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The study examined the relationship of lateral frontal cortical volume and thickness with cognitive function in
two samples of healthy middle aged (MA, 44–48 years old) and early old-age (OA, 64–68 years old) adults.
T1-weighted magnetic resonance imaging scans were acquired in 400 MA and 397 OA adults from respective
random community samples. Cortical volumes and thickness were measured with a surface-based
segmentation procedure (http://surfer.nmr.mgh.harvard.edu). Volumes of lateral frontal grey matter were
found to be significantly lower for OA than MA. Structure–function relationships were investigated using path
analyses. In OA, smaller lateral frontal volumes were associated with better episodic memory (EM) (pb0.012,
B=−0.117), and Symbol-Digit Modalities Test (SDM) (pb0.031, B=−0.118) performance. Smaller frontal
cortical thickness was also associated with better EM (pb0.01) and SDM (pb0.01) performance in OA.
However, in MA greater cortical thickness was associated with better EM and (pb0.01) and reaction time (RT)
(pb0.01). OA cohort showed significant positive correlations between Total Brain Volume and SDM, Digit-
Backwards span and RT. Possible explanations and implications of the relationships in the context of cognitive
aging in healthy adults, and limitations of cross-sectional research are discussed.
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Introduction

The human brain undergoes structural and functional changes
throughout the lifespan. In vivo (Courchesne et al., 2000; Ge et al.,
2002) and post mortem (Riddle et al., 2010) studies of brain volumes
have shown that grey matter starts declining slowly early on in life.
White matter volume increases until adulthood and remains
relatively stable until later adulthood where significant volume
decline is apparent (Ge et al., 2002; Gogtay et al., 2004). The
substrates for volume decline during normal aging consist of a
combination of factors including reductions in myelin fibers (Marner
et al., 2003), neuronal shrinkages and reduction of dendritic
arborization and synaptic densities (Haug and Eggers, 1991) rather
than significant neuronal loss (Freeman et al., 2008). The prefrontal
and frontal lobes show increased age-related decline in comparison
with other brain regions (Resnick et al., 2003) with age while
cognitive aging is associated with declines in frontally mediated
functions such as attention, response inhibition, processing speeds
and episodic and working memory (Salthouse, 2003; West, 1996). In
contrast to normal aging, brain atrophy rates are more rapid during
pathological conditions such as Alzheimer's Disease (AD), and Mild
Cognitive Impairment (MCI) (Fox et al., 2000) with more severe
memory symptoms that start primarily in the hippocampus and the
medial temporal lobe but also involve other regions of the brain
(Buckner, 2004; Davatzikos et al., 2008).

Age, cognitive status and structure–function relationships

The relationships between brain structure and cognitive perfor-
mance have been found to differ depending on the cognitive status of
the participants studied. In AD and MCI patients, atrophy of the
hippocampus (as well as entorhinal and medial temporal cortices)
have been found to associate strongly with cognitive decline (Rossi
et al., 2007; Van Der Flier et al., 2002) with smaller volumes being
associated with worse performance. In contrast, a meta-analyses
investigating associations between hippocampal volume andmemory
measures in healthy participants, i.e. with no clinically significant
neuropathology, only found weak associations when samples of
young and old adults were considered, and a positive correlation
when only older adults were considered (Van Petten, 2004). Similarly,
structure–function relationships in young adults frequently report
negative correlations, for instance, between memory and hippocam-
pal as well as temporal lobe volumes (Chantôme et al., 1999; Foster
et al., 1999; Sowell et al., 2001).

Regarding structure–function relationships of frontal volumes in
healthy older adults, associations reported have been mixed. Various
and frontal grey matter volumes and thickness in
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studies have found that larger lateral prefrontal cortex volumes
correlate with lower perseverative errors (Gunning-Dixon and Raz,
2003; Head et al., 2009), as well as with better performance in
visuospatial skills, workingmemory (Raz et al., 1999, 1998; Soderlund
et al., 2004), episodic memory performance (Head et al., 2008) and
fluid intelligence (Raz et al., 2008) while frontal lesions have been
found to reduce performances in response inhibition and goal-setting
(Eslinger et al., 2004; Picton et al., 2007). However, null relationships
between working memory and prefrontal volumes (Raz et al., 1999;
Sanfilipo et al., 2002) as well as negative associations have also been
reported between regions of the prefrontal cortices and various
cognitive measures in older adults (Duarte et al., 2006; Elderkin-
Thompson et al., 2008; Salat et al., 2002; Van Petten et al., 2004). Van
Petten et al. (2004) have stated similar observations concluding that
while older adults with neuropathology generally display positive
correlations, normal older adults seem to display mixed correlations
and young adults frequently display negative correlations between
frontal cortex structure and function.

Rationalizations for structure–function relationships

Various explanations have been proposed for the differences in
direction of relationships seen in structure–function studies and have
focused mainly on cognitive functions subserved by the temporal
(including hippocampal) and frontal regions. The positive structure–
function relationships in the presence of neuropathology has been
explained in terms of the ‘bigger is better’ hypothesis, i.e., larger
hippocampal and cortical volumes are thought to equate to larger
remaining portions of functional neural substrates and hence lead to
better functionality. However, in normal aging the smaller volumetric
differences observed might have non-pathological developmental
origins which may have little or no functional effects: this would
account for null structure–function associations in healthy older
populations.

Negative structure–function associations in young subjects have
been explained in terms of inadequate pruning (Chantôme et al.,
1999; Foster et al., 1999). Since declines in grey matter volume in
childhood are achieved through neural pruning, remnant larger
regions during this period might be due to insufficient pruning
causing poorer neural communication. In this context, it has been
proposed that in healthy older adults structure–function relationships
could be a result of poor pruning during development (Duarte et al.,
2006) and/or other factors leading to pre-existing differences rather
than age-associated cognitive decline (Shenkin et al., 2003; Staff et al.,
2006; Van Petten et al., 2004), and hence negative relationships could
still be observed in later life.

It is also possible that negative relationships could have been
observed due to the effect/s of suppressor variables whose presence
could significantly improve the associations between two variables
(MacKinnon et al., 2000). For example, if a covariate also acts as a
suppressor in the relationship such that irrelevant variance of the
predicting cortical structure is suppressed, negative relationships
could be seen during structure–function analyses. Lastly, the role of
‘neural efficiency’ has been described in healthy older adults with
preserved cognitive functioning, where high cognitive reserves are
associated with negative correlations between brain activation and
cognitive performance (Bartrés-Faz et al., 2009; Solé-Padullés et al.,
2009; Stern et al., 2005). Thus efficiency of cortical structures in
cognitive functioning could be related not just to their size but their
effectiveness.

Age and frontal structure–function relationship in aging

With age-related volume decline which is heterogeneous over the
cortex, (Good et al., 2001; Raz et al., 2005), the neuromodulatory role
of the frontal function on posterior regions could also be affected. The
Please cite this article as: Gautam, P., et al., Relationships between co
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inhibitory influences of frontal regions which may be counter-
balanced by activation in other cerebral regions in younger age
groups could be responsible for inverse relationships in structure–
function studies in older adults if posterior regions experience
atrophy and/or decrease in function. For instance, during memory
retrieval inhibitory action of the frontal cortices on parietal regions
has been shown to lead to the suppression of interfering information
leading to better recall while increased inhibition from the dorsal and
ventral prefrontal cortices can also cause forgetting leading to
disruption in retrieval (Crescentini et al., 2010; Wimber et al., 2008).
Thus feedback loops between the frontal cortices and other cerebral
structures could be disturbed and lead to poorer cognitive outcomes
not only in the case of frontal atrophy and decreased input to
posterior regions but also in the case of an excessive, preserved
inhibitory signal from the frontal cortices to more severely atrophied,
less functionally active posterior regions. Successful completion of
tasks such involving processes such as working memory requires the
co-ordination of various structures, including the prefrontal and
parietal regions and disturbance in either of these systems can lead to
poorer performance (Müller and Knight, 2006; Soderlund et al.,
2004).

Methodological explanations for discrepancies in structure–function
relationships

Some of the discrepancy in structure–function relationships in
older adults could have been brought about due to study designs/
methodological limitations. For example, in some studies (MacLullich
et al., 2002; Schretlen et al., 2000), while frontal lobe volumes
correlated positively with cognitive measures, such relationships
were later found to be non-significant when Intra-Cranial Volume
(ICV)was considered. Similarly, while other studies reporting positive
correlations normalized for body size (Gunning-Dixon and Raz, 2003;
Head et al., 2009), they used samples with broad age-ranges. In such
samples, spurious correlations can occur with unrelated variables due
toeffectsof age (HoferandSliwinski, 2001) leading todiscrepant results in
structure–function relationships, especially in cross-sectional studies as
individual differences cannot all be controlled for.

Additionally, because regions of interest in frontal volume/
cognition studies tend not to completely overlap with each other
across studies, perhaps a better way to approach such questions
would be to utilize complementary measures of brain structure (i.e.
use additional measures such as both volume and thickness) to
confirm the directionality of relationships. Taking these limitations
into consideration, we briefly describe below our aims and method-
ology in undertaking a structure–function study of the frontal lobe.

Current study

The aim of the current study was to investigate structure–function
relationships between the lateral frontal lobes and cognitive perfor-
mance in healthy adults. A region of lateral frontal cortex was selected
which completely overlaps with the dorsolateral prefrontal cortex
(DLPFC) and includes other neighboring regions including the
ventrolateral prefrontal cortex and the premotor cortex as these
frontal regions show significant structural and functional changes
with age (Raz et al., 2005; Tisserand et al., 2001). By utilizing large
samples within narrow-age ranges and appropriate normalization of
head sizes we intended to minimize age- and brain-size confounds so
that structure–function correlations could be more stringently
attributed to the region being investigated. An additional measure
of cortical structure, cortical thickness, was used as an indicator of
cerebral morphology as it can confirm volume results and provide an
additional measure of cortical integrity. Furthermore, since structure–
function relationships have been shown to differ when participants
are either young or old, we aimed to compare structure–function
gnitive function and frontal grey matter volumes and thickness in
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relationships in mid-life adults who typically have experienced less
cognitive decline than older adults. Our study was therefore designed
to investigate a) volume–cognition relationships in mid-life and older
adults and b) thickness–cognition relationship in midlife and older
adults.

We hypothesized that lateral frontal volumes would be associated
with working memory and attention tasks. Given that healthy older
adults have been found to show both positive and negative
correlations in structure–function studies, we did not hypothesize a
direction for this relationship. However, as older adults would
presumably undergo more cognitive decline and age-related tissue
loss than mid-life adults we hypothesized that frontal structure–
function associations would be stronger in older adults than mild-life
adults. We also expected frontal thickness measures to have similar
relationships as volume measures with cognition.

Method

Subject selection

Participants were recruited from the Personality and Total Health
(PATH) Through Life Study. The PATH study consists of participants
randomly recruited from the electoral roll living in Canberra in the
ACT and the adjacent city of Queanbeyan. The project includes three
age cohorts with individuals between the age group of 20–24, 40–44,
and 60–64 who are followed up every four years. Participants were
interviewed on cognitive function, sociodemographic variables,
depression, anxiety and psychosocial risk factors. Further details on
the PATH study have been published previously (Cherbuin et al.,
2009; Christensen et al., 2009; Jorm et al., 2004).

This study concerns the second wave of data for the middle aged
(MA) and early old-age (OA) participants, therefore they were
between the ages of 44–48 and 64–68 for the current study. Due to
the narrow-age range design, the participants are not fully represen-
tative of middle age and early old ages. Approval for the study was
obtained from the human research ethics committee of the Australian
National University and University of New South Wales. The MA
cohort included 431 participants who completed the MRI scans. The
OA cohort included in the study had 416 participants who underwent
theMRI scan. For OA, 16 scanswere excluded during image processing
due to poor image quality, which made them unsuitable for
automated analyses and 3 more participants were excluded due to
incomplete cognitive data, so the total sample size was 397. Mean
Mini Mental State scores for OA was 29.1. For the MA cohort, 1 scan
was lost during acquisition and 30 scans were deemed unsuitable for
semi-automated analyses and total sample size was 400.

Cognitive measures

A cognitive battery was administered to the participants during
the PATH interview preceding the MRI acquisition. Verbal working
memory was measured through the Digits-Backwards span (DB), a
subtest of the Wechsler memory scale (Wechsler, 1945), information
processing speed and attention were measured through Symbol-Digit
Modalities Test (SDM) (Smith, 1982), and mental flexibility and
executive control were measured through Trail Making Tests A and B.
Simple and choice reaction times were also measured and the
procedure has been explained elsewhere (Mather et al., 2010).
Episodic memory was measured with the first list of the California
Verbal learning Test for both immediate and delayed recall (Delis
et al., 1987). The cognitive tests utilized in the study are widely used
in neuropsychological examinations and their test–retest reliabilities
have been previously reported by other studies (for EM see Paolo
et al., 1997, for DB see Iverson, 2001, for SDM see Hinton-Bayre and
Geffen, 2005, and for Trails A and B see Cangoz et al., 2009). Missing
Please cite this article as: Gautam, P., et al., Relationships between co
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data for cognitive measures were imputed using the EM imputation
from SPSS.

In the interest of reducing the cognitive domains tested, simple
and choice reaction times were combined using average z-scores to
give reaction time (RT). Completion times for Trails B and Trails A
were used to create the ratio of Trails B/Trails B to give an index of
mental flexibility (Drane et al., 2002; Oosterman et al., 2010). CVLT
scores were highly correlated with each other (r~0.84) and were thus
combined using z-scores to give an index of episodic memory (EM) to
reduce multicollinearity. Z scores for DB and SDM were used as
separate cognitive tests. Thus, in total five cognitive domains were
tested: namely, episodic memory, processing speed, working mem-
ory, mental flexibility and reaction time.

MRI acquisition

MRI Acquisition parameters have been previously described in
detail elsewhere (Cherbuin et al., 2009; Christensen et al., 2009).
Briefly, participants were scanned on a 1.5 T Philips Gyroscan scanner
(ACS-NT, Philips Medical Systems, Best, the Netherlands) for T1-
weighted 3D structural MRI in coronal orientation and Fast Field Echo
sequence yielding contiguous slices with thickness of 1.5 mm.

Image analysis

Images were transferred into a Linux workstation for analyses
through a set of automated tools, FreeSurfer (http://surfer.nmr.mgh.
harvard.edu/). FreeSurfer allows for automatic reconstruction of the
cortical surface using T1-weighted MRI images. Major steps during
image analyses include motion correction, averaging over multiple T1
images, removal of non-brain tissue, automated Talairach transfor-
mation, subcortical and cortical matter segmentation, intensity
correction and delineation of grey/white/pial boundaries (Dale
et al., 1999; Fischl et al., 1999). After the formation of cortical models,
deformable procedures are applied including cortical inflation,
registration to a spherical atlas and parcellation of the cerebral cortex
into gyral and sulcal units (Desikan et al., 2006). Cortical thickness
maps are created using both signal intensity and continuity
information from the 3D-volume from MR images where thickness
is calculated as the closest distance in from a pial to white matter
boundary at each vertex (Dale et al., 1999). Reliabilities for cortical
thickness measures obtained using FreeSurfer have been previously
described (Han et al., 2006).

Region selection

After initial processing by FreeSurfer, all MRI scans were visually
checked slice-by-slice to ensure there was no mis-registration of grey
and white matter voxels; scans were reprocessed if errors were
detected and rechecked visually a second time. Using the inbuilt atlas
(Fischl et al., 2004), the volumes of the superior frontal, middle frontal
and inferior frontal gyri were imported from FreeSurfer. The
boundaries for superior frontal region were the superior frontal
sulcus rostrally, the paracentral sulcus caudally and the medial
aspects of the frontal lobe and superior frontal sulcus laterally
(Fig. 1).The middle frontal gyral region included the area of the
cortex that was bound by the superior frontal sulcus rostrally, the
precentral gyrus caudally, and the inferior frontal gyrus and the
medial aspect of middle frontal gyrus laterally. The inferior frontal
region included the area of the cortex within the regions bounded by
the inferior frontal sulcus rostrally, the precentral gyrus caudally and
the laterally and medially by the inferior frontal sulcus and lateral
orbital sulcus respectively. A composite volume of the lateral frontal
cortex was calculated by adding the volumes of superior, middle and
inferior frontal gyri of both hemispheres. The frontopolar region and
gnitive function and frontal grey matter volumes and thickness in
NeuroImage (2011), doi:10.1016/j.neuroimage.2011.01.015
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Fig. 1. Lateral frontal cortex and its component regions.
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the orbitofrontal regions were not included for the lateral frontal
volumes.

Statistical analyses

Analyses were conducted in PASW Statistics 18 and AMOS 18. Zero
order correlations with cognitive variables and frontal cortex were
estimated for descriptive purposes. Two different sets of statistical
analyses were conducted for the two cortical measures of volume and
thickness: namely, path analysis for volume–cognition relationships
and general linear modeling (GLM) for thickness–cognition relation-
ships. Path analyses and GLM analyses were conducted separately for
the two age cohorts.

Scatterplots for the distribution of male and female participants in
the two cohorts are given in Fig. 5. Females had better performance
thanmales in EM, SDM and DB performance in OA adults only, but this
difference was not statistically significant after controlling for the
effects of age, education and ICV.

Volume–cognition relationships
A latent variable for cognition was not used because the aim of the

analysis was to investigate specific relationships between cognitive
measures and brain volumes. Variables were centered on their means
and models were fitted using maximum likelihood methods based on
multivariate normal assumptions. The models were constructed with
Table 1
Demographic, brain volume and cognitive performances for middle aged (MA) and early ol
(OA) adults after controlling for education and gender.

MA

Mean SD

Age in years 46.7 1.40
Education in years (range) 14.6 (9–18) 2.20
Females (%) 222
English as first language (%) 386
Hypertension (%) 56 (14.1%)
Diabetes (%) 8 (2%)
ICV 1578 cm3 154
TBV 1073 cm3 109
Lateral frontal (LFC) 75.36 cm3 8.70
Superior frontal 40.32 cm3 4.80
Middle frontal 22.32 cm3 3.20
Inferior frontal 12.75 cm3 1.69
Immediate recall 8.26 2.20
Delayed recall 7.57 2.40
Digit backwards 5.83 2.20
Symbol-digit modalities 61.21 8.60
Trails A (time seconds) 24.95 7.13
Trails B (time s) 55.6 17.9
Choice reaction (time s) 0.29 0.03
Simple reaction (time s) 0.23 0.06

Please cite this article as: Gautam, P., et al., Relationships between co
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education, gender, age and TBV (Total Brain Volume) considered
independent variables which along with the LFC were antecedent to
the cognitive variables (dependent variables). Volumes of LFC and
TBV were normalized against ICV before being entered into the model
to control for variance due to head size. Additionally, as age-related
atrophy would be different in MA and OA groups, we also included
TBV when investigating the structure function relationships. Similar-
ly, education and gender were added as independent variables as they
have also been shown to be predictive of cognitive function.
Therefore, age, TBV, gender and education were considered the first
tier of the model out of which age, gender and TBV were presumed to
affect the second tier variable, LFC. All the independent variables
along with LFC were then presumed to affect the third tier cognitive
variables.

During path analyses, a statistically significant chi-squared value
can spuriously occur when sample sizes are large; therefore, other
measures of fit indices are preferred for indications of goodness of fit.
A value for the comparative fit index (CFI)N0.95 and a value of root-
mean square error of approximation (RMSEA)b0.05 are considered to
demonstrate a good fit for the data. Similarly, a smaller Akaike
information criteria (AIC) value rather than the absolute value is
preferred when nested models are compared. Goodness of fit in our
analyses was obtained through comparisons of CFI, AIC as well as
RMSEA values for each model. After setting the initial model
(described in previous paragraph), the subsequent models were
d age (OA) adults. Cognitive performances in the middle aged (MA) and early old-age

OA F value p

Mean SD

66.5 1.40
14.1 (4–18) 2.60 8.25 0.004
177 7.79 0.005
359 5.58 0.018
187 (47%) 35.81 0.0001
40 (10%) 108.41 0.0001
1533 cm3 178 1.41 0.231
1003 cm3 105 81.21 0.0001
68.96 cm3 8.00 301.2 0.001
37.56 cm3 4.40 139.4 0.001
20.93 cm3 3.10 58.91 0.001
10.46 cm3 1.40 579 0.001
6.97 2.00 24.11 0.0001
6.07 2.30 24.00 0.0001
5.11 2.10 5.00 0.0250
50.35 8.69 147.7 0.0001
34.2 10.7 36.03 0.0001
79.5 29.1 56.31 0.0001
0.32 0.05 25.63 0.0001
0.27 0.06 18.01 0.0001

gnitive function and frontal grey matter volumes and thickness in
NeuroImage (2011), doi:10.1016/j.neuroimage.2011.01.015
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made parsimonious by removing non-significant paths at a 0.1 level.
The resulting model was then made more parsimonious by removing
other non-significant paths after the first step.

Thickness-cognition analyses using GLM
Structure–function relationships using frontal cortical thickness

maps and cognitive measures were investigated where the LFC was
the region of interest. Thickness maps were spatially smoothed with a
Gaussian kernel with a half maximum width of 10 mm. Maps were
then averaged across participants using a spherical aligning method
for cortical folding patterns (Fischl et al., 1999). Using GLM, thickness
measures were correlated with cognitive performance using in-built
statistical analyses engine in FreeSurfer to identify significant clusters
on the cortical surface. Surface analyses were conducted for each
hemisphere separately. Corrections for multiple comparisons were
done through two methods: firstly, LFC was chosen as region of
interest which limited the number of comparisons. Secondly, since
permutation testing is a more robust form of detection of cluster-wise
significance, thickness maps were smoothed iteratively (1000 itera-
tions) to derive an estimation threshold for significant clusters at
pb0.01.

Results

The ICV, raw volumes of the frontal regions and total lateral frontal
volumes for both cohorts are given in Table 1. Analyses using ANOVA
showed that there were no differences in ICV between the two age
groups, (pb0.231, F=1.45, df=1), while TBV was significantly
smaller for OA than MA (pb0.0001, F=81, df=1). All regional
volumes and hence the total LFC volume were significantly lower in
the OA compared with MA (pb0.001, F=309.4, df=1). The MA
cohort performed significantly better than the OA cohort in all of the
cognitive tests, after adjusting for education and sex as shown in
Table 1.

Zero order correlations for all the cognitive variables in the model
are presented in Tables 2 (OA) and 3 (MA). For OA, significant
associations were observed between LFC volumes and cognitive
measures (EM and DB) as well as ICV, and TBV. Similar associations
between brain variables, LFC and DB were found for MA.

Volume–cognition relationships

In the path analyses, the startingmodel had amodel fit of: χ2=55.6,
p=0.001, CFI=0.945, RMSEA=0.051, and AIC=279.6. This model
was successfully reduced by removing correlations with significance
higher than 0.1 resulting with model fit values of: χ2=49.9, p=0.006,
CFI=0.978, RMSEA=0.031, and AIC=253.9. After controlling for TBV,
the effects of age on frontal cortex as well as the cognitive tests were
Table 2
Zero order correlations between age, lateral frontal cortex, education and Total Brain Volume
row) and TBV (second row). *pb0.05, **pb0.01, ***pb0.001, and #pb0.0001 (EM: episodic
time, TAB: mental flexibility, LFC: lateral frontal cortex, TBV: Total Brain Volume, ICV: Intracr
better performance).

Age EM SDM DB

EM 0.106*
SDM −0.121* 0.295#

DB 0.051 0.209# 0.207#

RT 0.071 −0.026 −0.282# −0.1
TAB 0.061 −0.19# −0.402# −0.2
LFC −0.075 −0.068 0.063 0.1

(−0.051) (−0.051) (0.059) (0.0
(0.001) (0.026) (0.001) (0.0

TBV −0.092 −0.085 0.083 0.1
Education −0.071 0.106* 0.160** 0.1

Please cite this article as: Gautam, P., et al., Relationships between co
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non-significant, so the non-significant paths were removed from the
final model and this further significantly improved the model fit:
χ2=44.8, p=0.066, CFI=0.983, RMSEA=0.023, and AIC=196.8. The
final parsimonious model is presented in Fig. 2 and the standardized
regression estimates for the associations between cognitive measures
and brain variables are shown in Table 4.

Significant relationships between education and the cognitive
variables were found for MA (Table 4). Significant standard regression
estimates were DB=0.162, pb0.001, and EM=0.138, pb0.005.
While the zero order correlation for LFC was significantly associated
with DB scores, after controlling for variability due to brain size using
ICV, this association became non-significant.

For OA, all cognitive measures except RT were significantly
associated with education while all cognitive indices except EM
were significantly associated with TBV (Table 4). EM (−0.117,
pb0.012) as well as SDM (−0.118, pb0.030) was found to be
negatively associated with LFC, (standardized estimates and p values
in brackets). The significant relationship between LFC and SDM is only
revealed after including TBV into the model which suggests that TBV
acted as a suppressor variable in OA, Table 5. Interactions between
TBV and LFC with SDM as an independent variable were tested with
ANOVA but were found to be non-significant (df=1, F=0.54,
p=0.46).
Thickness–cognition relationships

Associations between cognitive measures and frontal cortical
thickness were first evaluated and then repeated after progressively
controlling for each independent variable in the following order: ICV,
age, education and gender. Controlling for any of the independent
variables did not make significant differences to the relationships.
Significant associations with cognitive indices with the frontal cortex
were found in both the OA (Fig. 3) and MA cohorts (Fig. 4).

For OA, cortical thickness of regions of the lateral frontal cortex
was significantly negatively associated with SDM (pb0.01) in the
right hemisphere andwith EM (pb0.01) in both hemispheres. None of
the other cognitive measures survived the significance testing for
clusters at pb0.01 for OA. In MA, EM scores (pb0.01) showed a
positive relationship with cortical thickness in both hemispheres
while RT (pb0.01) scores were significantly correlated with thickness
in the left hemisphere. TAB scores (pb0.05) were marginally
significant.

To compare the thickness model with the volume path analyses
model, additional analyses were undertaken using mean thickness
values of the three frontal regions, namely superior frontal, middle
frontal and inferior frontal regions in LFC. The final results for these
analyses were comparable with results from 2.6.1 where significant
relationships were found between SDM and EM in the middle frontal
for middle aged cohort. Values in parenthesis in LFC column are corrected for ICV (first
memory, SDM: Symbol-Digit Modalities Test, DB: Digit-Backwards span, RT: reaction

anial Volume; higher scores in EM, DB and SDM and lower scores in RT and TAB indicate

RT TAB LFC TBV

29*
82# 0.192#

59** −0.131* −0.082
41) (0.029) (0.036)
15) (0.052) (−0.024)
75*** −0.178# −0.088 0.872#

62** −0.090 −0.096 0.172** 0.164**

gnitive function and frontal grey matter volumes and thickness in
NeuroImage (2011), doi:10.1016/j.neuroimage.2011.01.015

http://dx.doi.org/10.1016/j.neuroimage.2011.01.015


Table 3
Zero order correlations between age, lateral frontal cortex, education and Total Brain Volume for Young-old cohort. Values in parenthesis in LFC column are corrected for ICV (first
row) and TBV (second row). *pb0.05, **pb0.01, ***pb0.001, #pb0.0001 (EM: episodic memory, SDM: Symbol-Digit Modalities Test, DB: Digit-Backwards span, RT: reaction time,
TAB: mental flexibility, LFC: lateral frontal cortex volume, TBV: Total Brain Volume, ICV: Intracranial Volume. Higher scores in EM, DB and SDM and lower scores in RT and TAB
indicate better performance).

Age EM SDM DB RT TAB LFC TBV

EM 0.076
SDM 0.012 0.194#

DB −0.018 0.188# 0.412#

RT 0.018 −0.173*** −0.23# −0.108*
TAB −0.042 −0.071 −0.373# −0.372# 0.013
LFC −0.044 −0.247# 0.040 0.146** −0.055 −0.094

(−0.100) (−0.162***) (−0.019) (0.054) (0.043) (−0.054)
(0.037) (−0.179**) (−0.147**) (−0.072) (0.098) (0.034)

TBV −0.075 −0.191# 0.126* 0.209# −0.117* −0.132 0.874#

Education −0.004 0.206# 0.229# 0.259# −0.085 −0.129* 0.196# 0.200#
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region in OA (negative associations). Similarly, for MA, relationships
between cognitive measures and frontal cortical thickness were
mixed with significant relationships between EM in middle frontal
and RT in superior frontal regions (positive associations). Values for
the final model fit, standard regression estimates and the final path
model have been provided in supplementary analyses (Supplemen-
tary figure, Tables 6 and 7).
Participants with mild cognitive disorders

Due to the age of the participants, it is possible that the OA cohort
included some with incipient cognitive impairment, influencing the
findings. Therefore, we further re-examined the data by excluding
participants who had any sort of memory impairment diagnoses upon
further testing. The procedures for the diagnoses have been explained
elsewhere (Anstey et al., 2008). Older adults who had any kind of mild
cognitive disorders including MCI were excluded (n=15) and data
were re-analyzed. There were no significant differences in the
findings with and without the participants with mild cognitive
disorders.
Fig. 2. Final model. Arrows reflect direction of relationships between variables. (EM: episodic
TAB: mental flexibility, LFC: lateral frontal cortex, TBV: Total Brain Volume, ICV: Intracrania
SDM and lower scores in RT and TAB indicate better performance.)

Please cite this article as: Gautam, P., et al., Relationships between co
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Discussion

Main findings

Significant negative associations were found between episodic
memory (EM, measured using the immediate and delayed recall
scores from the California verbal learning test), Symbol-Digit
Modalities Task (SDM), and the lateral frontal cortex in the OA adults
from path analyses investigating volume/function relationships.
Correlations of cortical thinning with EM and SDM scores in OA
participants confirmed negative associations. In contrast, no signifi-
cant associations were found between any of the cognitive tests and
LFC volume for MA adults while frontal cortical thickness was
positively associated with EM and reaction times (RT). Since OA
adults displayed significant relationships both with volume and
thickness measures, our hypothesis that OA adults would display
stronger structure–function relationships with cognition was sup-
ported. Pairwise parameter estimates comparisons in path analyses
also showed that regression coefficients for EM and SDM were
significantly different for MA and OA adults, (data not shown). Thus,
in OA, smaller or less preserved frontal cortices were associated with
memory, SDM: Symbol-Digit Modalities, DB: Digits-Backwards span, RT: reaction time,
l Volume, circles denote variance for each of the variables, higher scores in EM, DB and

gnitive function and frontal grey matter volumes and thickness in
NeuroImage (2011), doi:10.1016/j.neuroimage.2011.01.015
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Table 4
Standardized regression coefficients from SEM analyses for middle aged (MA) and early
old-age (OA) adults for the final model. *pb0.05, **pb0.01, and ***pb0.001 (EM:
episodic memory, SDM: Symbol-Digit Modalities Test, DB: Digit-Backwards span, RT:
reaction time, TAB: mental flexibility, LFC: lateral frontal cortex, TBV: Total Brain
Volume, ICV: Intracranial Volume; higher scores in EM, DB and SDM and lower scores in
RT and TAB indicate better performance).

Paths Sd. regression coefficients Sd. regression coefficients

MA OA

LFC→EM 0.048 −0.181***
LFC→SDM −0.033 −0.187*
TBV→SDM 0.197* 0.309**
Age→TBV −0.070 −0.165***
Education→EM 0.126** 0.264***
Education→DB 0.133** 0.225***
Education→SDM 0.141** 0.214***
Education→TAB −0.073 −0.109*
Gender→TBV 0.041 0.177***

Fig. 3. Correlations between cognitive indices and thickness maps for early old-age
(OA) adults: a) episodic memory LH lateral view, b,c) episodic memory RH lateral and
medial view and d) Symbol-Digit Modalities RH. Blue indicates a negative correlation,
clusters significant at pb0.01. LH: left hemisphere, RH: right hemisphere. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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better cognitive performance thereby suggesting that for our sample
during healthy aging, smaller frontal volumes were associated with
better cognitive performance.

Additionally, Total Brain Volume (TBV) was significantly associat-
ed with DB (Digit-Backwards span), SDM, TAB and RT in OA with TBV
acting as a suppressor for the relationship between LFC and SDM. This
effect of TBV was not seen in any other cognitive domain in OA or in
MA although significant zero-order correlations were found between
TBV and DB, SDM and RT in MA.
Significance of findings

Cognitive performance and frontal volumes have been found to be
different for mid-life and older adults and are not completely
explained by age (Raz et al., 2005; Salthouse, 2003; Tisserand et al.,
2001) as observed in the present findings. Our results are also
consistent with other studies that show that lateral frontal cortices are
important in frontally mediated functions such as attention, visual
scanning and verbal recall (Miller and Cohen, 2001). The direction of
associations between the two age groups differed with OA showing
consistent negative relationships while MA showed mixed relation-
ships (positive for EM and negative for RT) which suggests that
different relationships between cognitive function and frontal cortical
structure occur at different ages. A similar difference in lateral frontal
volume and its age-dependent change in the relationship with
executive functions has previously been described (Zimmerman
et al., 2006). The positive relationship between frontal cortical
thickness and episodic memory in MA is concordant with a large
majority of structure–function studies that have studied this
relationship in the frontal cortex (Elderkin-Thompson et al., 2008;
Köhler et al., 1998; Müller and Knight, 2006; Raz et al., 1999).
Table 5
Associations between Symbol Digit Modalities scores (SDM) and Lateral Frontal cortex
(LFC) volumes with suppressor Total Brain Volume (TBV) ( # correlations significant at
pb0.01 level) (Higher scores in SDM and indicate better performance.)

Volumes Correlations with SDM scores

Beta weights Zero order Semi-partial Partial

1LFC 0.042 0.042 0.042 0.042
2TBV, LFC −0.309# 0.042 −0.161# −0.159#
3TBV, LFC −0.150# −0.069 −0.149# −0.150#

Note: Hierarchical linear regression analyses with SDM scores as dependent variable
with.
1LFC volume as independent variable.
2TBV volume entered first followed by LFC as independent variable.
3Volumes normalized against Intracranial Volumes before entering into model, TBV
entered first followed by LFC volume.

Please cite this article as: Gautam, P., et al., Relationships between co
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Regarding the direction of (or lack thereof) associations in OA, our
results are also consistent with a number of studies that have found
null (Shenkin et al., 2003; Staff et al., 2004) and negative relationships
(Duarte et al., 2006; Köhler et al., 1998; Salat et al., 2002; Van Petten
et al., 2004) between grey matter volumes and neuropsychological
tests in studies of healthy adults — and are in contrast to studies that
have reported positive correlations during AD and MCI (Rossi et al.,
2007; Van Der Flier et al., 2002). The idea that losses of cortical
volumes in neuropathology have different effects on cognition is not a
Fig. 4. Correlations between cognitive indices and frontal thickness maps for middle
aged (MA) cohort: a,b) episodic memory, RH and LH and c,d) reaction time, LH lateral
and medial views. Red indicates a positive correlation, clusters significant at pb0.01.
LH: left hemisphere, RH: right hemisphere. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

gnitive function and frontal grey matter volumes and thickness in
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new one as numerous studies show that the cognitive profiles and
neuronal mechanisms involved are very different from normal aging
(Baxter et al., 2006; Braak and Braak, 1997). A study by Duarte et al.
(2006) specifically investigated these differences by correlating
frontal and temporal lobe volumes with cognitive performance in
healthy older adults and adults with AD and found that adults with AD
had positive relationships while healthy older adults had negative
structure–function relationships. OA adults in the present study are of
similar ages and cognitive profile to the study by Duarte et al. (2006);
additionally, while this and other previous studies have investigated
structure–function associations with just volume measures, we have
found complimentary relationships using both volume as well as
thickness measures. Our findings thus argue against spurious
associations between variables. However, (as pointed out by an
anonymous reviewer), both cortical measures have been calculated
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using similar pre-processing steps and thus could be subject to the
same biases in measurement.

While negative relationships were found between frontal volumes,
significant positive relationships were found with TBV and cognitive
measures. TBV was positively and significantly correlated with LFC
and SDM, additionally acting as a suppressor in the relationship
between LFC and SDM. Analyses of regression weights, partial and
semi-partial correlations show that predictive value of LFC in SDM
increases and becomes significant after controlling for TBV from a
previously non-significant correlation (Table 5) (Conger, 1974). This
contribution of TBV indicates that including it in the model reduces
the irrelevant variance in LFC in its relationship with SDM. The
identification of TBV as a suppressor highlights the importance of
identifying possible predictor variables in a structure–function
relationship and how inadvertent exclusion of such variables might
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obscure structure–function relationships resulting in apparently null
relationships. It is also worthwhile thinking about whether there
might be other related variables that might improve the relationship
between LFC and other variables that we have not included in the
model.

In addition to a possible inhibitory role of the frontal cortices in
episodic retrieval as mentioned in the Age and frontal structure–
function relationship in aging section, a likely inhibitory role of the
frontal cortex in cognition was also seen in a recent study which
showed that conflict-resolution by rats with lesions in the middle
frontal cortex was equivalent to that by sham-lesioned animals
(Dwyer et al., 2009). The subsequently smaller functional region in
this case was thought to reduce response-conflict by affecting input of
interfering information. This also emphasizes the notion of neural
efficiency in older adults especially in the context age-related volume
decline. Efficient brain structures are detected by negative correla-
tions during task activations (Solé-Padullés et al., 2009; Stern et al.,
2005) and so, with consideration to neural communication, just as in
development, smaller volumes might be desirable in older age if it
denotes highly functional cortical connections.

Lastly, if the decline in cognitive processing begins before
measurable changes in volume, then volume–cognition associations
would not have a proportional relationship. The best way to test for
these relationships would be to follow participants longitudinally and
assess the structural and cognitive decline with time. Results from
some of the published studies so far have been mixed. Rodrigue and
Raz (2004) found that after 5 years, the change in volumes of neither
the prefrontal cortex nor the hippocampus was associated with
memory decline, however, the change in volume of the entorhinal
cortex was. However, other studies (Burgmans et al., 2010; Tisserand
et al., 2004), did find that changes in prefrontal volume predicted
cognitive decline, but the cognitive measures used and the sample
characteristics were too different to make a proper comparison. Our
Please cite this article as: Gautam, P., et al., Relationships between co
middle aged and early old-aged adults: The PATH Through Life Study,
results should therefore be cautiously interpreted until further
longitudinal follow-up is carried out.

Limitations

Our study had a number of strengths over other studies conducted
so far on structure–function relations of the lateral frontal cortex. We
utilized epidemiological samples, and the cohorts utilized in this
study have been selected from a very narrow age range so potential
age-confounding effects have been limited. We have simultaneously
studied structure–function relationships using brain volumes and
thickness and this is to our knowledge the first study to do so in the
same sample and underscores the importance of utilizing various
cortical morphometry measures in studying structure–function
associations in normal aging adults.

However, despite the large sample sizes, our narrow-age design
could have restricted normal statistical variance of the sample
studied. Also, being a cross-sectional study, the causal nature of the
differences we have observed cannot be inferred and need confirma-
tion from longitudinal findings. This design also has limitations in
controlling for inter-individual differences and cohort effects in the
sample and can underestimate true change (Sliwinski and Buschke,
1999) and thus any pre-existing cognitive differences if they existed
in the two cohorts could not be controlled for. We also had limited
cognitive tests available to us to assess the structure–function
relationships and which restricted the cognitive domains
investigated.

Conclusions

In summary, we have found using large epidemiological samples
that frontal structure–function relationships are different for middle
aged and older adults. We also found that in older adults, lateral
gnitive function and frontal grey matter volumes and thickness in
NeuroImage (2011), doi:10.1016/j.neuroimage.2011.01.015
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frontal brain volumes and cortical thickness correlate similarly with
cognitive measures and that smaller frontal volume during older age
is not necessarily associated with poorer cognitive performances. As
previous reports of structure–function associations have been mixed,
further longitudinal analyses are warranted to study changes in
cognition with age.
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