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a b s t r a c t
Imaging studies of cerebral volumes often adjust for factors such as age that may confound between-subject
comparisons. However the use of nuisance covariates in imaging studies is inconsistent, which can make
interpreting results across studies difﬁcult. Using magnetic resonance images of 78 healthy controls we
assessed the effects of age, gender, head size and scanner upgrade on region of interest (ROI) volumetry,
cortical thickness and voxel-based morphometric (VBM) measures. We found numerous signiﬁcant
associations between these variables and volumetric measures: cerebral volumes and cortical thicknesses
decreased with increasing age, men had larger volumes and smaller thicknesses than women, and increasing
head size was associated with larger volumes. The relationships between most ROIs and head size volumes
were non-linear. With age, gender, head size and upgrade in one model we found that volumes and
thicknesses decreased with increasing age, women had larger volumes than men (VBM, whole-brain and
white matter volumes), increasing head size was associated with larger volumes but not cortical thickness,
and scanner upgrade had an effect on thickness and some volume measures. The effects of gender on cortical
thickness when adjusting for head size, age and upgrade showed some non-signiﬁcant effect (women N men), whereas the independent effect of head size showed little pattern. We conclude that age and head size
should be considered in ROI volume studies, age, gender and upgrade should be considered for cortical
thickness studies and all variables require consideration for VBM analyses. Division of all volumes by head
size is unlikely to be adequate owing to their non-proportional relationship.
© 2010 Elsevier Inc. All rights reserved.

Introduction
Cerebral atrophy is a characteristic and often deﬁning feature of a
number of degenerative diseases including Alzheimer's disease (AD)
(Chan et al., 2003; Jack et al., 2004), frontotemporal lobar degeneration (FTLD) (Chan et al., 2001a; Whitwell et al., 2008) and
Huntington's disease (HD) (Henley et al., 2009; Tabrizi et al., 2009).
Magnetic resonance imaging (MRI) is increasingly used to investigate
these diseases (Barnes et al., 2007; Bohanna et al., 2008; Rovira and
Leon, 2008) and imaging forms part of recommended investigations
in dementia (Knopman et al., 2001; Waldemar et al., 2007) not only to
exclude causes of symptoms, but also to determine characteristic
patterns of atrophy associated with particular diagnoses (Dubois et al.,
2007; McKeith et al., 1996; Neary et al., 1998).
Progressive improvements in MRI contrast and resolution mean
that increasingly detailed measurements of regional or cortical
volumes, thicknesses, surface areas and curvatures of structures or
classes of tissue are now possible. There is increasing interest in using
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such measurements in randomized clinical trials to determine efﬁcacy
of putative disease-modifying treatments, as well as in observational
case–control studies. Comparability of treatment groups in the former
is assured (at least in large trials) by randomization. In contrast, in
observational case–control studies, upon which we focus in this
paper, subject groups (deﬁned by disease status) often differ
according to confounders that affect the outcome of interest,
rendering simple group comparisons biased. One approach for dealing
with such confounding is to match cases and controls for the
confounding variables. A second approach is to collect information
on confounding factors, and adjust for these, usually by including
them as covariates in a statistical regression model. In addition to
considerations of bias, adjusting for a predictive covariate increases
the power of between-subject comparisons.
In observational MRI studies, age, gender and head size are the
most commonly included so-called ‘nuisance’ variables. However,
studies vary as to which of these variables are allowed for. Such
differences in covariate selection may be reasonable, however, since
whether a variable confounds comparisons between groups depends
both on whether the variable affects the particular outcome under
study and also whether the variable is balanced between subject
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groups. A balanced variable is not necessarily one which shows no
signiﬁcant differences across groups since non-statistically signiﬁcant
differences in smaller studies may still lead to confounded results.
A number of studies have shown that age is associated with lower
whole-brain (Courchesne et al., 2000; Gur et al., 1991; Scahill et al.,
2003), temporal lobe and hippocampal volumes (Scahill et al., 2003),
grey matter volume (Courchesne et al., 2000; Ge et al., 2002; Good
et al., 2001; Guttmann et al., 1998; Pell et al., 2008; Raz et al., 1997;
Smith et al., 2007; Taki et al., 2004), and cortical thickness (Sowell
et al., 2007). Effects of age on white matter are more varied: some
studies have shown no signiﬁcant effect (Good et al., 2001; Smith
et al., 2007; Taki et al., 2004), whilst others show an increase until
middle age followed by a decline (Courchesne et al., 2000; Ge et al.,
2002) whilst others again show decline with age (Guttmann et al.,
1998; Lemaitre et al., 2005). Two studies which show no overall
signiﬁcant effect of age on white matter volume do show some areas
of white matter volume decline with age using voxel-based
techniques (Good et al., 2001; Taki et al., 2004).
Male gender has been shown to be associated with larger cerebral
volumes (Gur et al., 1991; Sowell et al., 2007) which disappears with
head size correction (Scahill et al., 2003). Greater decline of grey
matter volume with age in males has also been reported in some (Ge
et al., 2002; Raz et al., 1997; Taki et al., 2004) but not other (Lemaitre
et al., 2005) studies. Females have also been shown to have thicker
cortex across many regions of the brain (Luders et al., 2006; Sowell
et al., 2007).
Although measurement of age and gender when used are obvious,
head size measures vary widely (Pengas et al., 2009) and some studies
have used body height as a proxy (Raz et al., 1997; Sowell et al., 2007).
Most commonly, an estimate of intracranial volume is used but there is
a wide range of methods including tissue compartment addition (grey
matter plus white matter plus cerebrospinal ﬂuid (CSF)) (Courchesne
et al., 2000; Lemaitre et al., 2005; Rudick et al., 1999; Smith et al.,
2007); registration-based estimation (Smith et al., 2002) estimates
generated from points making an ellipsoid (Pfefferbaum et al., 2000),
area of mid-sagittal slice section (Raz et al., 1997), and semi-automatic
segmentation of every tenth slice (Scahill et al., 2003). In addition
there are many ways in which head size correction is applied
including: simple division of volumes (Chan et al., 2001b), regression
association correction (Scahill et al., 2003) and statistical adjustment
with the nuisance variable as a covariate (Good et al., 2002).
Using the same images from a set of normal control subjects, we
aimed to assess which nuisance variables are associated with speciﬁc
metrics often used in imaging studies: region of interest (ROI)
volumes, cortical thickness and voxel-based morphometry (VBM).
Our hypothesis was that these variables would have large associations
with cerebral structures and tissue compartments but we did not
want to assume that the nature of these associations would be
identical across structures. We aimed to quantify the independent
contribution of each of the nuisance variables in explaining differences in volumes and cortical thicknesses between subjects, from
which we could make recommendations as to which require
consideration in observational studies.
Methods
Subjects
All individuals had been recruited as normal control subjects for
research projects at the National Hospital for Neurology and
Neurosurgery, London, UK. These projects included longitudinal
studies on sporadic AD (Schott et al., 2005), familial AD (Ridha et al.,
2006), FTLD (Rohrer et al., 2008), HD (Henley et al., 2006; Henley et al.,
2009), and progressive supranuclear palsy (Paviour et al., 2006)
together with a cross-sectional magnetization transfer ratio imaging
study in AD (Ridha et al., 2007). Subjects included in this study had no
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history of neurological disorders or cognitive complaints and had
normal neurological examinations. Informed consent was obtained
from all subjects and the study had local ethics committee approval.
MRI acquisition
Scanning was performed on the same 1.5 T GE Signa System (GE
Medical Systems, Milwaukee). T1-weighted volumetric images were
obtained using an inversion recovery prepared FSPGR sequence with a
24-cm ﬁeld of view and 256 × 256 matrix. Images were reconstructed
in the coronal plane to provide 124 contiguous slices with voxel
dimensions of 0.9375 × 0.9375 × 1.5 mm. Scans obtained prior to April
2004 used the following acquisition parameters: repetition
time = 15 ms; echo time = 5.4 ms; ﬂip angle = 15°; inversion
time = 650 ms. Scans obtained after April 2004 used the following
acquisition parameters: repetition time = 12 ms; echo time = 5.2 ms;
ﬂip angle = 13°; inversion time = 650 ms. The upgrade consisted of
new gradient drivers, a new computer operating system (Linux
platform) and a scanner operating software upgrade from v5.8 to
v11.0. To ensure consistency of measures over the upgrade a number
of healthy volunteers (not included in the current study) were
scanned pre- and post-upgrade. Semi-automated whole-brain segmentation was used to measure brain volume (Freeborough et al.,
1997) in these subjects across the upgrade and post-upgrade scanning
parameters were adjusted in order to minimise any measured volume
change. Scans were also inspected visually in order to try to produce
comparable grey matter/white matter contrast.
Image processing
ROI analysis
Whole-brain (Freeborough et al., 1997) and total intracranial
volumes (TIV, an index of head size) were measured semiautomatically using MIDAS (Freeborough et al., 1997) as previously
described (Whitwell et al., 2001). The TIV segmentations relied on
application of a threshold of 30% of mean intensity of voxels within
the brain region to facilitate delineation of brain and dura on every
10th slice. Manual correction of these boundaries was used to
override this automated outline when errors occurred such as
connections to bone and fat. Internal CSF regions were automatically
ﬁlled where excluded by set thresholds.
The remaining segmentations of lateral ventricles, hippocampus,
amygdala, caudate and putamen were carried out using the freely
available software FreeSurfer version 4.1.0 (Fischl et al., 2002) http://
surfer.nmr.mgh.harvard.edu/. In brief, the image was rigid-body
registered to a probabilistic brain atlas, followed by non-linear
morphing to the atlas. The atlas, which was built from a training set
consisting of manually segmented images, was used to create
statistics about how likely a particular label is at any given location
in the brain. This served as a Bayesian prior for estimating the label of
a given voxel in a given patient's brain image based on the maximum a
posteriori (MAP) probability. Three types of probabilities were then
computed at each point: 1) the prior probability of a given tissue class
occurring at a speciﬁc atlas location, 2) the likelihood of the image
intensity given that tissue class, and 3) the probability of the local
spatial conﬁguration of labels given the tissue class. The volumes of
each structure were then calculated. Total grey matter and white
matter volumes were also calculated by summing the voxels within
the SPM segments following segmentation of those tissue classes
(described in more detail below).
Cortical thickness
Cortical thickness measurements were made using the same
version of FreeSurfer as the volumes above (see Fig. 1). The detailed
procedure for the surface construction has been described and
validated in previous publications (Dale et al., 1999; Fischl et al.,
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Fig. 1. Flow diagram demonstrating the order of processing for FreeSurfer. WM: white matter, GM: grey matter, FS: FreeSurfer, MIDAS: Medical Image Display and Analysis System.

1999; Fischl and Dale, 2000). Brieﬂy, the processing involved intensity
normalisation, skull stripping, segmentation of white matter, tessellation of the grey/white matter boundary and automatic topology
correction. This surface was then used as the starting point for a
deformable surface algorithm to ﬁnd the grey/white and grey/CSF
surfaces. This method used both intensity and continuity information
from the surfaces in the deformation procedures to produce
representations of cortical thickness, calculated as the average of
the closest distance from the grey/white boundary to the grey/CSF
boundary and the grey/CSF boundary to the grey/white boundary at
each vertex on the tessellated surface.
Two modiﬁcations to the standard FreeSurfer processing stream
were undertaken. First, the brain mask generated using MIDAS (see
ROI analysis) was used for the skull-stripping process (Freeborough
et al., 1997). Secondly, the white matter mask was modiﬁed by
incorporating the ventricle segmentations from the FreeSurfer
volume processing stream to improve the ventricle regions and
limit the misclassiﬁcation of CSF.
All images were carefully visually inspected to ensure accurate
identiﬁcation of the grey/white matter boundary and the pial surface.
All scans underwent manual editing involving the addition of control
points as well as changes to the pial and white matter surface. The
median number of re-runs per scan was two. Subjects were excluded
from all analyses (ROI, cortical thickness and VBM) if there were
major errors in FreeSurfer cortical segmentation.
Thickness measures were mapped to the inﬂated surface of each
subject's brain reconstruction, allowing visualization of data across the
entire cortical surface. All images were aligned to a common surface
template using a high-resolution surface-based averaging technique
that aligned cortical folding patterns. Cortical thickness was smoothed
with a 20 mm full-width at half maximum (FWHM) Gaussian kernel to
reduce local variations in the measurements for further analysis.
Finally, thicknesses and surface areas were calculated using
FreeSurfer and averaged over cingulate gyrus and per lobar region:
frontal, temporal, parietal, and occipital.
Voxel-based morphometry
Voxel-based morphometry was performed using SPM5 (Statistical
Parametric Mapping, Version 5; http://www.ﬁl.ion.ucl.ac.uk/spm),

and executed in Matlab 7.2 (Mathworks, Sherborn, Massachusetts),
see Fig. 2. Images were converted to NIfTI (http://nifti.nimh.nih.gov)
format and rigidly reoriented to standard space (the international
consortium for brain mapping (ICBM) template). The reoriented scans
were then segmented into grey and white matter using SPM5's
uniﬁed model (Ashburner and Friston, 2005). Default values were
used for bias regularization (0.0001) and FWHM cut-off (60 mm). The
resulting grey and white matter segments were then imported for use
with DARTEL (Ashburner, 2007) which then iteratively registered the
segments to an evolving estimate of their group-wise average. The
segments were then normalized using the DARTEL transformations,
modulated to account for local volume changes, and ﬁnally smoothed
with a 6 mm FWHM Gaussian kernel.
Statistical analysis
ROI analysis
All ROI analyses were performed using STATA (version 10,
StataCorp, College Station, Texas, USA). To assess whether there was
any cohort effect over the study, we ﬁtted a linear regression model
for TIV, with age and the effect of upgrade as covariates. Our particular
motivation for this was to assess whether our TIV measure was
smaller with increasing age which may indicate that the measure was
affected by normal ageing (brain atrophy) thereby confounding its
use as a covariate.
Following this, four linear regression models were ﬁtted to natural
log-transformed ROI volumes, using the following four sets of
covariates:
Model 1
Model 2
Model 3
Model 4

age and upgrade
gender and upgrade
log TIV and upgrade
age, gender, log TIV, and upgrade

The estimated coefﬁcients were back-transformed to represent the
% increase in the region of interest volumes for a one unit increment of
each covariate (1-year increase in age, males versus females, and after
upgrade versus before upgrade). For TIV, we report the estimated
coefﬁcient of log TIV. This corresponds to the estimate of b in the
regression equation: vol = k × TIVb. For TIV, in the text we also report
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Fig. 2. Flow diagram to demonstrating the order of processing for voxel-based morphometry. The “Check” boxes show the stages at which the processed images were visually
assessed (stages 3 and 7). WM: white matter, GM: grey matter, FWHM: full-width at half maximum.

the results of testing the hypothesis that b = 1, which corresponds to
proportionality between region of interest volume and TIV. We report
95% conﬁdence intervals for regression coefﬁcients, and p values
corresponding to tests of no association. We also calculated
semipartial R2 for age, gender and TIV for all models. In a multivariable
regression, the semipartial R2 values show how much of the explained
variability is due to each variable. Using model 3 we also assessed
relationships of thickness or surface area with TIV (dependent
variable = surface area or thickness) within each lobar region on left
and right sides and within each gender separately.
Cortical thickness
Regional cortical thickness associations with variables were also
modelled according to models 1–4 above (dependent variable= cortical
thickness) using SurfStat (http://www.stat.uchicago.edu/~worsley/
surfstat/). With model 4, we assessed the independent or partial effects
of each covariate by displaying separate maps of their estimated
independent effects. Maps were generated in which statistically
signiﬁcant associations are shown. Corrections for multiple comparisons
were made using a false discovery rate (FDR) correction at a 0.05 level of
signiﬁcance separately over each hemisphere as standard for FreeSurfer
(Genovese et al., 2002). Standardised maps were also produced for each
model showing the effect size and direction of each variable at every
vertex. For continuous variables we show maps of the estimated effects,
standardised using the variable's estimated sample standard deviation
(SD), to produce maps representing mm/SD. For binary variables, the
effect maps show the estimated mean difference between the two levels
of the variable in mm.
Voxel-based morphometry
The models 1–4 above were used in order to estimate associations
between regional grey matter volume and each of the nuisance
variables (see models 1–4 above, dependent variable = grey or white
matter volume) adjusting for upgrade. An explicit mask was applied to
include only voxels for which the intensity was at least 0.1 in at least
80% of the images. This was preferred to the default “absolute
thresholding” mask option in SPM which would exclude any voxels
for which one or more images had a value of less than 0.1 and therefore
perhaps be unduly inﬂuenced by a single poorly registered scan

(Ridgway et al., 2009). Grey matter associations were assessed after
correction for multiple comparison using FDR correction at a 0.05 level
of signiﬁcance (Genovese et al., 2002), and displayed as overlays on a
study-speciﬁc template which was created by normalizing all native
space images from subjects included in the study using the DARTEL
transformations and calculating the average of the warped brain
images. As t-contrasts in SPM are one-sided (null hypotheses are
tested against right-tailed alternatives), reverse contrasts to show the
opposing tail were also performed as is common in VBM analyses.
Again standardised maps were produced for each model showing the
effect size and direction of each variable at every voxel, as previously
described.

Results
In total 78 subjects were included in this study and the
demographic data for these subjects are reported in Table 1.

ROI analysis
Table 2 shows the estimated percentage increase in region of
interest volumes (95% CI) and p values (for test of no association), for
age, gender, TIV, and upgrade (models 1–4). Semipartial R2 is also
displayed which represents the amount of variance each variable adds
uniquely to the R2 of that model.

Table 1
Subject demographics for included subjects.

n
Mean (SD) age, years
Age range (min–max), years
n pre/post-upgrade

Male

Female

Total

37
60.7 (14.1)
24–81
24/13

4
58.5 (11.7)
27–78
25/16

78
59.5 (12.8)
24–81
49/29
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Table 2
Estimated % increase in the region of interest volumes (95% CI) and p values (for test of no association), for age, gender, TIV, and upgrade.

Whole brain

Semipartial R2
Grey matter volume

Semipartial R2
White matter volume

Semipartial R2
Lateral ventricles

Semipartial R2
Hippocampus
(total: left plus right)
Semipartial R2
Amygdala
(total: left plus right)
Semipartial R2
Caudate (total: left plus right)

Semipartial R2
Putamen (total: left plus right)

Semipartial R2

Age (per 1-year
increase)

Gender (male/
female)

TIVa

Age (per 1-year
increase) adjusted
for TIV and gender

Gender (male/
female) adjusted
for age and TIV

TIVa adjusted for
age and gender

Upgrade adjusted
for age, gender
and TIV

− 0.25
(− 0.40, − 0.10)
p = 0.002
0.121
− 0.32
(− 0.46, − 0.17)
p b 0.001
0.184
− 0.14
(− 0.34, 0.07)
p = 0.196
0.022
2.43
(1.63, 3.24)
p b 0.001
0.323
− 0.32
(− 0.48, − 0.17)
p b 0.001
0.181
− 0.13
(− 0.34, 0.08)
p = 0.235
0.017
− 0.12
(− 0.34, 0.10)
p = 0.267
0.016
− 0.30
(− 0.49, − 0.10)
p = 0.003
0.109

7.59
(3.68, 11.64)
p b 0.001
0.169
6.20
(2.23, 10.32)
p = 0.002
0.105
8.41
(3.29, 13.79)
p = 0.001
0.126
50.56
(21.01, 87.34)
p b 0.001
0.152
1.78
(− 2.50, 6.24)
p = 0.416
0.009
5.35
(0.10, 10.88)
p = 0.046
0.047
8.61
(3.22, 14.27)
p = 0.002
0.121
5.33
(0.28, 10.63)
p = 0.038
0.055

0.82
(0.68, 0.96)
p b 0.001
0.649
0.65
(0.47, 0.83)
p b 0.001
0.378
1.01
(0.82, 1.19)
p b 0.001
0.601
2.75
(1.55, 3.95)
p b 0.001
0.211
0.32
(0.08, 0.55)
p = 0.009
0.087
0.66
(0.40, 0.92)
p b 0.001
0.228
0.68
(0.42, 0.95)
p b 0.001
0.255
0.45
(0.18, 0.72)
p = 0.001
0.124

− 0.34
(− 0.39, − 0.28)
p b 0.001
0.218
− 0.39
(− 0.48, − 0.30)
p b 0.001
0.271
− 0.24
(− 0.35, − 0.13)
p b 0.001
0.068
2.21
(1.50, 2.93)
p b 0.001
0.262
− 0.36
(− 0.51, − 0.22)
p b 0.001
0.224
− 0.20
(− 0.38, − 0.02)
p = 0.033
0.040
− 0.19
(− 0.38, − 0.00)
p = 0.046
0.039
− 0.35
(− 0.52, − 0.17)
p b 0.001
0.147

− 3.53
(− 5.25, − 1.79)
p b 0.001
0.024
− 2.53
(− 5.28, 0.29)
p = 0.078
0.011
− 5.76
(− 9.17, − 2.21)
p = 0.002
0.040
19.61
(− 4.44, 49.72)
p = 0.116
0.017
− 3.32
(− 7.77, 1.34)
p = 0.157
0.019
− 3.90
(− 9.32, 1.84)
p = 0.176
0.016
0.73
(− 5.19, 7.02)
p = 0.812
b 0.001
0.01
(− 5.56, 5.91)
p = 0.996
b 0.001

1.02
(0.91, 1.12)
p b 0.001
0.574
0.82
(0.66, 0.99)
p b 0.001
0.346
1.27
(1.06, 1.49)
p b 0.001
0.553
1.66
(0.37, 2.95)
p = 0.012
0.044
0.51
(0.24, 0.78)
p b 0.001
0.130
0.84
(0.51, 1.18)
p b 0.001
0.215
0.70
(0.35, 1.04)
p b 0.001
0.150
0.51
(0.19, 0.84)
p = 0.003
0.094

0.89
(− 0.58, 2.39)
p = 0.233
0.002
− 4.66
(− 6.87, − 2.40)
p b 0.001
0.057
1.45
(− 1.58, 4.57)
p = 0.347
0.004
3.58
(− 13.83, 24.51)
p = 0.704
0.001
− 1.17
(− 4.91, 2.71)
p = 0.544
0.003
− 5.49
(− 9.88, − 0.88)
p = 0.021
0.047
0.28
(− 4.58, 5.39)
p = 0.910
b 0.001
2.68
(− 2.03, 7.62)
p = 0.265
0.012

Semipartial R2 represents the amount of variance each variable adds uniquely to the R2 of that model. L = left, R = right, adj = adjusted.
a
We report the estimated coefﬁcient of log TIV in the regression model. This corresponds to the estimate of b in the regression equation: vol = k × TIVb.

Age
Each 1-year increase in age was associated with a 0.11% (95% CI
(−0.04, 0.27), p = 0.15) increase in TIV, although the association was
not statistically signiﬁcant. After adjusting for gender, the effect was
reduced to 0.07% (95% CI −0.05, 0.19, p = 0.22), and again the
association was not statistically signiﬁcant. The estimated effect of age
was to decrease volumes in all brain structures except ventricles,
where a 1-year increase in age was associated with a 2.45% (95% CI
1.65, 3.25, p b 0.001) increase, on average, in ventricle volume. The
estimated percentage volume loss associated with a 1-year increase in
age for the other structures ranged between 0.12% per year to 0.33%
per year, and was statistically signiﬁcant in all structures except
amygdala, caudate and total white matter volume.
Gender
There was evidence that men have larger volumes than women in
all structures except the hippocampus and putamen. Across the
different structures (excluding ventricles), men were estimated to
have mean volumes which were between 1.89% and 8.85% larger, on
average, than women. Ventricle volumes were estimated to be 49.76%
(95% CI 20.06, 86.81, p b 0.001) larger in men compared with women.
This difference was due to a 13.1 ml difference in mean ventricular
volume between the genders (women 20.6 and men 33.7 ml).
TIV
There was strong evidence for each structure that increasing TIV
was associated with increasing volumes. Furthermore, there was

evidence that whole-brain (p = 0.011), grey matter (p b 0.001),
ventricular (p = 0.003), hippocampal (p b 0.001), amygdala
(p = 0.009), caudate (p = 0.023) and putamen (p b 0.001) volumes
were not directly proportional to TIV. For all of these except ventricles,
region of interest volumes were estimated to increase with TIV raised
to a power less than one.
Age (adjusted)
After adjusting for TIV and gender, there was evidence for all
structures that increasing age was associated with smaller volumes
(larger ventricular volumes). The estimated effects of a 1-year
increase in age were larger in magnitude for all structures (except
ventricles) than their corresponding unadjusted estimates, with
estimates ranging from a 0.19% to a 0.39% loss per 1-year increase
in age. Adjusting for TIV and gender slightly decreased the estimated
effect of age on ventricle volume, from a 2.45% increase per 1-year
increase in age (unadjusted) to a 2.22% (95% CI 1.52, 2.93, p b 0.001)
increase after adjustment.
Gender (adjusted)
Adjustment for age and TIV reduced the absolute percentage
difference between men and women for all structures apart from the
hippocampus. After adjusting for age and TIV, men were estimated to
have smaller volumes than women for whole brain (3.74% smaller, 95%
CI 1.95, 5.50, p b 0.001), grey matter (2.78% smaller, 95% CI −0.12, 5.61
smaller, p = 0.078), white matter (5.87% smaller, 95% CI 2.21, 9.40,
p = 0.002), hippocampus (3.38% smaller, 95% CI − 1.44, 7.97, p = 0.16)
and amygdala (3.62% smaller, 95% CI − 2.34 to 9.23, p = 0.22),
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although the associations were only statistically signiﬁcant for whole
brain and white matter. The estimated effects of gender for caudate
and putamen volume were small, but given the relatively wide
conﬁdence intervals we cannot exclude the possibility of an independent (of age and TIV) gender effect. Adjusting for age and TIV
substantially reduced the estimated effect of gender on ventricle
volume, from an unadjusted estimated effect of 49.76% (men larger
than women) to 15.08% (95% CI −8.47, 44.69, p = 0.116) which was
largely driven by the addition of TIV to the model. Although after
adjustment the independent association was not statistically signiﬁcant, the wide 95% conﬁdence interval again indicates that an
independent gender effect cannot be ruled out.
TIV (adjusted)
For all volumes there was statistically signiﬁcant evidence of an
association with TIV, after adjusting for age and gender. After adjusting
for age and gender, there remained evidence that grey matter
(p = 0.056), white matter (p = 0.013), hippocampal (p = 0.001), and
putamen (p = 0.029) volumes increased with TIV raised to a power
less than one. After adjustment for age and gender, the estimated
coefﬁcient of log TIV for log whole-brain volumes was 1.03 (95% CI
0.92, 1.14), suggesting that the relationship may be proportional once
age and gender are taken into account. For the other volumes, the
width of the 95% conﬁdence intervals indicate we can neither conﬁrm
nor reject proportionality (after adjustment for age and gender).
The semipartial R2 values for model 4 show that TIV explains the
largest amount of variance, except for ventricles, and hippocampi, for
which age explains the most.
The effects of upgrade
For models 1–3 the effect of upgrade was statistically signiﬁcant
for grey matter volume, with estimated percentage increases in
volume due to upgrade of: model 1: −6.88% (95% CI −10.39, −3.33,
p b 0.001); model 2: − 5.12 (95% CI −8.82, − 1.27, p = 0.01), model 3:
−3.27 (95% CI −6.41, − 0.03, p = 0.048), and amygdalae: model
1: −7.79 (95% CI − 12.72, −2.59, p = 0.004), model 2: −7.05 (95%
CI − 11.84, −1.99, p = 0.007), model 3: −5.04 (95% CI − 9.48 to
−0.38) p = 0.035). In all other structures there was no evidence of an
effect of upgrade (p N 0.09). The estimated effects of upgrade in model
4 for all structures are reported in Table 2. The only regions for which
there was evidence of an effect of upgrade were grey matter and
amygdala volumes, with post-upgrade showing lower volumes compared with pre-upgrade. However, the width of the 95% conﬁdence
intervals show that we cannot exclude relatively large scanner effects
for most of the volumes.
Cortical thickness
Fig. 3A shows the unadjusted effects of age, gender and TIV
(models 1–3). Two of these variables have statistically signiﬁcant
effects on cortical thickness within the brain: age has a widespread
negative association with thickness over all brain regions and women
have thicker cortex over parietal, occipital, frontal and posterior
cingulate regions within the left hemisphere. The effect maps broadly
show widespread negative association of all variables with thickness:
with age the effect map is similar to the statistical signiﬁcance map in
showing a consistent negative effect across nearly all cortical areas;
going from female to male shows a negative effect across most regions
with men having a 0.1 mm thinner cortex than women apart from
areas such as the anterior temporal lobes, cingulate and frontal
regions being 0.1 mm thicker in men. Increasing TIV has a negative
effect on cortical thickness across large areas of the brain.
Fig. 3B shows the independent or partial effects of each covariate
(model 4): the effects of age as shown in Fig. 3A remain largely
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unchanged whereas neither gender nor TIV have a statistically
signiﬁcant independent effect on thickness. This suggests that age
has the strongest effect on cortical thickness. For gender, the effect
map remains largely unchanged after adjusting for age and TIV. The
most notable difference in effect maps compared with Fig. 3A is for TIV:
the widespread largely negative association seen when TIV is modelled
alone with upgrade becomes more diffuse and with more areas of
positive association when additionally adjusting for gender and age.
The effect of upgrade is also shown in Fig. 3B. This reveals that subjects
scanned post-upgrade have large areas of thicker cortex and these are
shown to be statistically signiﬁcant over the posterior temporal lobe,
small regions of the frontal lobe and anterior cingulate all in the left
hemisphere. For upgrade, the effect map also shows areas where
subjects scanned post-upgrade have thinner cortices than preupgrade including right medial and anterior temporal, bilateral medial
inferior frontal and some superior frontal regions.
To investigate further the relationship of TIV with cortical thickness
we assessed thicknesses per lobar region. There was no evidence of an
association between thickness and TIV in any area (p N 0.1, all tests).
However, when assessing the relationship of surface area and TIV in
each lobe we found evidence of a positive association across all regions
(p b 0.03, all tests). These results provide support for the lack of
statistically signiﬁcant associations between TIV and cortical thickness
across broad areas of the cortex shown in Fig. 3A. The increase in
cortical volume with TIV shown in Fig. 4A and B appears to be caused
by an increase in surface area rather than an increase in thickness.
Voxel-based morphometry
Grey matter
Fig. 4A shows the separate effects of age, gender and TIV (models
1–3) on grey matter volume. Separately, all of these variables had
statistically signiﬁcant effects on grey matter volume over the whole
brain; increased age was associated with lower volumes; men had
larger volumes; and larger TIV was associated with greater grey matter
volumes. None of the reverse contrasts showed any statistically
signiﬁcant results. The effect maps additionally reveal areas of grey
matter volume that were greater in women than men in the parietal
and frontal lobes which did not reach statistical signiﬁcance. Fig. 4B
shows the estimated partial effects of each covariate (model 4). These
results suggest that the effects of age and TIV shown in Fig. 4A remain
largely unchanged but the effects of gender are altered: women have
greater volumes than men once adjusted for age and TIV. The effect
map for gender also shows some regions where men have greater grey
matter volume than women which did not reach signiﬁcance. These
areas include the cerebellar grey matter and other diffuse regions
throughout the brain. The effects of upgrade show that subjects
scanned after the upgrade have lower grey matter volumes which is
statistically signiﬁcant in anterior temporal, cerebellar, frontal and
parietal regions in both left and right hemispheres. The reverse
contrasts show no statistically signiﬁcant results.
White matter
Fig. 5A and B show, respectively, the unadjusted and mutually
adjusted effects of age, gender and TIV. The presence or lack of
statistically signiﬁcant associations mirrored that of grey matter with
widespread negative associations of volume with age, and positive
associations with gender and TIV (models 1–3) and with none of the
reverse contrasts showing any statistically signiﬁcant results. Widespread negative effects of age and positive association with TIV
remain in model 4 whereas the partial effects of gender become
negative suggesting that women have statistically signiﬁcantly
greater white matter volumes after adjusting for age and TIV. Of
note, the effect map shows only a few small areas where men have
greater volumes than women which did not reach statistical
signiﬁcance including parietal, occipital and temporal regions. In
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Fig. 3. A. Cortical thickness results for models 1–3. The top panel shows signiﬁcance maps for the effects of age, gender and total intracranial volume (TIV) on cortical thickness
adjusting for upgrade for the left and right hemisphere (LH and RH respectively). The colour scale for statistical effect represents FDR corrected p values thresholded at a 0.05
signiﬁcance level. The bottom panel represents the effect maps for age, gender and TIV on cortical thickness adjusting for upgrade. For age and TIV the colour bars have been
standardised to represent mm per SD. For gender the effect map represents a difference between females and males. For all colour bars, red and yellow represent a positive
association between cortical thickness and age, female to male, and TIV, whereas the blue colours represent a negative association between cortical thickness and age, female to male
and TIV. B. Cortical thickness results for model 4. The top panel shows signiﬁcance maps for the independent or partial effects of age, gender, total intracranial volume (TIV) and
upgrade on cortical thickness for the left and right hemisphere (LH and RH respectively). The colour scale for statistical effect represents FDR corrected p values thresholded at a 0.05
signiﬁcance level. The bottom panel represents the independent or partial effect maps of age, gender, TIV and upgrade on cortical thickness. For age and TIV the colour bars have been
standardised to represent mm per SD. For gender the effect map represents a difference between females and males. For upgrade the effect map represents a difference between preand post-upgrade. For all colour bars, red and yellow represent a positive association between cortical thickness and age, female to male, TIV and pre- to post-upgrade, whereas the
blue colours represent a negative association between cortical thickness and age, female to male, TIV and pre- to post-upgrade.
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Fig. 4. A. Voxel-based morphometry results for grey matter for models 1–3. The top panel shows signiﬁcance maps for the effects of age, gender and total intracranial volume (TIV) on
grey matter volume adjusting for upgrade for the left and right hemisphere (LH and RH respectively). In this panel, signiﬁcant positive (+ive) and negative (–ive) associations are
displayed separately. Maps show FDR corrected p values at a 0.05 signiﬁcance level. The colour bar represents the t value with limits standardised across all analyses. The bottom
panel represents the effect maps for age, gender and TIV on grey matter volume adjusting for upgrade. For age and TIV the colour bars have been standardised to represent mm3 per
SD. For gender the effect map represents a difference between females and males. Red represents a positive association between grey matter volume and age, going from female to
male, and TIV; and blue represents a negative association between grey matter volume and age, going from female to male, and TIV. B. Voxel-based morphometry results for grey
matter for model 4. The top panel shows signiﬁcance maps for the independent or partial effects of age, gender, total intracranial volume (TIV) and upgrade on grey matter volume
for the left and right hemisphere (LH and RH respectively). In this panel, signiﬁcant positive (+ive) and negative (–ive) associations are displayed separately. Maps show FDR
corrected p values at a 0.05 signiﬁcance level. The colour bar represents the t value with limits standardised across all analyses. The bottom panel represents the independent or
partial effect maps for age, gender, TIV and upgrade on grey matter volume. For age and TIV the colour bars have been standardised to represent mm3 per SD. For gender the effect
map represents a difference between females and males and for upgrade the effect map represents a difference between pre- and post-upgrade. Red represents a positive association
between grey matter volume and age, going from female to male, TIV and going from pre- to post-upgrade; and blue represents a negative association between grey matter volume
and age, going from female to male, TIV and going from pre- to post-upgrade.

small regions of the white matter there is evidence of greater white
matter volumes in subjects post-upgrade compared with pre-upgrade
with the reverse contrast showing no statistically signiﬁcant results.
The effect map shows some areas with greater white matter volume in
pre-upgrade subjects particularly in the posterior areas of the brain,
but these effects did not reach statistical signiﬁcance.
Discussion
We have investigated the associations of age, gender and TIV with
volumetric measures and cortical thickness using MRI. Unsurprisingly,
each covariate alone had an effect on nearly every metric we assessed:
age had a negative association with volumes and thicknesses, men had

larger volumes and smaller cortical thicknesses than women and TIV
had positive association with volumes and a non-signiﬁcant negative
association with thicknesses. However, within the same model, some
variables showed statistically signiﬁcant evidence of independent
associations, whereas others did not. Most notably, we found strong
evidence that age has an independent and negative effect on all
metrics consistent with the well-established brain shrinkage demonstrated in longitudinal studies and implied by cross-sectional studies
(Scahill et al., 2003). We found small non-signiﬁcant increases in TIV
with age (around 0.1% per year) which means that our TIV measure is
unlikely to be affected by brain shrinkage and does not support the
intuition that subjects born more recently might have larger heads due
to better nutrition. The independent effects of gender were most
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Fig. 5. A. Voxel-based morphometry results for white matter for models 1–3. The top panel shows signiﬁcance maps for the effects of age, gender and total intracranial volume (TIV)
on white matter volume adjusting for upgrade in both coronal and sagittal views. In this panel, signiﬁcant positive (+ive) and negative (–ive) associations are displayed separately.
Maps show FDR corrected p values at a 0.05 signiﬁcance level. The colour bar represents the t value with limits standardised across all analyses. The bottom panel represents the
effect maps for age, gender and TIV on white matter volume adjusting for upgrade. For age and TIV the colour bars have been standardised to represent mm3 per SD. For gender the
effect map represents a difference between females and males. Red represents a positive association between white matter volume and age, going from female to male, and TIV; and
blue represents a negative between white matter volume and age, going from female to male, and TIV. B. Voxel-based morphometry results for white matter for model 4. The top
panel shows signiﬁcance maps for the independent or partial effects of age, gender, total intracranial volume (TIV) and upgrade on white matter volume in both coronal and sagittal
views. In this panel, signiﬁcant positive (+ ive) and negative (-ive) associations are displayed separately. Maps show FDR corrected p values at a 0.05 signiﬁcance level. The colour
bar represents the t value with limits standardised across all analyses. The bottom panel represents the independent or partial effect maps for age, gender, TIV and upgrade on white
matter volume. For age and TIV the colour bars have been standardised to represent mm3 per SD. For gender the effect map represents a difference between females and males and
for upgrade the effect map represents a difference between pre- and post-upgrade. Red represents a positive association between white matter volume and age, going from female to
male, TIV and going from pre- to post-upgrade; and blue represents a negative association between white matter volume and age, going from female to male, TIV and going from preto post-upgrade.

inconsistent across volumes and thickness measures. Our results
suggest that whole-brain and particularly white matter volumes have
an independent association with gender as do voxel-wise grey and
white matter volumes throughout the brain (women N men). For
individuals of a given head size (TIV) and age, women have greater
whole-brain and white matter volumes than men with that head size
and age. However, it is important to note that the effect maps for both
grey and white matter VBM did show areas where men had greater
volumes than women but these effects did not reach signiﬁcance. In

addition, many brain substructures and cortical thickness analyses did
not show evidence of independent effects with gender. For cortical
thickness the effect maps show some independent effect of gender
over large sections of the cortex (women N men) with only a few areas
showing the reverse effect (men N women). TIV shows independent
effects on volume measurements whether performed at the voxel level
or at the level of brain substructures. However, the independent effects
of TIV on thickness are not statistically signiﬁcant. By assessing the
effect maps, it is clear that the effect that was seen with TIV and
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upgrade only in the model is largely removed by adding age and
gender. Further analysis within each gender at the lobar level
demonstrated that TIV is not signiﬁcantly related to thickness, but to
surface area. Finally, we found our scanner upgrade to have an
independent effect on cortical thickness and voxel-based grey and
white matter volumes together with speciﬁc ROI volumes including
caudate, amygdala and total grey matter volumes. Of note, the
imprecision of the estimate of effect of upgrade on some structural
volumes means that a relatively large effect of upgrade on some
structures cannot be excluded.
Our ﬁnding of large reductions in brain volumes and cortical
thicknesses with age are in accordance with many other studies.
Reductions with age in adults have been shown in whole-brain
volumes (Courchesne et al., 2000; Gur et al., 1991; Raz et al., 1997;
Scahill et al., 2003), grey matter volumes (Courchesne et al., 2000; Ge
et al., 2002; Good et al., 2001; Lemaitre et al., 2005; Pell et al., 2008;
Smith et al., 2007; Taki et al., 2004), cortical thickness (Sowell et al.,
2007) and with a corresponding increase in CSF (Courchesne et al.,
2000; Good et al., 2001; Gur et al., 1991; Guttmann et al., 1998;
Lemaitre et al., 2005; Scahill et al., 2003; Smith et al., 2007). The
amount of variance of volumes explained by age, expressed as an R2
ranged from 0.10 (Gur et al., 1991) to 0.32 (Courchesne et al., 2000)
for whole brain, and between 0.23 (Ge et al., 2002) and 0.57
(Courchesne et al., 2000) for grey matter. Our results of an R2 of
0.12 for whole brain ﬁt within the published range, however our
results for grey matter (R2 = 0.18) were slightly lower than those
previously published. Speciﬁc ROI volumes have also been shown to
be affected by increasing age, including: temporal lobe (Scahill et al.,
2003), prefrontal grey matter (Raz et al., 1997), entorhinal cortex
(Dickerson et al., 2009), inferior temporal cortex (Raz et al., 1997),
fusiform (Raz et al., 1997), and hippocampal (Raz et al., 1997; Scahill
et al., 2003) regions. The amount of variance of the hippocampal
volume explained by age expressed as an R2 has been reported as 0.08
(Raz et al., 1997) which is lower than our value of 0.18. However, as a
percentage loss per year, our rates of change were similar to those
previously published: 0.36%/year (adjusted for gender, TIV, upgrade)
for our current study vs. 0.35%/year (Scahill et al., 2003). Although
differences exist in these studies with respect to adjustments for
potential nuisance covariates such as TIV and gender, it is unsurprising that results are consistently in the same direction since we have
shown in our study that age has a large and independent effect on
volumes and thicknesses.
The main region where the literature is inconsistent in terms of
age-related ﬁndings is white matter. We found that white matter
followed the same pattern as other regions at both a voxel and tissue
compartment level: reducing in volume with advancing years. This is
similar to some studies; Lemaitre et al. (2005) found evidence of a
negative association of white matter volume with age using 662
subjects 64–76 years, Guttmann et al. (1998) found evidence of a
similar association in 72 subjects ranging 18–81 years, Raz et al.
(1997) showed an effect in some white matter regions in 148 subjects
with an age range of 18–77 years. Other groups have found no
evidence of an effect of age on white matter volumes ((Good et al.,
2001), non-statistically signiﬁcant negative association with 465
subjects ranging from 17 to 79 years; (Taki et al., 2004), a nonstatistically signiﬁcant positive association with 769 subjects ranging
from 16 to 79 years; (Smith et al., 2007), with non- statistically
signiﬁcant decline in 122 subjects ranging from 58 to 95 years). The
difference in ﬁndings are likely due to sample size differences and
more importantly the span of ages over which white matter was
measured, since white matter has been shown to increase early in life
and then decrease from middle age (Courchesne et al., 2000; Ge et al.,
2002).
Our gender results are in accordance with numerous studies in
that males have larger brain and grey matter volumes than females
if one does not correct for head size (Gur et al., 1991; Lemaitre et al.,
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2005; Pell et al., 2008; Raz et al., 1997; Sowell et al., 2007) and also
have lower cortical thicknesses (Lemaitre et al., 2005; Sowell et al.,
2007). Differences in whole-brain volume (women b men) range from
9% (Gur et al., 1991) to 15% (Scahill et al., 2003). Although our
reported differences are at the lower end (8%) of this previously
published range, our conﬁdence intervals span 4–12%. There is some
evidence from one study that adjustment for TIV resulted in women
having a trend towards greater white matter volumes than men (Ge
et al., 2002) which accords with our whole-brain and white matter
volume ﬁndings. However, another study showed that men still had
larger volumes in some areas of grey matter after adjusting for TIV and
age (Pell et al., 2008). The relationship between gender and cortical
thickness is particularly confused; one study has shown that gender
has no signiﬁcant independent effects once adjusting for head size
(Im et al., 2008) whereas another study has shown gender differences
to remain (women signiﬁcantly thicker than men) with brain volume
as a covariate (Sowell et al., 2007). Differences in the age ranges (Im
et al., 18–44 years; Sowell et al., 7–87 years) as well as the differing
nature of the covariates may contribute to the apparent discord
between these studies. However, the ﬁndings of our study fall
between the two above-mentioned reports in that we show only
weak evidence of a gender effect (women N men) after adjusting for
TIV, age and upgrade.
We have found evidence of a positive association between TIV and
brain volumes (i.e. a larger head size gives larger global and regional
volumes). This is in accordance with studies demonstrating positive
TIV association with grey matter (Pell et al., 2008) white matter (Pell
et al., 2008) and corpus callosum volumes (Pfefferbaum et al., 2000).
However most studies use TIV as a covariate but do not report its
estimated effect in their results. Some have reported the improvement
of ﬁt of models assessing age and volume (Gur et al., 1991; Smith et al.,
2007), or the removal or change of gender differences in volumes (Ge
et al., 2002; Raz et al., 1997; Scahill et al., 2003) with inclusion of head
size in their statistical models. One study also investigated the speciﬁc
independent effect of TIV on grey matter in VBM and showed a strong
effect in voxel-wise grey matter volume analysis (Pell et al., 2008). One
recent study investigated the relationship of head size with cortical
thickness and surface area (Im et al., 2008). They found that cortical
thickness and surface area had a statistically signiﬁcant positive
association with head size whilst adjusting for age and gender. Whilst
we similarly found statistically signiﬁcant associations between
cortical surface area and TIV, the cortical thickness ﬁndings of Im et
al. are different from our ﬁndings since we show no statistically
signiﬁcant effect of TIV on thickness after adjusting for age, gender and
upgrade. Differences in these results may be due to differences in head
size estimates: our study utilized semi-automated assessments of TIV
whereas Im et al. used an automated measure of head size (Smith et al.,
2002); our study adjusted for age, gender and upgrade when assessing
independent associations with TIV whereas Im et al. adjusted for
gender and age; ﬁnally our mean age of subjects was 60 compared
with 25 years for Im et al.
Since our analyses were performed using one dataset (single site)
we acknowledge that some caution is required in interpreting our
results. However our results can be utilized for the planning of new
observational studies (see Table 3 for a summary of our ﬁndings).
Covariate adjustment improves power if the covariate is highly

Table 3
Suggested variables to consider for adjustment when planning an observational MRIbased study.

Age
Gender
TIV
Upgrade

ROI

Cortical thickness

VBM

Yes
Maybe
Yes
Maybe

Yes
Yes
Probably not
Yes

Yes
Yes
Yes
Yes
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predictive (corresponding to a large R2), and is essential in
observational studies if the covariate is a confounder for the
association accross subject group and outcome. For region of interest
studies, we would advocate adjustment for age and TIV, with gender
considered on a region-by-region basis. For cortical thickness
analyses, age, gender and potential scanner changes require consideration in the study. TIV adjustment or stratiﬁcation by TIV may not be
necessary for cortical thickness measures if gender adjustment or
stratiﬁcation for gender is being performed. For VBM analyses age,
gender, TIV and scanner changes should be considered. Where we
have shown little evidence to suggest consideration of a speciﬁc
variable for new studies, we emphasize that the variable should
nevertheless be considered for adjustment unless subject groups are
well balanced with respect to the variable. The judgment of what
constitutes balance must be made on a study by study basis. In
particular, we emphasize that a lack of a statistically signiﬁcant
difference between groups does not necessarily imply that no
clinically signiﬁcant difference exists. In other words, the lack of a
signiﬁcant difference does not mean that adjustment is not needed.
Comparing our suggestions for VBM with those from Pell et al.
(2008), we are in agreement for WM (for which they also suggest
adjustment for age, gender and TIV), but not GM, where Pell et al.,
instead recommend TIV alone as a covariate. Their recommendation is
based on an attempt to optimise differences between a group of
epilepsy patients with hippocampal sclerosis (HS) and a group of
healthy controls. The authors approximately quantify sensitivity by
counting suprathreshold voxels within anatomical regions known a
priori to be atrophied in HS; they then assume that greater sensitivity
indicates a better statistical model. However, they do not include a
simultaneous consideration of speciﬁcity: group mismatch in variables
for which the comparison is not adjusted would probably increase the
apparent group difference; this could be reﬂected in greater numbers
of suprathreshold voxels in both sclerotic and spared regions – the
former are treated as true positives even though they might arise for
the “false” reason, while the latter false positives (or non-signiﬁcant
tendency towards such) are not quantiﬁed. We would argue that since
both studies have shown age, gender and TIV to explain moderate to
large amounts of variability in control subjects, the only reason not to
adjust for them in control-patient comparisons would be if subject
numbers were so small that the loss of degrees of freedom outweighed
the reduction in unexplained variance. Pell et al. give a second reason
not to adjust for both TIV and gender: that their “large degree of multicollinearity” will confound the determination of their importance. It is
true that correlation between TIV and gender makes the estimation of
their unique contribution more difﬁcult; however, we argue that this is
unimportant. It is only the correlation between the effect of interest
(e.g. group difference in their case) and the nuisance variables that is
important. Technically, it is only the vector space collectively spanned
by the nuisance variables that matters, whether this space is
approximately spanned by a single variable or several multi-collinear
variables will not affect the contrast of interest.
Our results from Table 2 can be further interpreted for TIV
correction for regions of interest. We found in the models with TIV
and upgrade alone, that apart from white matter, the estimated
coefﬁcients for log(TIV) differed materially from 1, and their
corresponding conﬁdence intervals surrounding the regression
coefﬁcients did not span 1. This suggests that division of a structure's
volume by measured TIV is not appropriate. This ﬁnding is likely due
to a combination of reasons:
1) TIV and regional brain structure volumes are not directly
proportional, which is unsurprising as different cerebral structures
would not necessarily scale proportionately with head size.
2) Inevitable segmentation errors in measurements of TIV will bias
the coefﬁcients towards zero and away from one by an amount
that depends on the size of the random errors in the measurement

of TIV relative to the variability of true TIV in any given population
(Frost and Thompson, 2000).
It is also important to note that for observational studies of
pathological cases versus controls, it is likely that the relationship
between TIV and volumes of interest are different between the
groups. However it seems unlikely that a non-proportional relationship seen in controls would become proportional with disease.
A strength of our study is that we have investigated these variables
in multiple image analysis techniques using the same subjects. All
scans were from the same scanner albeit with an upgrade. The fact
that we investigated these relationships in a single sample of subjects
means that some caution is required in interpreting our results. One
weakness is the relatively small sample size compared with other
studies (e.g. Taki et al., 2004), which limits the precision of our
estimates- and the power to detect statistically signiﬁcant effects.
However, by reporting effect estimates and 95% conﬁdence intervals,
we can judge the likely range of effect sizes. In particular, we
emphasize that lack of statistical signiﬁcance does not mean that a
covariate can necessarily be ignored, especially if the covariate is
poorly balanced across subject groups. Although we found our
scanner upgrade had an effect on results, we did not perform a paired
subject analysis as part of this study which would have allowed us to
investigate the upgrade effects in greater depth. Finally, our models
assumed linearity of effects for age and log(TIV) on the log of the
various volumes and structures. Of course, in reality, the relationships
are almost certainly non-linear to some extent.
In summary, in observational volumetric MRI studies, whether a
covariate should be adjusted for, provided it does not lie on the causal
pathway, depends both on how well the subject groups are balanced
with respect to the covariate and how strongly the covariate is
associated with the outcome. The latter depends on the metric being
measured: for cortical thickness, age and gender showed independent
associations; for VBM analysis age, gender and TIV had independent
effects; and for ROIs age and TIV are strongly associated with volumes.
When considering ROI analysis, simply dividing by TIV is unlikely to be
appropriate. Upgrades in scanners, even with efforts to reduce the
differences, are likely to have an effect on results obtained. These
results may aid researchers in other studies to ensure suitable
covariates are included in analysis or appropriate recruitment
strategies are employed.
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