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Abstract

Numerous cross-sectional MRI studies have characterized age-related differences in regional brain
volumes that differ with structure and tissue type. The extent to which cross-sectional assumptions
about change are accurate depictions of actual longitudinal measurement remains controversial.
Even longitudinal studies can be limited by the age range of participants, sex distribution of the
samples, and scan intervals. To address these issues, we calculated trajectories of regional brain
volume changes from T1-weighted (SPGR) MRI data, quantified with our automated,
unsupervised SRI24 atlas-based registration and parcellation method. Longitudinal MRIs were
acquired at 3T in 17 boys and 12 girls, age 10 to 14 years, and 41 men and 41 women, age 20 to
85 years at first scan. Application of a regression-based correction factor permitted merging of
data acquired at 3T field strength with data acquired at 1.5T from additional subjects, thereby
expanding the sample to a total of 55 men and 67 women, ages 20 to 85 years at first scan.
Adjustment for individual supratentorial intracranial volume removed regional volume differences
between men and women due to sex-related differences in head size. Individual trajectories were
computed from data collected on 2 to 6 MRIs at a single field strength over a ~1 to 8 year interval.
Using the linear mixed-effects model, the pattern of trajectories over age indicated: rises in
ventricular and Sylvian fissure volumes, with older individuals showing faster increases than
younger ones; declines in selective cortical volumes with faster tissue shrinkage in older than
younger individuals; little effect of aging on volume of the corpus callosum; more rapid expansion
of CSF-filled spaces in men than women after age 60 years; and evidence for continued growth in
central white matter through early adulthood with accelerated decline in senescence greater in men
than women.
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Introduction

Numerous cross-sectional MRI studies have characterized age-related differences in regional
brain volumes that differ with structure and tissue type. In general, these brain imaging
studies are consistent in reporting larger cerebrospinal fluid (CSF) filled volumes (ventricles
and sulci), smaller brain tissue volumes, more prominent in cortical and allocortical gray
matter than in centrum semiovale or corpus callosum white matter, and thinner cortices (e.g.,
Blatter et al., 1995; Courchesne et al., 2000; Good et al., 2001; Jernigan et al., 2001;
Pfefferbaum et al., 1994; Raz et al., 20044a; Sowell et al., 2007; Sullivan et al., 2004;
Walhovd et al., 2011); (reviewed by Raz and Kennedy, 2009; but see Burgmans et al.,
2009). Age-related shrinkage of selective subcortical structures is controversial (e.g., Jack et
al., 2000; Jernigan et al., 2001; Luft et al., 1999; Raz et al., 2003; Sullivan et al., 2005;
Sullivan et al., 2004). One of the largest cross-sectional samples analyzed 1143 healthy men
and women, age 18 to 94 years, from seven imaging centers and measured cortical thickness
and regional volumes acquired on different 1.5T MRI systems and measured with a single
method (FreeSurfer) (Fjell et al., 2009b). This analysis revealed small but significant sex
differences in white matter, CSF, and the pallidum, suggesting more rapid age effects in
older men than women; however, caution is required for data based on the pallidum measure
because it was the least reliable of those used (Pfefferbaum et al., 2012). The extent to which
cross-sectional assumptions about change reflect true longitudinal measurement, however,
remains controversial (cf., Lindenberger et al., 2011; Rabbitt, 2011; Raz and Lindenberger,
2011; Salthouse, 2011). Statistical modeling has identified notable shortcomings in making
longitudinal inferences about change from cross-sectional data, even in instances where
cross-sectional measures correlate well with longitudinal change (e.g., Lindenberger et al.,
2011).

Longitudinal studies are better suited to address conflicts emerging from cross-sectional
investigation (cf., Lindenberger et al., 2011; Weiner et al., 2012). Such studies report
ventricular enlargement or brain tissue volume decline detectable over one year
(Adalsteinsson et al., 2000; Fjell et al., 2009a) to several years (e.g., Cook et al., 2004;
Marcus et al., 2010; Pfefferbaum et al., 1998; Raji et al., 2009; Raz et al., 2005; Resnick et
al., 2003; Rusinek et al., 2003; Scahill et al., 2003; Sullivan et al., 2010; Sullivan et al.,
2004; Taki et al., 2011b; Tang et al., 2001), with the longest follow-up to date being 10
years (Driscoll et al., 2009). Brain regional volumes commonly identified as exhibiting the
greatest aging effects are prefrontal cortex, medial temporal lobe structures, and lateral
ventricles. As with cross-sectional studies, these longitudinal studies provide only
inconsistent evidence for sex differences in rates of change. The series of analyses by Raz
and colleagues on trajectories of local volume decline in striatum (Raz et al., 2003),
entorhinal cortex, hippocampus (Raz et al., 2004b; Rodrigue and Raz, 2004), and cerebellum
(Raz et al., 2005) culminated in an analysis comparing rates of change in these and other
brain structures, examined three times on a 1.5T MRI system over a 30-month interval in 40
participants, age 49 to 85 years, and subjected to manual delineation of target brain
structures (Raz et al., 2010). Adjusted for variation in intracranial volume, areas especially
vulnerable to aging were the lateral prefrontal cortex, prefrontal white matter, hippocampus,
putamen, and cerebellar hemispheres; the least affected were the primary visual cortex,
corpus callosum, and ventral pons; the only sex difference reported was for the pons, where
women showed greater shrinkage than men. Another study of 3 measurements over 4 years
in 92 men and women, age 59 to 85 years, revealed widespread white matter volume decline
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with local gray matter volume decline, which was most prominent in inferior and orbital
frontal, inferior parietal, insular and cingulate cortices, and ventricular enlargement with
little evidence for sex differences in rates of change (Resnick et al., 2003). A 6-year
longitudinal study in 381 community-dwelling men and women, age 28 to 89 years, reported
greater annual declines in gray matter-to-intracranial volume ratios in older men and women
relative to younger women (Taki et al., 2011a).

Cross-sectional developmental studies focused on adolescence have revealed a curvilinear
function of cortical gray matter with an increase from birth to about 10 years of age
followed by a continuous decline through adulthood to old age (Blanton et al., 2001; Carne
et al., 2006; Courchesne et al., 2000; Giedd et al., 1996; for reviews Giedd et al., 2010;
Gogtay et al., 2004; e.g., Jernigan et al., 2001; Lange et al., 1997; Lu et al., 2007,
Pfefferbaum et al., 1994; Raz and Rodrigue, 2006; Reiss et al., 1996; Sowell et al., 2007;
Sowell et al., 2002; Stiles and Jernigan, 2010; Tisserand et al., 2002). Longitudinal studies
are consistent with this depiction of regional brain volumetric change when regional brain
volumes obtained over time are expressed as individual trajectories (Giedd et al., 1996;
Raznahan et al., 2011b; Shaw et al., 2008). These analyses characterized heterochronicity in
trajectories by brain region and sex (Brain Development Cooperative Group, 2012; Giedd et
al., 1999; Lenroot et al., 2007; Raznahan et al., 2011a; Raznahan et al., 2011b; Shaw et al.,
2008; Sowell et al., 2004). Brains of boys can be 10% larger than those of girls (Dekaban
and Sadowsky, 1978; Goldstein et al., 2001), but growth starts and ends earlier in girls than
boys, peaking at 10.5 years in girls compared with 14.5 years in boys and declining
thereafter in both (Lenroot et al., 2007).

MRI studies report that the neocortex follows a curvilinear trajectory (Gogtay et al., 2004;
Lenroot et al., 2007; Shaw et al., 2008), whereas allocortex and medial temporal structures
follow a linear path (Gogtay et al., 2004). Growth is earlier in anterior than posterior cortical
regions in both sexes (Shaw et al., 2008). Examination of regional cortical thickness over 2-
year intervals revealed continued gray matter thinning of cortical language areas associated
with vocabulary scores and probably language development (Sowell et al., 2004). The
largest longitudinal study of brain development examined 647 individuals, age 3 to 30 years
over approximately 2-year intervals (Raznahan et al., 2011b). Developmental trajectories for
regional cortical volumes and surface area analysis revealed curvilinear growth and sexual
dimorphism varying by cortical, allocortical, and subcortical tissue structures and
developmental stage (also see Raznahan et al., 2010; Raznahan et al., 2011a). Recently, we
reported that longitudinal MRI assessment using robust, atlas-based parcellation methods
was sufficiently sensitive to identify regional brain changes over a ~6-month interval in boys
and girls in early adolescence. Supratentorial and CSF volumes increased, while cortical
gray matter volumes declined in anterior (lateral and medial frontal, anterior cingulate,
precuneus, and parietal) but not posterior (occipital, calcarine) cortical regions, whereas
subcortical structures did not show consistent changes (Sullivan et al., 2011).

Despite power to detect change, longitudinal studies can be limited by the age range of
participants recruited for examination. For example, some studies focus on healthy seniors
(age 60 years and older), who had served as the comparison group for age-related dementing
disorders, or use data taken from publicly available data sources, such as the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) (e.g., Fjell et al., 2009a; Weiner et al., 2012).
Restricting the age range of subjects to the elderly for the purpose of detecting and modeling
the effects of aging, however, can potentially introduce a bias in modeling brain structural
changes, especially in structures with developmental changes best described by higher-order
rather than linear functions. Even longitudinal studies that use restricted age ranges comprise
both the obvious longitudinal component, which provides a metric of rate and trajectory of
change, and a cross-sectional component, which is related to the age at initial observation.

Neuroimage. Author manuscript; available in PMC 2014 January 15.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Pfefferbaum et al.

Methods
Subjects

Page 4

The cross-sectional component can affect the levels of dependent measures and may exert
cohort effects (cf., Schaie and Hofer, 2001). These cross-sectional influences have been
characterized as the “selection-maturation interaction” (Nesselroade, 1986), where
“selection” refers to the age at study entry and “maturation” refers to the ages over which an
individual was studied and the course of maturation over that period. According to Schaie
and Hoffer (Schaie and Hofer, 2001), this interaction can be measured and even accounted
for by examining multiple, parallel samples. Analysis of simple slopes of the longitudinal
component describing change per individual does not fully address the cross-sectional
component, which can potentially affect the initial level of trajectories. Thus, we assert that
a statistical model incorporating both components should be employed to analyze data
collected in the typical mixed longitudinal design.

Most studies of normal aging have been conducted at 1.5T field strength (e.g., Fjell et al.,
2009b; Raz et al., 2010; Weiner et al., 2012). Studies at higher field strength, typically 3T
and based on smaller samples, are now emerging (e.g., Sullivan et al., 2011). Recognizing
the worth to longitudinal studies of merging data collected at different field strengths, a
growing number of studies have attempted to combine data across MRI systems, typically
1.5T and 3T field strengths (Goodro et al., 2011; Han et al., 2006; Jovicich et al., 2009;
Keihaninejad et al., 2010). To do so requires adjustment to minimize regional susceptibility
to field effects that differentially influence tissue signal and border conspicuity (e.g.,
Bammer et al., 2007; Boss et al., 2007; Fushimi et al., 2007; Stankiewicz et al., 2011; Zhu et
al., 2011). Recently, we showed that application of a regression-based linear correction
function derived from 3T data and applied to 1.5T data on regional brain volumes
determined from our SR124 atlas-based registration and parcellation method (Rohlfing et al.,
2010) significantly improved correspondence between volumes and enabled T1-weighted
MRI data at both field strengths to be combined into a single analysis (Pfefferbaum et al.,
2012).

The aims of the present study were to measure longitudinal changes in regional brain
volumes in terms of trajectories over the full adult to senescent age range. Given the wide
age range in combining longitudinal data collected over a 1 to 8 year interval in adults
whose initial MRI age varied from 20 to 85 years, our analysis used a linear mixed-effects
model, designed to handle mixed cross-sectional and longitudinal data. The adult data
comprised MRI collected at 1.5T and at 3T field strengths; inclusion of these two
independent adult samples provided some protection against the selection-maturation
interaction (cf., Schaie and Hofer, 2001). A combined segmentation and atlas-based
parcellation approach (Rohlfing et al., 2010) using a sequential registration approach
preferable for longitudinal analysis (Sullivan et al., 2011) was used for MRI quantification,
thereby enabling direct comparison of trajectory differences across different brain tissue
types, structures, and regions. Inclusion of men and women also allowed testing of potential
sex differences in these brain regional trajectories of volume growth and decline. To test
whether and how the addition of adolescent developmental data modified the adult
trajectories of regional volume changes, we conducted another set of trajectory analyses
based on the adult MRI data plus adolescent MRI data collected on a 3T system from our
previous study (Sullivan et al., 2011).

The data reported herein were drawn from ongoing longitudinal studies of brain structure in
alcoholism, HIV infection, and normal aging. The subjects in the current analysis were
included because they had at least two MRIs at the same field strength and were deemed
normal controls after thorough psychiatric and medical interview, as previously described
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(e.g., Pfefferbaum et al., 2012; Pfefferbaum et al., 2007; Pfefferbaum et al., 2006;
Rosenbloom et al., 2007; Sullivan et al., 2011). In short, clinical psychologists and research
nurses administered the Structured Clinical Interview for DSM-1V (First et al., 1998) to
confirm that prospective controls did not meet DSM-IV criteria for any Axis | disorder.
Quantity of lifetime alcohol consumption and date of last drink were obtained by interview
(Pfefferbaum et al., 1992; Skinner, 1982; Skinner and Sheu, 1982). All participants were
screened by medical history questionnaire for chronic conditions that might affect brain
structure, including uncontrolled hypertension and diabetes at study entry. Blood pressure
recordings were also obtained from a subgroup of participants and did not identify any
subject as having hypertension on the day of testing. In retrospective review, one participant
was being treated with oral hypoglycemic medication for type Il diabetes at study entry. All
subjects had provided written informed consent or assent, depending on age, to participate in
these studies, which were approved by the Institutional Review Boards of Stanford
University and SRI International.

Adult group—Healthy adults with two or more 3T MRI data sets included 41 men, age 22
to 80 years at initial MRI, and 41 women, age 20 to 85 years at initial MRI. An additional 14
men and 26 women, all serving as control adults in ongoing studies, had undergone two to
four MRIs at 1.5T field strength; their average age at first MRI was 49.3+14.1 years
(range=20 to 72 years) for a total adult sample of 122 (55 men and 67 women). The mean
+SD age and range at each MRI at each field strength is presented in Table 1.

Men and women were of similar education and socioeconomic status. Most were right-
handed, had above average estimated intelligence, and were relatively low consumers of
alcohol (Table 1). Most participants, and nearly all age 40 or older (35/36 men and 36/43
women), completed the Dementia Rating Scale (DRS) (Mattis, 2004) at one or more MRI
sessions and achieved scores ranging between 132 and 144 (dementia cut-off < 124). The 8
subjects without a DRS were the following: 41 and 57 year-old women, both scientists in
our laboratory; a 68 year old woman who achieved a score of 30 out of 30 on the Mini-
Mental State Examination (MMSE) (Folstein et al., 1975); a 79 year old woman who
achieved a 29 on the MMSE; a 66 year old man, laboratory personnel; and 3 women who
performed in the normal range on a variety of other cognitive tests.

Adolescent group—Data for all but one adolescent boy were presented in Sullivan et al.
(Sullivan et al., 2011) and were included here to extend the age range and MRI per subject
of available longitudinal 3T MRI data. The current data set with two MRIs included 17 boys
and 12 girls, age 10 to 14 years; 12 boys and 6 girls had three MRIs, data not previously
published (Table 1). As previously described (Sullivan et al., 2011), at their initial and
follow-up visits, parents and their children were interviewed by a research psychologist or
other trained researcher using a structured interview (Kiddie Schedule for Affective
Disorders, K-SADS) to assess current and lifetime history of psychiatric disorders (Kaufman
et al., 1997). Using the probe questions of K-SADS-PL, the interviewer questioned each
participant about age at first regular use of alcohol or drug and recency and frequency of use
for each substance. No participant endorsed regular use of alcohol or any substance at
baseline or follow-up. One parent of each child was also interviewed at each session and
confirmed, without knowledge of the child’s report, a negative history of regular alcohol and
drug use. No further information on alcohol or drug misuse was obtained because there were
no endorsements of gate (i.e., probe) questions. Other exclusionary criteria were history of
loss of consciousness > 30 minutes or central nervous system diseases. Parents provided
information to determine socioeconomic status (Hollingshead, 1975). Intelligence quotient
(1Q) of each adolescent was measured with the Peabody Picture VVocabulary Test (Dunn and
Dunn, 1997).
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MRI acquisition

1.5T acquisition—This set of MRI data was collected on a GE 1.5T Signa Twin whole-
body system with a quadrature head coil (General Electric Healthcare, Waukesha, W1). Two
coronal structural sequences were used for the analysis: a SPoiled Gradient Recalled
(SPGR) echo sequence (TR=25 ms, TE=5 ms, flip angle=30, matrix=256x192, thick=2 mm,
skip=0 mm, 94 slices) and a dual-echo fast spin echo (FSE) sequence (TR=7500 ms,
TE1/2=13.5/108.3 ms, matrix = 256x192, thick=4 mm, skip=0 mm, 47 slices).

3T acquisition—This set of MR data was collected on a GE 3T Sigha whole-body system
with an 8-channel phased-array head coil. Data were derived from T1-weighted Inversion-
Recovery Prepared SPGR images (TR=7 ms, TE=2.2 ms, TI=300 ms, matrix = 256x256,
thick=1.25 mm, skip=0 mm, 124 slices) and dual-echo FSE images (TR=8583 ms,
TE1/2=13.5/108.3 ms, matrix = 256x192, thick=2.5 mm, skip=0 mm, 62 slices).

SRI24 atlas-based parcellation

For both 1.5T and 3T data, all acquired structural images were first corrected for intensity
inhomogeneity by applying a second-order polynomial multiplicative bias field computed
via entropy minimization (Likar et al., 2001). The late-echo FSE image was corrected using
the bias field computed from the corresponding early-echo image to maintain the ratio of
early- and late-echo values at each pixel, which keeps quantities derived from this ratio (e.g.,
T2) invariant. For each subject and each session, the bias-corrected early-echo FSE image
was then registered to the bias-corrected SPGR image using intensity-based nonrigid image
registration (Rohlfing and Maurer, 2003) (http://nitrc.org/projects/cmtk). The SPGR, early-
echo FSE, and late-echo FSE images were each skull stripped using FSL’s Brain Extraction
Tool, BET (Smith, 2002). The early-echo and late-echo brain masks were reformatted into
SPGR image space and combined with the SPGR-derived brain mask via label voting
(Rohlfing and Maurer, 2005) to form the final SPGR brain mask.

The SRI124 atlas (Rohlfing et al., 2010) (http://nitrc.org/projects/sri24) was used as the
template for parcellating all subject brain images into regional volumes for region-of-
interest-based analysis. The SRI24 atlas was created from multi-spectral images of 24
subjects, all aligned via template-free groupwise nonrigid image registration. Structural
parcellation maps were either transferred from other atlases (e.g., Colin27) via nonrigid
registration and manually corrected, or outlined directly in the atlas, which is possible due to
the clear definition of anatomical structures in the SR124 template image as a result of the
nonrigid atlas construction procedure. For a complete description of the atlas construction
and its validation, the interested reader is referred to the published description of the atlas
(Rohlfing et al., 2010).

For each subject, the baseline skull-stripped SPGR images were registered to the SPGR
channel of the SRI24 atlas (Rohlfing et al., 2010) via nonrigid image registration (Rohlfing
and Maurer, 2003). Cortical and subcortical parcellation maps for all subjects at baseline
MRI were obtained by reformatting label maps defined in SRI24 space directly into SPGR
image spaces using the subject-to-atlas coordinate transformations. Each follow-up MRI was
nonrigidly registered to the baseline MRI for the same subject, and label maps were
reformatted via concatenation of the follow-up-to-baseline transformation with the baseline-
to-atlas transformation, thus producing longitudinally-consistent parcellations (Sullivan et
al., 2011).

All bias-corrected and skull-stripped SPGR images were segmented into three tissue
compartments (gray matter, white matter, CSF) using FSL’s FAST tool (Zhang et al., 2001).
As tissue priors to both initialize and guide the classification, we used the tissue probability
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maps provided with the SRI24 atlas, reformatted into subject SPGR space via the same
transformations described above for the atlas-based parcellation.

SRI24 regression-based correction function (RCF)—To compensate for across
field-strength measurement discrepancies, we applied our previously derived linear
regression-based correction function (RCF) for each region (Pfefferbaum et al., 2012). For
each of the 23 regional volumes, the linear fit of 3T on 1.5T volume was computed and the
slope and intercept were used to transform 1.5T volumes.

Volume3T,.=(Volume3T—intercept)/slope

Regions of interest

The SRI124 analysis used 23 regions of interest (Figure 1), including cortical, allocortical,
and subcortical gray matter regions, white matter structures, and CSF-filled spaces, as
described in our prior work (Pfefferbaum et al., 2011; Pfefferbaum et al., 2006). For each
subject and MRI session, gray matter volume was computed for each cortical and
allocortical region, and tissue volume (gray plus white matter) was computed for each
subcortical region. Also measured were CSF-filled volumes of the lateral ventricles, third
ventricle, and Sylvian fissures as well as supratentorial volume.

Statistical analysis

The first, and larger, set of analyses was based on the adult data only; the second set of
analyses combined the adolescent and adult data to test the influence of adolescent brain
development on regional brain volume trajectories and trajectory modeling.

Trajectories of individual subjects were calculated using a linear mixed-effects (Ime) model
implemented in the statistical package, R [http://www.r-project.org/], and based on the
approach described by Laird and Ware (Laird and Ware, 1982). The Ime model also allowed
for testing of nested random effects; for the current analysis, the effects of age and MRI field
strength were tested first and the n the effects of age and sex were tested. To describe the
effects of age, linear and higher-order functions (age+age? [quadratic], and age+age2+age?
[cubic]) were entered to identify the best overall fit of the trajectories of each regional brain
volume. In all analyses if the age? term was significant (p<.05), the cubic model was
accepted. If the age3 term was not significant, the age? term was similarly tested and the
quadratic model accepted if significant. If the age? term was not significant, the linear model
was accepted. To examine longitudinal trajectories of volume change independent of age at
data acquisition, we computed the trajectory slopes of each subject for each brain region
with the subject’s age at acquisition entered into the model as the deviation from the mean
age of the multiple MRIs available for each individual subject, which we refer to as
“agecentered” (Rogosa et al., 1982). Further, a general linear model (glm) tested cross-
sectional differences in regional volumes between men and women as a function of age
using only the data from the initial observation, as would be the case in a simple single
observation cross-sectional study. Finally, for the adult-only analysis, we used the Ime
model to test for age-by-individual trajectory-by-sex interactions for each regional volume.
Only the last set of Ime analyses that we present combined the adolescent and adult MRI
data.
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Results

Combining 1.5T vs. 3T MRI data

As noted above, to combine the data across field strengths, each regional volume at 1.5T
was transformed using the regression-based correction factor (RCF) (Pfefferbaum et al.,
2012). Following application of this procedure, a simple linear regression of each regional
volume on supratentorial volume (SVOL) provided headsize-residualized values for each
subject. Next, an Ime analysis was conducted using age and field strength as predictors for
each SVOL-corrected regional volume on the combined 1.5T and 3T data to test for age-by-
field strength interactions. Of the 23 regional volumes, only one measure had a field
strength-by-age interaction (t(195)=1.9848, p=.0380), which did not survive correction for
multiple comparisons (family-wise Bonferroni correction for 23 regions with a = .05
required p<.002). Thus, all subsequent analyses on the adult group used the combined 1.5T
and 3T data, comprising 122 subjects.

Supratentorial volume (SVOL) sex differences

For all 23 regions, men had larger age-residualized volumes than women (t(120)=2.370 to
8.247, p=.0194 to <.00001). Given the known difference between men and women in
intracranial volumes, an analysis examined sex differences in regional volumes (across all
observations at all times) before and after SVOL correction after controlling for age using a
glm. First, we tested the homogeneity-of-slopes assumption; no region met correction for
multiple comparisons with either Bonferroni correction or the false discovery rate (FDR)
approach. After SVOL correction, sex differences (men > women) remained for three
regions, precentral cortex (p=.022), putamen (p=.0118), and pallidum (p=.0373), which did
not survive correction for multiple comparisons, and were small (approximately £0.2 SD).
Thus, all subsequent analyses were conducted with SVOL-corrected data.

Effect of age on rate of regional volume change

Lme analyses used age as the predictor for each SVOL-corrected regional volume across all
subjects. Of the 23 regions, 4 were best fit with a linear model, 10 with a quadratic model,
and 9 with a cubic model (Table 2, Figure 2 black regression lines). The fit of each of the
three CSF measures indicated accelerated increases in volume with increasing age (quadratic
or cubic fit). All but two tissue measures (caudate and corpus callosum) decreased in volume
with age (linear, quadratic, or cubic fit).

Mean volume and individual longitudinal trajectories of change with aging

Our study design combined longitudinal data collected over a ~1 to 8 year interval in adults
whose initial MRI age varied from 20 to 85 years. Thus, the results in Table 2 could be due
to cross-sectional differences across individuals, individual trajectories, or a combination of
both factors. To examine individual longitudinal trajectories of volume change independent
of age at data acquisition, we computed the trajectory slopes of each subject for each brain
region with age centered on the mean age of the multiple MRIs available for each individual
subject. From this analysis, we ascertained the average volume across ages and individual
trajectories independent of age. To correct for multiple comparisons, we used FDR, with a=.
05. Volumes of the three CSF regions increased across subjects with mean age, and volumes
of all tissue regions except the caudate, amygdala, and corpus callosum decreased with mean
age. Age-by-volume trajectory interactions were identified in 17 regional changes,
consistent with the quadratic or cubic fit noted in the above analysis conducted without
centering age (Table 3).
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Effect of age and sex on rate of regional volume change

Next, Ime analyses with age as the predictor of each regional volume were conducted
separately for men and women (Figure 2 regression lines, blue for men and red for women).
In general, as with the combined data, ventricular and sulcal volumes increased and tissue
volumes decreased with aging for each sex (Table 2). As is evident from the figures, regions
suggesting age-by-sex interactions were the lateral ventricles, Sylvian fissure, hippocampus,
and corpus callosum.

Sex differences in mean volume and individual longitudinal trajectories of change with

aging

To test whether sex and age interacted, as suggested in Figure 2, an Ime analysis used 3
factors (mean age by centered age-by-centered age by sex) as predictors of regional volume:

[result=Ime (volume~agemean=agecentered +agecentered+sex, random=~1|subject)]

Results of interest were the effects of sex (regardless of age) and the interaction of centered
age by sex (Table 4). None of the sex effects on regional tissue volume met FDR-corrected
significance thresholds, a result consistent with the adequacy of the SVOL correction. By
contrast, for the three CSF measures, the volumes of the men had steeper trajectories than
those of the women, especially after age 60 years. The volumes of the putamen and pallidum
also survived FDR correction, but the sex-by-volume trajectory interactions could be
explained by the fact that the fits for the men and women crossed each other (Figure 2d).
What appeared to be sex-by-trajectory interactions for the hippocampus and corpus callosum
in Figure 2 were not supported by individual-trajectory Ime analysis.

Sex differences in trajectories of regional brain systems

We conducted a series of ANOVAS to test for sex differences in age-independent individual
trajectories of each of five, anatomically-related categories of regional brain volume.
Descriptive statistics (Figure 3 and Table 5), ANOVA results, and followup Scheffé test
results appear in Table 5.

For CSF measures, a 2 group (men, women)-by-3 CSF region ANOVA yielded significant
effects of sex and region but not an interaction. In both groups the lateral ventricles
expanded faster than the Sylvian fissures, which in turn expanded faster than the third
ventricle.

The neocortical tissue regions did not show a sex effect or sex-by-region interaction but did
show a region effect. For men and women, the lateral and medial frontal cortices lost
volume faster than the calcarine cortex.

The allocortical tissue regions showed a modest sex effect, large regional effect, but no
interaction. For the men and the women, volume decline was faster in the anterior than
posterior cingulate cortex; for the women, the volume decline of the precuneus was also
faster than that of the posterior cingulate cortex.

The subcortical tissue structures had neither a sex effect nor sex-by-region interaction,
although the region effect was significant. Followup Scheffé tests, however, indicated only
that volume decline of the hippocampus was greater than that of the thalamus in men.

For the white matter tissue measures, a sex-by-region effect was described by a volume
decline in centrum semiovale and a volume increase in the corpus callosum in the men. The
women did not exhibit detectable volume shrinkage in these white matter structures.
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Sex differences in individual trajectory slopes over age

We next tested the adult sample for three-way interactions in those regions that had shown a
significant age effect. A model for determining whether there were sex differences in how
individual trajectory slopes change over age entailed entering for each observation for each
individual as predictors of the volume of a region 1) an individual’s average age across
observations (“agemean”), 2) an individual trajectory term (the deviation from the
individual’s age mean at each observation, “agecentered”), and 3) sex. Significant agemean-
by-agecentered-by-sex interactions for volumes of the lateral ventricles and Sylvian fissures
(older men increasing more rapidly than older women) and for centrum semiovale volume,
which exhibited some minimal growth in the 20 to 40 year age range and more rapid decline
in the later years for the men. Additionally, more rapid decline was seen in men relative to
women in the later years in the anterior cingulate, parietal, and precentral cortices and the
thalamus (p = .0156 to .00019, FDR-corrected).

Cross-sectional vs. longitudinal measurement of age-related brain volumes

To emphasize the value of the Ime trajectory model using longitudinal data, a similar
analysis used only initial observations in a cross-sectional glm analysis of age-related
differences in regional volumes. The glm analyses yielded a similar pattern of age
differences as observed with the Ime conducted on longitudinal data for CSF volumes,
which were better fit with a polynomial than linear model. Principal differences between
cross-sectional and longitudinal results affected the cortical measures, which were better fit
by a quadratic or cubic function with longitudinal data but by a linear function with cross-
sectional data (Table 6).

A glm analysis of the cross-sectional data with the linear, quadratic, or cubic age function
and sex as predictors of each regional volume was conducted to test for age-by-sex
interactions. Whereas the Ime individual longitudinal trajectory analysis identified 5 regions
exhibiting sex differences meeting FDR correction, none of the cross-sectional (glm)
comparisons identified any significant age-by-sex interactions (Table 6).

Longitudinal measurement of brain volumes in adolescents and adults

Having described regional brain volume trajectories across the adult age span, we introduced
our previously reported volume measures obtained in young adolescents, age 10 to 13 at
study entry, who had undergone the same MRI protocol on the same 3T system (Sullivan et
al., 2011) used in the 3T adult sample. Inclusion of the adolescent data allowed combined
modeling of brain changes that might reflect both developmental and senescent changes.
Accordingly, Ime analysis of the combined adolescent and adult group yielded similar fits
with evidence of growth in the centrum semiovale and rapid volume regression in several
cortical regions (e.g., frontal, parietal, temporal, and precuneus) from adolescence to early
adulthood (Figure 4 and Table 7).

Discussion

Longitudinal tracking of volume change in brain structures with advancing age revealed
several different patterns of trajectories related to region, tissue type, rate of change, and
sex. The corpus callosum was the only structure not showing a consistent volume change
with age. CSF volume trajectories all showed accelerated increases with age that were best
fit by quadratic models for the third ventricle and Sylvian fissures and by a cubic model for
the lateral ventricles. Declines in tissue volume of the precentral and postcentral cortices and
putamen were best described by linear models; thus, although these structures lost volume
with aging, there was no evidence of accelerated decline in older relative to younger
individuals. In contrast to these linearly declining volumes, trajectories of the temporal,
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calcarine, and occipital cortices and four subcortical structures (thalamus, caudate, pallidum,
and amygdala) were best modeled by quadratic fits, indicative of accelerated changes in
older age, notable after age 60 years, and present in men and women.

Regional volume changes best described by cubic functions were the lateral and medial
frontal, parietal, anterior and posterior cingulate cortices, insula, and precuneus. The double
inflection suggested two points of accelerated change, the first near age 30 years and the
second after age 60 years. This pattern is consistent with a large postmortem study, reporting
greater gray matter than white matter shrinkage from age 20 to 50 years, followed by greater
white matter shrinkage in very old age (Miller et al., 1980). The older-age trajectory
inflections were salient for the lateral ventricles and hippocampus. Trajectories of the
hippocampus showed accelerating volume decline after age 60 years similar to that noted in
a longitudinal MRI analysis of 434 healthy individuals, age 8 to 85 years (Fjell, et al., 2010).
That analysis modeled the effect of the starting age on the shape of the aging trajectory. By
shifting the starting point to an older age at initial analysis point, the trajectory of volume
decline became steeper. Our two hippocampal aging trajectories were similar whether the
starting age was 10 or 20 years and, therefore, likely provide a minimally biased
representation of local volume acceleration.

Comparison of the slopes of individuals’ trajectories revealed a pattern of regions especially
vulnerable to aging and showing faster rates of change relative to other regions showing
slower declines. The CSF volumes showed a step-wise effect in their sensitivity to aging:
lateral ventricles > Sylvian fissures > third ventricle. The pattern in the cortex revealed more
rapid declines with aging in the lateral and medial frontal volumes than temporal, calcarine,
or occipital volumes, a pattern consistent with other cross-sectional and longitudinal reports.
The allocortex showed a similar anteroposterior pattern as the neocortex, where volume
decline was steeper in the anterior than posterior cingulate cortices. The most salient aging
difference in subcortical structures occurred in the men, whose hippocampal aging slope was
steeper than their thalamic slope. Only the white matter structural comparison, however,
yielded a region-by-sex interaction, indicating that decline in volume of the centrum
semiovale was faster in men than women and faster than that in the corpus callosum, which
actually showed no significant decline with age in either sex. We note a potential limitation
of our centrum semiovale measure. Specifically, we did not measure white matter
hyperintensities (WMHIs) because we focused on SPGR results, which are not particularly
sensitive to detection of WMHIs. Thus, WMHIs, indicative of compromised tissue (e.g.,
DeCarli et al., 2005; Raz et al., 2012; Schmidt et al., 1993), may have been included in the
white matter skeleton of the centrum semiovale.

As noted by Fjell et al. (Fjell et al., 2010), description of aging effects across a large age
range can be substantially influenced by the age at observation and requires appropriate
statistical testing of a model that includes both secular (i.e., cohort) and individual
trajectories. Our use of the model to test for interactions involving age at observation,
individual trajectories, and sex demonstrated more rapid increase in lateral ventricles and
Sylvian fissures and more rapid decline in the centrum semiovale in older men than women.

Although cross-sectional analysis largely comported with the longitudinal analysis in
description of presumed age-related volume increases in CSF and decreases in tissue,
longitudinal analysis detected regional sex differences in volume declines not detected with
the cross-sectional analysis. In particular, for the three CSF measures, the volumes of the
men had steeper (longitudinal) trajectories than those of the women, especially after age 60
years, patterns not detected cross-sectionally.
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Our last set of analyses included longitudinal MRI data collected in young adolescents,
thereby extending the age range down to 10 years. Inclusion of these data in longitudinal
trajectory modeling yielded the same fits as observed in the adult-only analyses in most
brain regions but refined them by providing evidence of development as well as senescent
change in other regions. Specifically, seven regional trajectories were better fit with a
higher-order function when the adolescent data were added to the adult data, including four
posterior cortical volumes (postcentral, temporal, calcarine, and occipital cortices), two
subcortical volumes (thalamus and putamen), and the corpus callosum. Considering the
patterns of all 23 regions, the trajectories identified continued volume growth in the centrum
semiovale concurrent with rapid volume regression in several cortical regions, notably the
frontal, parietal, temporal, and precuneus, from adolescence to early adulthood. The volume
growth in white matter volumes has been shown to occur with normal expansion of brain
size and to be a significant determinant of ultimate intracranial volume (cf., Pfefferbaum et
al., 1994), possibly reflecting increasing complexity in connectivity with functional (e.g.,
Vogel et al., 2010) and structural (e.g., Brain Development Cooperative Group, 2012; Giedd
et al., 2010; Sowell et al., 2007) development. The white matter expansion during
development, including continued myelination (Yakovlev and Lecours, 1967), occurs
contemporaneously with regressive processes in the cortex, which is presumed to be
undergoing pruning of neurons (Chugani et al., 1987; Feinberg, 1983; Huttenlocher, 1990;
Huttenlocher et al., 1982; Johnston et al., 2009) lacking connectivity, speculatively because
of lack of environmental or interoceptive need or stimulation (cf., Iglesias et al., 2005).
Ideally, the gap between age 15 and 20 years should be filled for a complete model.
Nonetheless, the developmental trajectories observed suggest a pattern of continuity of
growth of white matter through early adulthood along with decline of cortical volume,
especially in frontal regions to age 30 years, followed by a shallow slope until later
adulthood, described by a second dip in cortical volume shrinkage around age 60 years (cf.,
Brain Development Cooperative Group, 2012; Giedd et al., 2010; Sowell et al., 2007).
Perhaps these two points mark the end of developmental and start of senescent changes in
brain, a depiction consistent with the pattern observed in postmortem analyses of age-related
differences in brain weights and gray matter-to-white matter ratios (Dekaban and Sadowsky,
1978; Miller et al., 1980). As speculated by Raz and colleagues (Raz et al., 2005), senescent
decline in brain tissue volume results from a confluence of degenerative processes, including
shrinkage of neurons, arborization, processes, and intralaminar myelin, collectively
considered age-related neurodegeneration and, like neurodevelopment, exhibits
heterochronicity of regional brain structural loss.

Application of the regression-based correction function (RCF) to combine data across field
strengths (Pfefferbaum et al., 2012) enabled inclusion of data from our 1.5T cohort and our
3T cohort. Using that approach, we showed that brain regions having the greatest
correspondence between RCF-corrected data were cortical, allocortical, and subcortical
structures and CSF-filled spaces. The globus pallidus showed the lowest correspondence,
probably because of its high iron content and field-dependent effect on signal intensity (cf.,
Bartzokis et al., 2007; Haacke et al., 2005; Hallgren and Sourander, 1958; Pfefferbaum et
al., 2010) and may have influenced the striatal trajectories measured in our current analysis.

Using the SRI124 atlas-based parcellation approach for quantification and our regression-
based correction approach to combine data at 1.5T and 3T field strengths, only two regions
had substandard ICCs of volumes across field strengths: globus pallidus (ICC corrected=.
599) and the postcentral cortex (ICC corrected=.764). As previously noted (Table 1,
Pfefferbaum et al., 2012), all other corrected ICCs were greater than .847 [.81 is considered
“substantial” (Landis and Koch, 1977)].
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Longitudinal studies with cross-sectional study entry ages spanning many decades, as
conducted herein, have the benefit of tracking the trajectory of development and senescence
of a given brain region for each individual separately as well as describing the trajectory of
the group. Because the start points of the trajectories differ widely by age, such studies also
carry a significant cross-sectional factor and the liability of cohort effects related to age at
study entry, that is, the selection-maturation interaction (Nesselroade, 1986). A large-scale,
retrospective postmortem study by Miller and Corsellis (Miller and Corsellis, 1977) noted
significant secular effects over ~100 years in 20 to 50 year old men and women, born from
the late 1800s onwards and autopsied from the early 1900s onward. Over the century, brain
weights were greater in men and women, suggestive of cohort effects from environmental
factors, for example, nutrition, stress, and infection. Inclusion of multiple samples with
unmatched study entry ages has a potential advantage of mitigating possible cohort effects
(Schaie and Hofer, 2001). To the extent that 1.5T data were typically acquired earlier in a
study than 3T data because of the later introduction of the higher field strength systems to
human clinical research, merging of field strength data can contribute to reduction of cohort
effects.

In summary, we present a longitudinal study of regional brain volume development and
regression, spanning young adolescence to older adulthood, that describes heterochronicity
in trajectories by brain region and sex with statistical consideration of cross-sectional effects
of age at observation.
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Top three rows of gray-tone figures: Axial slices from superior to inferior (top left to bottom
right) of T1-weighted SR124 atlas template image. Bottom three rows of color figures: The
same axial slices with selected, color-coded parcellated structures delineated in the SRI124

atlas.
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a—e. Volumes, expressed as standardized residuals (Z-score) or standard deviations (SD),
after correction for supratentorial volume (SVOL) of regional brain structures of individual
men (blue) and women (red) and best-fit functions over age for each sex. The black fit is the

combined group, irrespective of sex.
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Figure 3.

Mean + standard error (SE) of age-centered trajectory slopes of each of the 23 brain

measures for the adults. Men had significantly greater slopes of the three CSF-filled

structures. See Table 5 for statistical results.
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Figure 4.
a—e. Volumes, expressed as standardized residuals (Z-score) or standard deviations (SD),
after correction for supratentorial volume (SVOL) of regional brain structures of the adult
plus adolescent samples, with boys and men (blue) and girls and women (red) and best-fit
functions over age for each sex. The black fit is the combined group, irrespective of sex.
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Table 7

SVOL-corrected trajectories of regional volumes over age

Adolescents + Adults (N = 151)

Region t p FDR  best fit
Lateral Ventricles 416071  gggog *  cubic
Third Ventricle 3.20046 o155 ¥ Qquadratic
Sylvian Fissures 10.84126  gggo *  quadratic
Lateral Frontal Cortex —6.19092  ggpop ¥ cubic
Medial Frontal Cortex -5.23801  ggoo *  cubic
Precentral Cortex -13.46334  googg ¥ linear
Postcentral Cortex -2.70526 o731 *  cubic
Parietal Cortex -5.55705  gpop ¥ cubic
Temporal Cortex -5.18987  gggoo *  cubic
Calcarine Cortex -3.41084  go76 *  cubic
Occipital Cortex -3.65920  gp31 *  cubic
Anterior Cingulate Cortex -4.75743  pgpop ¥ cubic
Posterior Cingulate Cortex ~ —-4.99639  ggggg *  cubic
Insula -2.74021 g0 *  cubic
Precuneus -7.92646  ogpop ¥ cubic
Thalamus 3.18856  g1g2 ¥ cubic
Caudate 281216 (o533 ¥ Qquadratic
Putamen -2.19611  (pgp3z * Quadratic
Pallidum -2.37314 1841 * Quadratic
Hippocampus -4.28229  gpo3 ¥ cubic
Amygdala —6.38594  ggpo *  quadratic
Centrum Semiovale -11.13289  ggpgo * Quadratic
Corpus Callosum 214031 (3333 * cubic
*
FDR= false discovery rate, p=.05
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