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Abstract

Understanding variability of human brain structure sizes during development is important for the design and
interpretation of pediatric neuroimaging studies. In this study we analyze the effects of hemisphere, sex and age on
size variability of the total cerebrum, cerebellum, lateral ventricles, temporal lobe, amygdala, hippocampus, superior
temporal gyrus, corpus callosum, caudate, putamen, and globus pallidus in 115 healthy children and adolescents, ages
4-20 years. Variability differed significantly across structures, with the lateral ventricles demonstrating the highest
coefficient of variation and the putamen the lowest. Males varied significantly more than females in the left cerebrum
and left superior temporal gyrus, whereas females varied more than males in the right caudate and right putamen.
Age effects were seen in increased variability after puberty for the lateral ventricles, hippocampus and superior
temporal gyrus. These variances are important determinants of minimum sample sizes required to detect group
differences in both cross-sectional and longitudinal studies. © 1997 Elsevier Science Ireland Ltd.

Keywords: Variance; Adolescent; Child; Coefficient of variation; Magnetic resonance imaging; Measurement error
models; Morphology; Regression calibration

1. Introduction cal resolution, has provided unprecedented op-
portunity to examine in vivo brain morphology

Magnetic resonance imaging (MRI), with its and has led to a growing number of quantitative
lack of ionizing radiation and excellent anatomi- neuroanatomic studies of pediatric neuropsychi-

atric disorders including autism, attention—defi-

cit/hyperactivity disorder (ADHD), childhood-
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William’s syndrome (see Giedd, 1996, for review).
Understanding the normal variance of brain
structure sizes examined in these reports is im-
portant for interpreting discordant findings in
small sample studies, since group specific variabil-
ity differences affect statistical tests of mean dif-
ferences. However, to our knowledge, brain struc-
ture size variability has not been examined syste-
matically from a statistical standpoint.

Variability measurements from the adult litera-
ture are available in studies whose main aims
have been to describe mean differences and gen-
eral age trends within demographic and clinically
defined groups (Pakkenberg and Voight, 1964;
Dekaban and Sadowsky, 1978; Holloway, 1980;
Ho et al., 1980, 1980; Jerison, 1991; Pfefferbaum
et al., 1994; Flaum et al., 1995; Caviness et al.,
1996). These studies indicate that male brain
volumes are on average larger than female brain
volumes and that there is a general male-
greater-than-female variability difference in total
cerebral volumes.

In this article we provide normative data on
115 healthy children and adolescents and test for
significant variability differences by brain struc-
ture, sex and age. Quantitative neuroanatomic
data from some of these subjects have been re-
ported previously (Giedd et al., 1996a—c). Our
goals in the present article were to: (1) analyze
differences in variability and covariability with
respect to sex and age for eleven brain structure
measurements, including total cerebrum, cerebel-
lum, lateral ventricles, temporal lobe, superior
temporal gyrus, amygdala, hippocampus, globus
pallidus, caudate nucleus, and putamen volumes
and midsagittal corpus callosum and cerebellar
areas; (2) assess the conformity of these data to
classical statistical assumptions and apply alterna-
tive methods that accommodate assumption viola-
tions when necessary; and (3) provide a graphical
method to calculate minimum required sample
sizes given variance characteristics and antici-
pated effect sizes. Due to patterns reported in the
adult literature, our hypotheses were that vari-
ability would be greater in males vs. females and
older vs. younger subjects.

2. Methods
2.1. Subjects

Because of potential over-representation of
children with neuropsychiatric disorders in clini-
cally acquired scans, subjects were recruited di-
rectly from the community as part of an ongoing
study by the Child Psychiatry Branch of the Na-
tional Institute of Mental Health to assess brain
development in healthy and neuropsychiatrically
impaired children and adolescents. Of the 748
respondents to local advertisements, 623 were
excluded through a three-part screening process
(phone interview, questionnaires mailed to par-
ents and teachers, and in-person physical and
psychiatric examinations). Exclusion criteria were
physical or psychiatric illness in the subjects or
their first degree relatives (see Giedd et al., 1996
for further details). Of the final 125 subjects,
three were unable to complete scans because of
anxiety or claustrophobia and seven were unsatis-
factory because of excessive subject motion.

The study was approved by the Institutional
Review Board of the National Institute of Mental
Health. Assent from the child and written con-
sent from the parents were obtained.

Table 1 presents subject characteristics. There
were no significant group differences between
males and females on age, height, weight, hand-
edness or IQ subtest scores. As expected from
our inclusion criteria, Wechsler Adult Intelli-
gence Scale-Revised (WISC-R) subtest scores
were above average, potentially affecting general-
izability of findings.

2.2. MRI protocol

All subjects were scanned on the same General
Electric 1.5 Tesla Signa scanner using a 3-D SPGR
imaging sequence (echo time =5 ms, time to re-
peat = 24 ms, flip angle = 45°, acquisition matrix
=192 X 256, number of excitations = 1, field of
view =24 cm). Tl-weighted images with slice
thickness of 1.5 mm in the axial and sagittal
planes and 2.0 mm in the coronal plane were
obtained. Head positioning was standardized by
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Table 1
Demographic characteristics of healthy children and adoles-
cents (n = 115)

Female Male

Sample size 50 65

Age (years) 11.2 (4.0) 11.5(3.6)
Height (in) 57.3(82) 58.9(8.5)
Weight (Ib) 89.8 (34.7) 96.4 (37.6)
Tanner stage 2.4(1.6) 24(1.6)
Vocabulary 12.7(2.5) 138 (3.1)
Block design 12.7(3.5) 13.4(3.7
Digit span 11.4(2.4) 112(3.1)
% right-handed 90 90

Means are followed by standard deviations in parentheses.

verifying that three vitamin E capsules, one in
each auditory meatus and one taped to the lateral
aspect of the left inferior orbital ridge, were all
visible on the same axial slice and, on that same
slice, each subject’s nose was aligned at the ‘12:00’
position. No pharmacological sedation was used.

2.3. Image analysis

A clinical neuroradiologist reported increased
T2 signal intensities in the right parietal lobe in
one subject and left semiovale in another subject.
These findings were clinically insignificant and
the images were retained in the analysis. No
other gross abnormalities were reported for any
subject. Details of the quantification of various
structure sizes are described elsewhere (Giedd et
al., 1996a-c). Briefly, total cerebral volume was
quantified by a deformable model in which an
elastic template was conformed to each individual
brain through an iterative energy minimization
algorithm (Snell et al, 1995). An advantage of
this approach was that it allowed a priori
knowledge of brain anatomy to supplement the
sometimes ambiguous boundaries of MR images.
Program output was edited manually to remove
segmentation artifacts when required. Ventricular
volume was quantified using a thresholding func-
tion available in NIH Image (Rasband, 1993).
Volumes of the caudate, putamen, globus pal-

lidus, amygdala, hippocampus, and temporal lobes
and midsagittal area of the cerebellum were
quantified using a manual tracing feature. Mid-
sagittal area of the corpus callosum and seven
subdivisions were quantified using a semi-auto-
mated program written in C and available upon
request. Inter-rater correlation coefficient mea-
surement reliabilities for the quantified structures
were as follows: total cerebrum, 0.99; cerebellum,
0.88; lateral ventricles, 0.99; temporal lobe, 0.98;
amygdala, 0.86; hippocampus, 0.87; caudate, 0.88;
putamen, 0.84; globus pallidus, 0.82; corpus callo-
sum, 0.92.

2.4. Statistical analyses

We employed mean structure size and coeffi-
cient of variation (CV) by sex and hemisphere as
parametric data summaries. The CV is defined as
the standard deviation expressed as a percentage
of the mean and is a unitless quantity preferred
to sample variances when comparing different
Brain structures because variance may be de-
termined in part by structure size. While the CV
is by itself inadequate for quantifying and com-
paring brain structure size and variability differ-
ences, we nonetheless find it a useful, albeit in-
sufficient, summary statistic. Statistical tests of
significant differences between CVs employed
asymptotic standard errors equal to the CV di-
vided by the square root of twice the sample size
(see, for instance, Sokal and Rohlf, 1981).

We analyzed differences in residual variabili-
ties in brain structure sizes by sex, age and hemi-
sphere both with and without adjustment for ef-
fects of age, height, weight, and total cerebral
volume. The relationship between brain size and
body size in humans is surprisingly poor (Harvey
and Krebs, 1990). In contrast to the relative
stability of brain weight after childhood, body
weight varies widely among individuals and can
vary substantially for the same individual over
time. Height is also a poor indicator of brain size,
as is implied by contrasting the notable increase
in height from ages 4 to 20 years with the lack of
corresponding increase in brain size. This general
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trend for the young to have disproportionately
large head-to-height ratios compared to adults is
widely observed throughout the mammalian
species. These considerations led us to try several
different adjustment options, including no adjust-
ment whatsoever, since current neuroimaging lit-
erature is neither clear on what variables are
important for adjustment nor on how adjustments
should be made once the variables have been
chosen.

Table 2 lists the variety of models used for
expressing mean function relationships and from
which the residuals were obtained. Our adjust-
ment models encompass a very wide range of
options to test sex- and/or age-dependent vari-
ability differences after removing mean size dif-
ferences and effects of other potential covariates.
Each model is fit separately for the males and for
the females; we do not use pooled estimates of a
common variance as in a two-sample #-test. Sepa-
rate estimates of variance are computed for each
group from the residuals of the fitted models. All
models that include total cerebral volume accom-
modate measurement errors in this variable by
regression calibration; see Eq. (1) and accompa-
nying descriptions. Model U (Unadjusted) simply
compares the variances of male and females
residuals after subtracting the mean of each
group. Model SL (Simple Linear) makes linear
adjustments to the outcomes for the effects of
total cerebral volume and age (X;z,). Model ML
(Multi-Linear) makes linear adjustments to the
outcomes for the effects of total cerebral volume

Table 2
Different forms of adjustment to brain structure volumes (Y)
for covariates measured with error (X} and without error (Z)

Model? Label Equation
Unadjusted U Y=p+e
Linear SL Y=XB+zyte
ML Y=XB+Zy+e
Flexible SF Y=f(X)+gz)+e
MF Y=f(X)+3,8(z)+¢€

*Each model is fit separately for males and for females.
X =total cerebral volume; Z =(z,,z,,z5) = (age, height,
weight).

and age, height and weight (X,Z). Because as-
sumptions of parametric methods, such as SL,
ML, analysis of variance (ANOVA), analysis of
covariance (ANCOVA) and multivariate analysis
of variance (MANOVA) were not always sup-
ported by our data, we also employed flexible
regression methods (Hastie and Tibshirani, 1990).
Models SF (Simple Flexible) and MF (Multi-
Flexible) make no straight-line assumptions about
the relationships between these variables but in-
stead employ locally adaptive functions that cap-
ture relationships between variables by non-para-
metric regression. As in models SL and ML, total
cerebral volume and (age, height, weight) are
treated by separate functions. Transforming out-
comes Y into ratios Y /X has been shown to be
flawed (Arndt et al., 1991) and hence ratio adjust-
ment models are not considered here.

We take two approaches to testing for signifi-
cant differences between sex and age dependent
variances. The first is a classical variance-ratio
F-test, known to be quite sensitive to non-Gaus-
sian data. The effects of non-Gaussian data on
the F-test, or on the related tests of Bartlett,
Hartley and Cochran, are catastrophic (Pearson,
1931; Miller, 1986), yielding very unreliable re-
sults. Since we are not always willing to make the
parametric assumption that the outcomes derive
from the infinitely smooth bell-shaped probability
curve required for a reliable F-test, we also use a
computer-intense Monte Carlo simulation
method. This method involves repeated sampling
of the observed data to yield an assumption-free,
empirical significance test. Non-Gaussian errors,
unequal variances and non-linear functional rela-
tionships, all present to some degree in our sam-
ple, demand tests whose results are free of classi-
cal assumptions. Resampling the observed data
without replacement, so that each subject appears
only once, yields a non-parametric randomization
or permutation test; see for instance Manly, 1991.
Resampling the observed data with replacement,
so that each subject can appear more than once,
yields a non-parametric bootstrap test; see Efron,
1982. In testing for variance differences, improve-
ments over the classical F-test in non-standard
situations such as ours have been demonstrated
through sampling without replacement (Bailer,
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1989) and sampling with replacement (Boos and
Brownie, 1989). In the present analysis, a permu-
tation test is preferred to a bootstrap test since
we want to retain the observed collections of
covariates. For each simulation, we permute sub-
jects at random across the fixed male/female
group boundary, changing their sex label while
keeping the overall group sizes fixed, and calcu-
late a test statistic for each such permutation.
Since the total number of possible permutations
is quite large, we draw a large sample of size 999
from the permutation distribution of the data
using a random number generator. We calculate
and rank the simulated test statistics together
with the original observed value to obtain an
empirical P-value for each. For instance, if the
original test statistic ranks as the 39th largest
amongst the 1000 (999 + 1) realizations, its empir-
ical P-value is 0.039. The entire procedure re-
quires a rather lengthy calculation in which 105
models are fit to each permuted data set (8
volumes X 3 (left hemisphere, right hemisphere,
total) X 11 areas) X 5 types of adjustments, 1000
permutations, for a total of over one-half million
simulations. In general, we found that parametric
F-tests yielded smaller P-values than non-para-
metric permutation tests. However, in order to
make substantive conclusions that depend mini-
mally on modeling assumptions, variance differ-
ences were deemed significant only when the null
hypothesis was rejected by parametric tests for all
models at level 0.05 and was also rejected by our
non-parametric tests for one or more of the mod-
els at this same level. In such cases, we report the
largest P-value of tests and models. We took this
conservative approach not only to account for
multiplicity of statistical tests but also to address
potential criticisms of parametric assumptions and
of adjustment method used (including none) for
significance testing.

Adjustments for total cerebral volume, which
differed significantly between males and females,
employed measurement error models and regres-
sion calibration methods (Fuller, 1987; Carroll et
al., 1995). For instance, the Multi-Linear model
of Table 2 is augmented to account for measure-
ment error in total cerebral volume by the fol-

lowing coupled equations:
Y=XB+Zy+e 1)
W=X+U

In Eq. (1), all symbols occurring previously in
Table 2 are interpreted as before: Y is a brain
structure size measurement, X is total cerebral
volume, Z is a vector of covariates (age, height
and weight), and € is a random error in the linear
equation relating Y to X and Z. In addition, for
new symbols, W is the observed value of total
cerebral volume with true unobserved value X,
and U is a random error made in observing X.
Unlike covariates such as sex, age, height and
weight that can usually be assumed error-free,
covariates such as total cerebral volume and other
brain segmentation outcomes that require subjec-
tive judgments are measured with some degree of
uncertainty. Regression calibration replaces the
observed X in the first equation with its conditio-
nal expected value given W and Z. Without re-
gression calibration, a naive simple least-squares
approach would yield biased estimates and in-
flated residual variances. Degree of bias is de-
termined by a reliability ratio which is equivalent
to Fisher’s intraclass correlation coefficient
(Fisher, 1946; Winer, 1971; Lange and Ryan,
1989). The reliability ratio is beginning to appear
in the neuroimaging literature (Arndt et al., 1991;
Bartzokis et al., 1993; Mathalon et al., 1993), as
are several ad hoc attempts to correct for mea-
surement error effects, and goes under several
names in the econometric, psychometric and ge-
netics literature. In genetics, for instance, the
reliability ratio is heritability, W is phenotype, X
is genotype and measurement error U is the
environmental effect on phenotype (Fuller, 1987,
p. 3). For more statistical detail on the treatment
of measurement error in brain imaging studies,
see Lange et al. (1996). Regression calibration is
used here to enable reliable variability compar-
isons of residuals from a variety of regression
analyses.

3. Results

Table 3 gives sample means and CVs for the
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Table 3
Summary statistics for unadjusted brain structure sizes by sex and hemisphere for 115 healthy subjects, ages 4-20 years
Total (n = 115) Female (n = 50) Male (n = 65)
T RH LH T RH LH T RH LH

(a) Means (mm)
Total cerebrum®¢ 1127.54 568.88 558.66 1072.82 541.40 531.42 1169.63 590.02 579.60
Superior temporal gyrus 51.16 2646 2470 49.87 2557 2430 5225 2720 2505
Putamen 10.66 522 5.44 10.25 5.01 5.24 11.00 5.39 5.61
Caudate®® 1024 520 5.04 10.35 527 5.09 10.15 514  5.00
Lateral ventricles®9 10.08 4.81 5.27 9.28 4.52 4.75 10.68 5.02 5.66
Hippocampus 920 473 447 9.05 4.69 435 9.32 4.75 4.57
Amygdala 4.66 241 2.25 4.39 223 2.16 4.89 2.56 2.33
Globus pallidus®* 2.38 1.19 1.19 221 1.10 1.11 2.50 1.26 1.24
Cerebellum® 115434 — — 112549 — — 117470 — —
Corpus callosum® 619.77 — — 604.86 — — 63148 — —

(b) Coefficients of variation (S.D. expressed as a

percentage of the mean) X 100

Total cerebrum®¢ 113 113 115 9.6 9.8 9.6 11.0 10.9 11.3
Superior temporal gyrus®¢ 115 128 129 87 115 9.9 129 131 148
Putamen®° 94 9.7 9.6 10.4 10.8 10.3 7.6 7.6 8.0
Caudate®® 12.7 12.9 12.7 145 14.9 14.2 10.9 10.9 11.3
Lateral ventricles 63.5 673 64.6 71.1 75.8 72.0 58.1 61.5 59.4
Hippocampus 103 11.7 11.2 10.7 11.7 11.8 10.0 11.8 10.2
Amygdala 193 222 22.7 17.4 22.1 20.9 19.4 20.6 23.6
Globus pallidus 154 16.0 16.8 15.0 15.6 16.0 14.6 14.5 16.9
Cerebellum 107 — — 109 — — 102 — —
Corpus callosum 147 — — 145 — — 147 — —

#Male > Female.

Female > Male.

‘RH>LH.

LH > RH.

®Midsagittal area (ml?).

fMale > Female, LH.

£Female > Male, RH.

T, total; RH, right hemisphere; LH, left hemisphere.

unadjusted brain structure volumes. Significant
mean differences are indicated in Table 3a, as in
Giedd (1996). Sample variances can be obtained
by multiplying the CVs in Table 3b by their
corresponding values in Table 3a, dividing by 100
and squaring the result. Note the considerable
degrees of variability and the differences in vari-
ability across structures. For instance, although
the variance of the total cerebrum was consider-
able, it constituted only about 11% of its mean.
Contrast this with the lateral ventricles whose
variability was roughly 64% of their mean volume.
Variances of the lateral ventricles, amygdala and
globus pallidus differed from each other and from
the other structures. The putamen and caudate
nucleus were comparably variable, as were the

superior temporal gyrus, cerebrum and hip-
pocampus.

Omnibus MANOVA tests indicated global dif-
ferences in male and female volumes for total
cerebrum and lateral ventricles (Wilks’ A = (1844,
P =0.0009), for temporal lobe structures (A =
0.906, P=0.02) and for the basal ganglia (A =
0.755, P <0.0001). Significant global differences
between the sexes persisted when differences in
cerebral hemispheres were tested separately.

Fig. 1 gives boxplots for the four significant
differences in variability by sex. Each boxplot has
four components: centerline (median, or 50th
percentile), box (25th through 75th percentiles),
whiskers (10th and 90th percentiles) and extreme
points (outliers) in some cases; see, for instance,
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Andreasen et al., 1986, for their use in structural
brain imaging analysis. Male-greater-than-female
variance for total cerebrum was due primarily to
significant variance differences in the left hemi-
sphere (model ML; classical P = 0.017; permuta-
tion P = 0.04). Volumes of the superior temporal
gyrus also varied more for males, again on the left
(model MF; classical P = 0.012, permutation P =
0.018). We found two sex-dependent variabilities
in the right hemisphere: female volumes varied
more than male volumes of the caudate nucleus
(model SF; classical P = 0.001, permutation P =
0.04) and the putamen (model U; classical P =
0.010, permutation P = 0.039).

Fig. 2 gives a parametric summary of results for
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total cerebrum and the caudate, for which Gauss-
ian assumptions apply. As indicated previously in
Fig. 1, females had significantly greater variance
than males for the caudate, yet increased vari-
ance was not associated with increased hemi-
spheric asymmetry, defined as 2 X (right —
left) /(right + left). Figs. 2c,d show that variance
of asymmetry measurements did not differ sig-
nificantly by sex in spite of sex differences in
variance about the means; classical and permuta-
tion tests did not consistently reject the null hy-
pothesis of asymmetry variance equality for either
structure.

There were no significant sex dependent vari-
ance differences for any of the remaining brain
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Fig. 1. Boxplots of unadjusted brain structure volumes exhibiting significant sex-dependent variability differences (50 females, 65

males): RH, right hemisphere; LH, left hemisphere; see text.
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Fig. 2. Gaussian probability densities for healthy males and females, with means and variances equal to the sample values: A, total
cerebrum; B, caudate; C, cerebral asymmetry; D, caudate asymmetry.

structure volumes (lateral ventricles, amygdala,
hippocampus) and areas (corpus callosum and
cerebellum).

Defining Tanner stage 1 as ‘pre-puberty’ and
stages 2—5 as ‘puberty’, we found significant age
or puberty-related increases in variances for the
lateral ventricles in the left (model MF; classical
P =0.0001, permutation P = 0.02) and right
hemispheres (model U; classical P < 0.0001, per-
mutation P =0.013), the left superior temporal
gyrus left (model SF; classical P =0.015, permu-
tation P =0.044) and the left hippocampus left
(model MF; classical P =0.0002, permutation P

= 0.010) (see Fig. 3). These age-related variability
increases applied for both sexes. However, we
found that males exhibited significantly greater
variability than females in the left superior tem-
poral gyrus (P < 0.01) for pubertal subjects only,
indicating a sex by age interaction.

4. Discussion

In our sample of 115 healthy children and
adolescents, variability of brain structure sizes
differed by structure, sex, and age. Ventricular
volume was the structure with the highest coef-
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LH, Lateral Ventricles RH, Lateral Ventricles
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Fig. 3. Boxplots of unadjusted brain structure volumes exhibiting significant age-dependent variability differences (SO females, 65
males): RH, right hemisphere; LH, left hemisphere; F, Female; M, Male; pre, ‘pre-puberty’; Tanner stage 1; pub, ‘puberty’; Tanner
stage 2-5; see text.

ficient of variation, due possibly to accumulated than females in the left hemisphere for the total
variability of the many surrounding structures that cerebrum and the superior temporal gyrus,
define its shape. Males varied significantly more whereas females varied significantly more than
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males in the right hemisphere for the caudate and
the putamen. Age-dependent variability was also
noted, being significantly greater for pubertal sub-
jects in the lateral ventricles, the hippocampus
and the left superior temporal gyrus. In addition,
for pubertal subjects only, males varied signifi-
cantly more than females in the left superior
temporal gyrus.

Variability of brain structure size in normal
development is important for the design and in-
terpretation of pediatric neuroimaging studies.
Minimum sample size required to detect a change
in mean structure size will depend in part on CV.
Simple formulas can be developed for sample size
and power calculations for cross-sectional and
longitudinal studies of brain structure sizes that
involve CV, as follows. The routine sample size
calculation for the two-sample problem for inde-
pendent samples in cross-sectional studies is

n=(0}+03)/(p — )21 - a/2)
+2(1 - B = f(n), 2)

where 1= (0%,03,u,15,a,8) and z(p) is the
pth quantile from the standard Gaussian distribu-
tion. In Eq. (2), n is the minimum number of
subjects needed per group in order to detect a
difference in group means of w, — u, with power
1 — B and Type I error @ when the independent
groups have true means and variances (u,,u,)
and (0%,0%) respectively. For comparing brain
structure sizes of two groups, the formula may be
inadequate. Tables 1 and 3 show that a more
germane formulation of the problem involves CV.
Assuming that each group has the same coeffi-
cient of variation v=o,/u, = 0,/p, for a par-
ticular brain structure in question, a better sam-
ple size calculation (van Belle and Martin, 1993)
is

n=v202+1/(0- 1201 —as2) +z(1 - BT,
(3)

where 8= pu,/u, is the mean ratio. The formula
applies when the minimum detectable difference
is phrased in terms of a percentage change in the
means, which is 6, along with percent variability,
which is .

Fig. 4 uses Eq. (3) in a graphical description of
the relationship between sample size, CV, and the
ratio of means in a two-group cross-sectional study
with 5% Type 1 error and 80% power. Group
variances need not be equal; only the ratio of the
standard deviation to the mean is assumed identi-
cal for the two groups. For instance, from Table
3b, the CV of the globus pallidus for females is
15%. This implies that about 95% of the observa-
tions are within 30% of their mean assuming
Gaussian data (0.15 X 1.96 = 0.30). Using Fig. 4,
one finds that in order to detect a 10% change in
mean volume » = 38 females per group are re-
quired.

Our results also help in the design of longitudi-
nal studies. In such cases, one does not have
independent samples because subjects are
observed repeatedly over time and present values
may depend on past values. For sample size calcu-
lations, two additional variables are required: the
number of observations per subject, ¢, and the
correlation between repeated observations for the
same subject, p. The development here covers the
simple intraclass correlation model described in
the methods section. Assume that a simple linear
relationship exists between brain structure size
and a single fixed covariate, ¢ also measured
repeatedly at the same times for all subjects,
j=1,..., t. For instance, if subjects are scanned at
baseline and every year for 4 years, then t=5
and ¢, =0,..., ¢c;=4. To compare two groups of
subjects with different linear relationships, a lon-
gitudinal counterpart to the cross-sectional for-
mula is simply

n=f)(1 - p)/(t?), @)

where o7 is the common within-subject variance
of the ¢/’s.

As an example, suppose that one is to plan a
developmental study of decreases in caudate size
for pre-pubescent males. Further suppose that
one baseline and four repeated measurements of
each subject are taken at yearly intervals, a serial
correlation of 0.65 and a total estimated variance
of 0.90 from the simple linear adjustment model
corrected for measurement error in total cerebral
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volume (0.90 is the actual value from our sample).
In order to detect a minimum decrease in volume
of 0.14 ml/year, the formula shows that at least
n =25 subjects are required.

In addition to guiding study design, brain mor-
phometric variance characteristics may them-

selves be important discriminating features in
comparisons between control and clinical groups.
Studies are underway to examine whether vari-
ability is altered in pediatric neuropsychiatric dis-
orders such as ADHD and childhood-onset
schizophrenia.
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Fig. 4. Minimum sample sizes per group, N, with Type I error o= 0.05 and power 1 — 8 =0.80. The following example assumes
Gaussian data. Example: Find the sample size per group required to detect a 10% change in mean volume of the globus pallidus
when 95% of the observations in each group are within 30% of their group means. These conditions imply mean ratio
M1,/M2 = 1.1 and coefficient of variation SD1/M1=SD2/M2=0.30/1.96 = 0.15, the coefficient of variation for total volume of
the globus pallidus for females in Table 2b. Place a straight edge parallel to the vertical axis at the point 1.1 on the horizontal axis.
Mark where the straight edge crosses the curve for 0.15, the fifth curve from the left. Place the straight edge parallel to the
horizontal axis at this point, to read N = 38 subjects per group.
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