old-adult
template in Fig. 1, head size normalization in functional imaging
comparisons will be proportional to TIV. Atrophy (whole-brain
volume differences) as well as residual local differences will be
retained. The magnitude of the residual whole-brain volume
differences can be seen in Fig. 6 (for comparisons between
young, nondemented, and demented groups). Local distortion is
a separate issue and not formally addressed in the present
manuscript. Nonlinear transformation of local distortion may be
one solution to this problem, when anatomic registration is the
goal. We are in the process of quantifying residual local anatomic
distortion in aging and dementia following affine atlas-based
transformation (O’Brien et al.,, 2003). Depending on the goals,
preserving or removing local anatomic variance may be desirable.
For example, in group-based functional data comparisons, remov-
al of anatomic variance is likely optimal. In volume or shape-
based morphometric analysis, the residual local variance is the
measure of interest.

Atlas normalization enables a unified approach to morphometric
and functional data analysis

For many applications, the present head size normalization
procedure will be interchangeable with other procedures, such as
that developed by Smith et al. (2002) for cross-sectional analysis,
so long as appropriate target atlases are used that accommodate
the sample. As discussed above, the present methods provide a
robust within-subject head size reference (eTIV) that can be used
as a covariate in morphometric analysis. However, for some
purposes the present approach may have additional utility. In
particular, one by-product of the present atlas-based approach is
that a general framework emerges for conducting structural,
functional, and molecular data analysis in the same, common
data space. The present method and validation suggest that this
common data space, in terms of its global scaling properties, is
proportionate to head size normalization as used in traditional
morphometric investigations, even when individuals with atrophy
are included.

Atlas-based approaches have been used in functional data
analysis for nearly two decades (e.g., Fox et al., 1985). While
there are limits of atlas-based normalization because of residual
interindividual variability, the general approach has proven useful
for contrasting and pooling functional data across subjects, and
also for constructing probabilistic atlases (Mazziotta et al., 1995).
By employing an atlas-based approach to head size normalization
in morphometric analysis, between-subject and between-modality
comparability is gained. Variance between subjects as well as
commonalities can be explored. For example, within our data
environment, we commonly compare structural, diffusion tensor,
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and functional images within the same reference frame within and
between subjects. Molecular images, such as those that target
amyloid (Klunk et al., 2004), can also be registered. Alignment
to a common atlas facilitates such comparisons. Measures made in
one modality in one subject can transfer or be compared to other
modalities and to other subjects, within limits of between-modality
and between-subject registration algorithms. Voxel-based mor-
phometry (VBM; Ashburner and Friston, 2000), the “regional
analysis of volumes examined in normalized space” (RAVENS)
approach (Goldszal et al., 1998), and our own analysis of DTI data
(Head et al., 2004) are some examples of structural/morphometric
methods that take advantage of atlas-based normalization.

Another way of conceptualizing this additional utility is in its
flexibility. Manual and even automated measures of region
volumes and total intracranial volume can be made in atlas-
normalized images much in the same manner as they are made
in native (or more commonly, rotated) image space. Thus, atlas-
based transformations are largely compatible with existing
approaches and analyses. Atlas-normalized images can, for ex-
ample, be input into existing automated tools (e.g., Smith et al.,
2001, 2002) with the penalty of an additional interpolation. In
addition, measured volumes in atlas space can be directly com-
pared between subjects. At its most basic level, this uniformity
facilitates visualization. For example, in normalized space, man-
ually traced hippocampal volumes from many subjects can be
called up simultaneously and easily referenced to one another. In
its most elaborate form, common registration of morphometric
and other data allows probabilistic and modal properties of
different data types to be compared. For example, it will be
interesting to observe how regional amyloid patterns relate to
structural atrophy patterns and function as measured by FDG-PET
and MRI. Atlas-based normalization allows spatial patterns to be
visualized and quantitatively compared across data modalities in
an efficient manner.

Limitations of an atlas-based approach

Automated atlas-based head size normalization has limitations.
One limitation is the limits of its accuracy. The present study
yielded highly reliable results with a mean absolute percentage
difference (MAPD) of about one half of a percent. While this error
term is small, some applications benefit from even more precise
estimates, such as longitudinal estimates of brain atrophy (Fox and
Freeborough, 1997; Smith et al., 2001, 2002). In this regard, the
present methods, which are based on independent (cross-sectional)
registration of each image to a common target, could likely be
improved for longitudinal data analysis by first computing the
serial registration of the multiple within-subject images.

A further limitation derives from the construction and use of the
target atlas. In our initial attempts to derive an efficient and robust
target atlas, a young-adult template was used that failed for many
older adults. When the template was constructed to include the
anatomic features and image contrast properties common to older
adults (Fig. 1, middle panel), atlas-registration almost always
succeeded yielding the results presented in this paper. However,
failure may still occur when anatomic variation or contrast prop-
erties outside the range of the target atlas exists. In the present data
set, this kind of failure likely minimally influenced estimates as
patients with marked insult-induced brain changes were not in-
cluded and correlation with a gold-standard measure (manual
TIVpa) Was strong.

Only one instance of clear bias due to atypical anatomy was
identified. It is possible that more subtle cases of bias exist and
contribute to the error terms and presently reported variance
estimates. In this case, there was an 11.7% difference between
manual TIV,,, and eTIV. The patient was an 80-year-old woman
with DAT. Review of the imaging data showed ventricular en-
largement typical of that seen in normal-pressure hydrocephalus.
The diagnosis was not made because of the absence of neurologic
symptoms (apart from dementia). On one hand, the infrequency of
failure and rough correspondence between TIV,,, and ¢TIV in this
individual are evidence of the robustness of the method. On the
other hand, this case is a reminder that automated procedures need
not, and should not, be unsupervised. For example, the atlas-
normalized images with superimposed target atlas reference marks
can be included in reports or simply visualized as a quality control
check. Furthermore, future refinements of atlas-based head size
corrections should explore targets containing a wider range of
variation, particularly for population-based and clinical studies that
recruit a wider range of patients.

An interesting, if speculative, possibility is that atlas-based
transformation, and its goodness of fit to multiple target atlases
will, in itself, be an informative measure. For example, in the case
discussed above, the individual might better register to a hydro-
cephalus atlas providing a computer-aided diagnostic that the
candidate is at risk for the disease.
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Appendix A

A.1. Preparation of the combined (young + old)
atlas-representative target image

Older individuals systematically differ from young adults,
particularly in the degree of cerebral atrophy. Thus, atlas transfor-
mation of older adults may be affected by bias if the target image
represents exclusively young-adult anatomy. Our initial use of an
atlas-representative target image designed for fMRI of young
adults led to systematic overexpansion of older brains (Buckner
RL, Snyder AZ, unpublished observations). The combined target
was created to address this problem. (Atlas transformation using
separate targets for each age group was avoided because observed
group differences could then be attributed to systematic differences
in the respective targets. Moreover, complexities arise in the case
of intermediate aged individuals.)

To derive the combined target, atlas-representative standard
images were separately prepared for young (n = 12; F' = 6; mean
age=23.4)and old adults (n = 12; F=9; mean age=75.2; all CDR =
0) using the algorithm described below. Each subject used as an atlas
prior contributed four MP-RAGE scans (Mugler and Brookeman,
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1991; see Buckner et al., 2000) acquired identically to the present
experimental data; these images were corrected for interscan head
movement, averaged and bias field corrected (see Methods) before
submission to the new standard-generating algorithm. As a final
step, the newly generated young and old standards were combined
by simple voxel-wise averaging to generate the merged target (see
Fig. 1).

The strategy for atlas generation involves an iterative scheme
that, for each age group, yields an average image (new standard)
matched to a preexisting atlas-representative target (original stan-
dard). The approach has been used previously to create an atlas-
representative target image for nonhuman primates (Black et al.,
2001) but is here described in greater detail. All transforms are 12-
parameter affines (4 X 4 matrices). The original standard atlas-
representative target image that began the process represented the
Talairach and Tournoux (1988) atlas according to the formulation
of Lancaster et al. (1995). This original standard image has been
used within the laboratory for many studies (e.g., Wheeler et al.,
2000).

Before iteration, an approximate new standard was generated
by averaging and atlas transformation computed based on the
original standard:

Step 1. Compute individual MP-RAGE — new standard
transforms.

Step 2. Generate a new average by application of the most
recently computed transforms to the individual images.

Step 3. Compute the generated average — preexisting standard
transform.

Step 4. Perform transform composition (right matrix multiply
results of step 1 by the result of step 4) to obtain updated
individual MP-RAGE — new standard transforms.

Step 5. Regenerate the average as in step 2.

Iteration of steps 1—5 generates a new standard average matched
to the preexisting standard while simultaneously minimizing
mismatch between individuals. Five iterations were sufficient
to achieve convergence of all transforms (up to four decimal
places).

Additional algorithmic details include the following: In listi-
temlstep 1, the individual MP-RAGE images were preblurred (6.9
mm FWHM 3D Gaussian profile). The objective function was
simple intensity correlation, or equivalently, minimization of
difference image variance (Snyder, 1995). listitem3Step 3 included
no preblur and used a cross-modal registration method based on
alignment of intensity gradients related to the method of Andersson
et al. (1995). This cross-modal registration algorithm takes into
account intensity gradient relative orientation by inclusion in the
objective function ((|V1;||V/,|cos*0)) of an angular factor (Pluim
et al., 2000) that is maximal when gradients are either aligned or
anti-aligned. It is reasonable to assume that listitem3step 3 was
driven, in large part, by alignment of gradients at the gray—white
boundary, a prominent feature of the present MP-RAGE data.
Formulation of the objective function in terms of intensity gra-
dients also renders listitem3step 3 relatively insensitive to varia-
tions in MRI contrast, for example, due to variation in sequence
parameters such as flip angle and TD. This is an important feature
of the present strategy as the MP-RAGE sequence used to make the
new standard atlas-representative image (and to acquire the present
experimental data) has considerably better gray—white contrast
than that used to create the original standard.
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