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atechol-O-Methyltransferase Valine158Methionine
olymorphism Modulates Brain Networks Underlying
orking Memory Across Adulthood

abio Sambataro, Jeff D. Reed, Vishnu P. Murty, Saumitra Das, Hao Yang Tan, Joseph H. Callicott,
aniel R. Weinberger, and Venkata S. Mattay

ackground: Cognitive abilities decline with age with large individual variability. Genetic variations have been suggested to be an
mportant source for some of this heterogeneity. Among these variations, those related to the dopaminergic system, particularly the
aline158methionine polymorphism in catechol-O-methyltransferase (COMTval158met), have been implicated in modulating age-related
hanges in executive function.

ethods: We studied 75 subjects (age 21–90 years) using functional neuroimaging while they performed a low-level working memory
WM) task to explore the effects of aging, of the COMTval158met polymorphism, and their interactions on the physiological patterns of
nterconnected cortical activity engaged by WM.

esults: Our results show that val homozygotes and older subjects showed increased activity in dorsolateral prefrontal cortex (DLPFC) and
ecreased activity in ventrolateral prefrontal cortex (VLPFC) relative to met homozygotes and younger subjects, respectively. Interestingly,

here were also independent effects of the COMTval158met polymorphism and age on the strength of connectivity between brain regions
ithin the left prefrontal-parietal network; val homozygotes and older subjects showed greater connectivity between the DLPFC and other
rain regions within the network and met homozygotes showed greater connectivity between the VLPFC and other brain regions within the
etwork. Furthermore, the greater functional connectivity strength of DLPFC in val homozygotes relative to met homozygotes was much
ore pronounced in older adults

onclusions: Our findings suggest that the COMTval158met polymorphism modulates both the activity and functional connectivity of
rain regions within WM networks and most importantly that this effect is exaggerated with increasing age, contributing to the variability
n age-related decline in executive cognition.
ey Words: Aging, COMT, functional magnetic resonance imaging,
ndependent component analysis, working memory

vidence from cellular, animal, postmortem, drug, and
neuroimaging studies indicates generalized age-depen-
dent changes in the function of the dopaminergic system

1). D1 binding, D2/D3 receptor density, and dopaminergic
ynthesis decline from early to late adulthood in frontal, tempo-
al, and parietal areas (2). In keeping with these changes,
ognitive abilities relying on dopaminergic signaling in these
ortical areas, including working memory (WM) and executive
unctions, decline with increasing age (3).

Working memory is critically dependent on the integrity of
refrontal cortex (PFC) (4). In the PFC, dopamine levels are
hought to be regulated by catabolic activity of catechol-O-
ethyltransferase (COMT) (5,6). The activity of this enzyme in
umans is affected by a common single nucleotide polymor-
hism (G¡A) that leads to a substitution of valine (val) into
ethionine (met) at codon 158 (COMTval158met). The met

ariant is thermolabile and shows two to four times lower
opamine-degrading activity relative to the val variant, thus
esulting in greater dopamine levels. Increased availability of this
eurotransmitter translates into better performance in executive
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function tasks along with an increase in efficiency of information
processing within the PFC, i.e., lower neural activity for similar
levels of task performance (7,8). However, the effect of
COMTval158met polymorphism on functional coupling between
the brain regions within the executive cognition network has
been explored to only a limited degree (9). The COMTval158met
polymorphism also has been reported to affect cognitive abilities
in older subjects, with better performance on WM and executive
function tasks in met homozygotes relative to val homozygotes
(2,10–13). Additionally, Nagel et al. (14) showed that met homozy-
gotes were faster than val homozygotes during the performance
of the Wisconsin Card Sorting Test and a spatial WM task and this
difference was greater in older adults relative to young adults.
Although these findings suggest that aging increases the effect of
COMTval158met polymorphism on executive cognition, the neu-
ral bases of this process remain to be clarified.

In the present study, we tested the effects of the COMTval158met
polymorphism on age-related changes of both the activity and the
functional connectivity of the brain regions in the networks
underlying WM across adulthood (from young adulthood to old
age). We used multivariate statistical approaches (independent
component analysis [ICA]) together with univariate analyses
(general linear model [GLM]) to test the following hypotheses: 1)
the COMTval158met polymorphism modulates cortical activa-
tion as well as functional networks underlying WM across
adulthood; 2) advancing age modulates activity and connec-
tivity across brain regions subserving WM; and 3) the effect of
the COMTval158met polymorphism on information processing
within the PFC is magnified in older relative to younger adults,
i.e., there is an interaction of age and COMT genotype on this

measure of cortical function.

BIOL PSYCHIATRY 2009;66:540–548
ed by Elsevier Inc on behalf of Society of Biological Psychiatry
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aterials and Methods

ubjects
Seventy-five subjects (age range � 21–90 years) (Tables 1 and 2;

etails in Supplement 1) were genotyped for rs4680.

ask
All the subjects were scanned with functional magnetic reso-

ance imaging (fMRI) while performing a low WM load task (15),
.e., the 1-back WM task condition (details in Supplement 1). This
ask was chosen to control for performance differences between
lder and young subjects.

ata Analysis
Image Analysis. Following preprocessing, all the fMRI data

ere analyzed using both ICA and GLM approaches (Supple-
ent 1). The use of ICA can yield complementary information to

hat obtained from GLM analysis on neurophysiological pro-
esses, especially in the study of older subjects who may show
eviations from the classical hemodynamic response (16). While
CA, a multivariate statistical approach, can identify multiple
patially independent and temporally synchronous activity pat-

able 1. Demographics – Entire Sample

Val/Val

20
ale:Female Ratio 11:13
ge (M � SD, years) 42.9 � 15.1
andedness (% right) 95.0 � 9.0
ducation (M � SD, years) 16.5 � 2.0
-Back WM Accuracy (M � SD, %) 97.0 � 3.4
-Back WM RT (M � SD, msec) 429.4 � 242.3

Met, methionine; RT, reaction time; Valine, valine; WM, working memory

able 2. Neuropsychological Status of the Older Adults

M (SD)

ognitive Status
MMSE 30
CDR 0
WAIS 118.1 (9.4)

xecutive Function
Trail Making Test B (sec) 52 (11.1)a

Word Fluency Test (letters) 48.6 (9.8)b

Category Fluency Test (animals) 54.5 (8.4)b

Letter and Number Sequencing 12.7 (2.3)c

WAIS picture completion 12 (2.4)d

WAIS arithmetic 11.8 (3)d

WAIS similarity 15.2 (4)d

emory
WMS Logical Memory Immediate Recall 13.1 (1.8)a

WMS Logical Memory Delayed Recall 14.4 (2.3)c

rocessing Speed
Trail Making Test A (sec) 51.5 (16.2)a

WAIS Digit Symbol Test 16.3 (10.7)d

There was no effect of COMTval158met genotype on any of these mea-
ures.

CDR, Clinical Dementia Rating; MMSE, Mini-Mental State Examination;
AIS, Wechsler Adult Intelligence Scale; WMS, Wechsler Memory Scale.

aInformation was available on 22 subjects.
bInformation was available on 19 subjects.
cInformation was available on 20 subjects.

dInformation was available on 25 subjects.
terns in brain regions (functional covariance), GLM analysis
allows the detection of changes in brain activity based on a priori
task design and hemodynamic response function. Hence, while
GLM analysis is more sensitive to detect functional specificity
(measured by activation), ICA is more sensitive in defining
patterns of functional connectivity within multiple networks (17).
Independent component analysis also has advantages in the
estimation of functional connectivity over the classical univariate
seeded correlation approach. First, ICA is able to identify noise-
related and artifactual components (18) that can be removed,
thus allowing a cleaner estimation of the coupling of brain
regions. Additionally, it allows the estimation of higher-order
functional connectivity (19), thus identifying association between
voxels that show the same dependency of temporal variation and
not just a pairwise correlation with respect to time. This allows
the identification of multiple networks during the same task,
each of which subserves a specific subprocess.

General Linear Model Analysis. One-way analysis of variance
(ANOVA) was used to compare brain activation differences across
the genotype groups. A simple correlation analysis was also
performed to assess the effect of increasing age on brain
activation across adulthood.

To evaluate the effect of COMTval158met on age-related
changes in information processing within the PFC, we used a 2 �
2 factorial ANOVA selecting subjects belonging to the tails of the
age range (i.e., young adults �35 years of age and older adults � 55
years of age; Tables 1 and 2 in Supplement 1) and homozygotes
for val and met allele, respectively.

Independent Component Analysis. A group spatial ICA was
performed on preprocessed data using the Group ICA of fMRI
Toolbox (GIFT; Medical Image Analysis Lab, University of New
Mexico, Albuquerque, New Mexico; http://icatb.sourceforge.net)
(20). Each subject’s components of interest (COI) were entered
into SPM5 (Wellcome Department of Cognitive Neurology, Lon-
don, United Kingdom; http://www.fil.ion.ucl.ac.uk) and ana-
lyzed using second-level random-effects analyses to identify the
effect of COMTval158met genotype and age. A two-way ANOVA
including age (young and older adults) and COMTval158met was
used to assess the COMTval158met by age interaction. A multiple
regression was performed outside image space to confirm these
results, removing the effect of nuisance variables.

Correlations between individual time courses (TCs) and a
regressor associated to the 1-back condition were estimated
using a GLM for each subject and COI. The beta values of this
temporal correlation represent the extent to which the TC of a
COI is modulated by the WM task relative to the sensory-motor
control task. These beta values were then entered in a regression
with genotype, age, their interaction, and RT as regressors to

al/Met Met/Met Significance

31 24
15:16 10:10 �2 (2) � .08; p � .9

.8 � 19.4 38.5 � 16.9 F (2,72) � 1.07, p � .4

.5 � 10.2 92.3 � 13.0 F (2,72) � .36, p � .7

.3 � 2.6 16.2 � 2.1 F (2,72) � .11, p � .9

.7 � 5.3 95.0 � 8.2 F (2,72) � .74, p � .5

.6 � 228.8 448.0 � 245.9 F (2,72) � .06, p � .9
V

45
93
16
96

424
evaluate the effect of these variables on the TC modulation by
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M processes. Correlations of TC task design with age were
ompared between val and met homozygotes using Fisher’s
-to-z transformation.

A statistical threshold of p � .05 with false discovery rate
FDR) (21) small volume correction (SVC) was used to identify
ignificant differences within regions of interest (ROI). False
iscovery rate correction for multiple comparisons was imple-
ented with � � .05. Regions of interest were defined as 20-mm

adius spheres centered around the peak coordinates of the
egions activated during the N-back WM task as reported in
eta-analysis of 24 N-back studies (22), namely dorsolateral
refrontal cortex (DLPFC), ventrolateral prefrontal cortex
VLPFC), anterior frontopolar cortex, and parietal cortex. We also
sed a more stringent threshold of p � .01 FDR to test the effects
f age and genotype and an age � genotype interaction at the
evel of whole brain to identify differences in brain regions not a
riori. All coordinates are reported in Montreal Neurological
nstitute (MNI) system. In the a priori ROI analyses, we tested all
he effects but we only reported those results that survived
tatistical correction.

esults

LM Results
There was a main effect of COMTval158met in the left DLPFC

Brodmann area [BA] 9; x � �38, y � 41, z � 42, Z � 3.88; p �
001 FDR-corrected; Figure 1) with greatest activation in val/val
ndividuals, followed by val/met and then met/met individuals.

There was a significant positive correlation between brain
ctivation and age in left DLPFC (x � �45, y � 15, z � 34, Z �
.47; p � .001 FDR-corrected), bilateral inferior parietal lobule
BA 39/40; p � .001 FDR-corrected), left cerebellum, and right
iddle temporal gyrus (BA 21) (Figure 2).
There was a significant negative correlation (p � .001 FDR-

orrected) between activation and age, i.e., decreasing activation
ith increasing age, in the left globus pallidus, right precuneus,

ight inferior frontal gyrus, cingulate gyrus (BA 24/32), right

igure 1. Effect of COMTval158met polymorphism on brain activation during
4) show greater signal change relative to heterozygote subjects (val/met, n

or met allele (met/met, n � 20). (A) Thresholded statistical t-map (val/val �
he MNI brain template (p � .005); (B) Percent signal change during working
; x � �38, y � 41, z � 42 mm) as a function of COMTval158met genotype. B
enotype group. Error bars indicate one standard error of the mean. BA, B
ethyltransferase; DLPFC, dorsolateral prefrontal cortex; met, methionine;
isual cortex, left putamen, left precuneus, left postcentral gyrus,

ww.sobp.org/journal
left inferior parietal lobule (BA 40), right precentral gyrus, and
left temporal. These changes may be related to the age-related
decline of the nigrostriatal dopaminergic system (23).

ICA Results
Components of Interest. Three positive COIs (A, B, and C)

showed a strong temporal correlation between the independent
component TCs and 1-back task design as defined above. The
identified COIs with their spatial maps, TCs, and temporal
correlation are shown in Figure 3 and are described as follows.
Component of interest A (COI-A) primarily identified a prefron-
tal-parietal (PFC-Par) network markedly greater in the left hemi-

ack working memory task. Individuals homozygous for val allele (val/val, n �
), who in turn show greater signal change relative to subjects homozygous

et � met/met) of DLPFC activation (1-back�0-back) surface-rendered on
ory (1-back�0-back) in the left DLPFC (MNI coordinates of peak cluster: BA

aphs represent mean percent signal change of the BOLD response for each
ann area; BOLD, blood oxygenation level-dependent; COMT, catechol-O-

Montreal Neurological Institute; val, valine.

Figure 2. Effect of age on brain activations during a 1-back working memory
task. Older adults show increased activation in left DLPFC (MNI coordinates
of peak cluster: x � �45, y � 15, z � 34 mm) and bilateral posterior parietal
cortices. Thresholded statistical t-map of left DLPFC activation (1-back�0-
back) surface-rendered on the MNI brain template (p � .005). DLPFC, dorso-
a 1-b
� 31
val/m
mem
ar gr
rodm
lateral prefrontal cortex; MNI, Montreal Neurological Institute.
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phere that in the right hemisphere. This pattern included DLPFC
BA 9/46) and VLPFC (BA 44/47) and inferior parietal lobule (BA
0) (Figure 3A), regions implicated in the maintenance and
anipulation of information during WM. Component of interest
(COI-B) identified a medial frontal cortex component compris-

ng medial frontopolar cortex (BA 10)/dorsal cingulate (BA 32)
nd presupplementary motor area (BA 6), with additional activity
n the dorsal premotor cortex (BA 4), right inferior frontal
unction (BA 44), anterior insula (BA13), and head of caudate
ilaterally (Figure 3B). This network has been implicated in
onitoring actions and performance outcomes and subsequent

djustments. Component of interest C (COI-C) identified the supe-
ior posterior parietal cortex (BA 7) bilaterally with additional
ctivity in bilateral cerebellar and right superior temporal gyrus
egions (Figure 3C). These regions play a crucial role in attention,
pecifically in spatial and nonspatial attention switching.

Effect of COMTval158met Polymorphism and Age on COIs.
eft Frontoparietal Component (COI-A). There was a significant
ain effect of COMTval158met in the left DLPFC (BA 9; x � �34,
� 41, z � 34, Z � 3.20; p � .001 FDR-SVC-corrected) with

reatest connectivity for val homozygotes, followed by heterozy-
otes and then met homozygotes (Figure 4A, 4B). Methionine
omozygotes showed greater connectivity in left VLPFC (BA 44;
� �45, y � 15, z � 8, Z � 3.35; p � .001 FDR-SVC-corrected)

elative to heterozygotes and val homozygotes (Figure 4C, 4D).
here was a main effect of age with older subjects showing
reater connectivity in left DLPFC extending to lateral BA 6/8,
ight VLPFC (BA 11/47), anterior cingulate (BA 24/32), and
edial (BA 8/9), and younger subjects showing greater connec-

ivity in left superior frontal gyrus (BA 8) and inferior parietal

A

B

C

igure 3. Working memory task-related functional networks. Three COIs w
osterior parietal (r � .50). Surface-rendered maps display the spatial pattern
rofile of each component (blue) overlaid on the paradigm “box-car” design
omponent and the task design. All images are thresholded at p � .05 FDR-co
obule (BA 40) (p � .001 FDR-corrected). The direct comparison
of the COMTval158met effect between younger and older groups
yielded a cluster in the left DLPFC (BA 9; x � �34, y � 41, z �
34, Z � 3.52; p � .001) with older subjects showing a greater
val/val � met/met effect when compared with younger subjects
(Figure 5). This result was confirmed by a multiple regression
analysis [adjusted-R2 � .16; F (6,51) � 2.808, p � .02] that
showed an effect of COMTval158met [val/val � met/met, r � .44,
R2 � .04; t (51) � 3.52, p � .001] and a COMTval158met by age
interaction [r � .26, R2 � .04; t (51) � 1.93, p � .05].

Medial Frontal Component (COI-B). There was a main effect
of COMTval158met in frontopolar cortex (BA 10; x � �15, y �
49, z � �8, Z � 3.53; p � .001 FDR-SVC-corrected) (Figure 6A)
with met homozygotes showing greatest connectivity relative to
heterozygotes and val homozygotes (Figure 6B). The inverse
contrast revealed greater connectivity in medial superior frontal
gyrus with val homozygotes showing the greatest connectivity
(BA 8; x � �15, y � 34, z � 49, Z � 3.95; p � .001). There was an
age-related increase of connectivity in bilateral superior frontal
gyrus (supplementary motor area [SMA]; p � .001 FDR-corrected).

Posterior Parietal (COI-C). There was a significant main effect
of COMTval158met in left inferior parietal lobule (BA 40; x �
�49, y � �49, z � 46, Z � 3.95; p � .001 FDR-SVC-corrected)
with val homozygotes showing the greatest connectivity relative
to heterozygotes and met homozygotes (Figure 1 in Supplement
1). Clusters of age-related increases in connectivity were identi-
fied in bilateral inferior parietal lobule and BA 10 (p � .001
FDR-corrected). Connectivity decreased with age in the left
superior parietal cortex (p � .001 FDR-corrected).

To ensure that the effect of age-dependent changes on
activity and connectivity strength was not driven by a differ-

entified: (A) left frontoparietal (r � .60); (B) medial frontal (r � .50); and (C)
e independent components identified. Time courses represent the temporal
. R values indicate the Pearson’s correlation between the time course of the
ed for the whole brain. COI, component of interest; FDR, false discovery rate.
ere id
of th
ence in reaction time (RT) across age groups, we performed

www.sobp.org/journal
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dditional analyses using RT as covariate of no interest in both GLM
nd ICA. All results remained significant (data not shown).

Independent Component Time Course-Task Design Corre-
ations. To examine the effects of age and COMTval158met on the
ecruitment of the COIs during the task, we studied the impact of
hese variables and their interaction on the correlation between
he independent component TC and task design.

Medial Frontal Component (COI-B). The beta values of the
C-task design relationship of this COI were entered in a

igure 4. Effect of COMTval158met polymorphism on the left prefrontal-pa
MNI coordinates of peak cluster: BA 9; x � �34, y � 41, z � 34 mm) relative
how higher connectivity in left VLPFC (MNI coordinates of peak cluster: BA
val/val � val/met � met/met) (A,C) are surface-rendered on the MNI brain
esponse for each genotype group measured in arbitrary units. Error bar
xygenation level-dependent; COI, component of interest; COMT, catecho
NI, Montreal Neurological Institute; val, valine; VLPFC, ventrolateral prefro

A B

igure 5. Interaction COMTval158met polymorphism by age on the left
nefficiency in left-DLPFC (MNI coordinates of peak cluster: BA 9; x � �34, y
s indicated by the slope of the lines, was greater in older subjects comp
urface-rendered on the MNI brain template (p � .005). Graph represents

easured in arbitrary units. BA, Brodmann area; BOLD, blood oxygenati

refrontal cortex; met, methionine; MNI, Montreal Neurological Institute; val, vali

ww.sobp.org/journal
multiple regression model [adjusted-R2 � .12; F (4,70) � 3.484,
p � .01]. These betas negatively correlated with age (r � �.35,
R2 � .25, p � .003). There was also a significant COMTval158met
effect on these values (r � .22, R2 � .03, p � .05) with val
homozygotes showing greater TC-task design correlation for this
component relative to heterozygotes and met homozygotes.
Valine homozygotes showed a significant negative correlation
(r � �.44, p � .03) (Figure 6D) with age, whereas met homo-
zygotes did not (r � �.04, p � .85) (Figure 6C).

COI. (A) and (B) Val homozygotes show greater connectivity in left DLPFC
terozygotes and met homozygotes, whereas (C) and (D) met homozygotes
� �45, y � 15, z � 8 mm). Thresholded statistical t-maps of connectivity

late (p � .005). Bar graphs (B,D) represent parameter estimates of the BOLD
icate one standard error of the mean. BA, Brodmann area; BOLD, blood
ethyltransferase; DLPFC, dorsolateral prefrontal cortex; met, methionine;

ortex.

ntal-parietal COI. (A) Older adults show greater COMTval158met-related
, z � 34 mm) relative to younger subjects. (B) COMTval158met effect, which
with younger subjects. Thresholded statistical t-map of activation (A) is

meter estimates of the BOLD response for each genotype and age group
el-dependent; COMT, catechol-O-methyltransferase; DLPFC, dorsolateral
rietal
to he
44; x

temp
s ind
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We did not find a significant effect of age, COMTval158met
enotype, or COMTval158met by age effect on TC-task design
elationship in COI-A and COI-C. A simple regression analysis for
OI-A identified a positive correlation between age and the beta
alues representing the TC-task design relationship (r � .25, p �
03).

iscussion

In this study, we investigated the interplay between
OMTval158met polymorphism and aging on physiological ac-

ivity within a cortical WM network. We found that during a low
oad WM task individuals homozygous for COMT val allele show
reater activity and connectivity of the DLPFC when compared
ith heterozygotes and met homozygotes who showed greater

onnectivity of VLPFC within the left PFC-Par network (COI-A)
cross adulthood. Methionine homozygotes also showed greater
onnectivity in anterior PFC areas within a medial frontal net-
ork (COI-B). We also found an age-related modulation of brain

egions with older adults showing greater DLPFC and posterior
arietal activation and connectivity and young adults showing
reater VLPFC activation. Additionally, older subjects showed
reater COMTval158met effect (val/val � met/met) on DLPFC
onnectivity with other regions within the left PFC-Par network
hen compared with young subjects. Valine homozygotes also

howed a negative association between TC-task design correla-
ion and age in the medial PFC network (COI-B) in contrast to
et homozygotes. These results show that COMTval158met poly-
orphism and age modulate the activity and functional connec-

ivity of brain regions underlying WM and that the effects of

igure 6. Effect of COMTval158met polymorphism on the medial frontal CO
oordinates of peak cluster: BA 9; x � �15, y � 49, z � �8 mm) relative t
ge-related effect on the correlation between the time course of the COI and
decline with age of this correlation (Pearson’s r � �.43, p � .03). Thresholde

p � .005). Bar graphs (B) represent parameter estimates of the BOLD respo
tandard error of the mean. Scatterplots report the age (measured in years) a
ines indicate the best fit for the age by time course-task design relationship

evel-dependent; COI, component of interest; COMT, catechol-O-methyltran
OMTval158met polymorphism increase with advancing age.
COMTval158met Polymorphism Affects Brain Function
Previous neuroimaging studies have reported a modulatory

effect of the COMTval158met polymorphism on PFC activation
during WM in young subjects (24,25). Valine homozygotes show
an increase in DLPFC activation relative to met homozygotes,
while heterozygotes show an intermediate response in the
context of matched behavioral performance. These findings
suggest cortical inefficiency in val carriers relative to met carriers,
i.e., they engage greater prefrontal activation in the service of
similar behavioral performance levels. Our results not only
extend these findings from young adulthood to an older age
group but also demonstrate the effect of COMTval158met poly-
morphism on the connectivity strength between brain regions
within the PFC-Par network. Cortical efficiency of prefrontal
networks during information processing has been linked to PFC
dopamine levels, and val carriers are presumed to have lower
levels of this neurotransmitter in this brain region relative to met
carriers (5,26,27). Dopamine regulates firing of PFC pyramidal
neurons and surrounding gamma-aminobutyric acid (GABA)
inhibitory interneurons principally via dopamine D1 and D2
receptors (28). Through this modulation, dopamine focuses and
stabilizes the response of PFC to the task at hand (29). Dopami-
nergic transmission also regulates brain networks by modulating
the synchronization among different brain areas and membrane
oscillation frequencies (29). It increases synaptic gain and task-
related signals (30,31) and modulates functional connectivity
strength by enhancing active connections and suppressing the
least active ones (32,33). Therefore, higher dopamine levels in
met subjects may result in greater stability of short-term memory
and attentional networks thus decreasing trial-by-trial variability

and (B) Met homozygotes show greater activity in medial BA 10/ACC (MNI
erozygotes and val homozygotes. (C) Met homozygotes did not show an
ask design (Pearson’s r � �.05, p � .85), whereas (D) val homozygotes show
tistical t-map of activation (A) is surface-rendered on the MNI brain template
r each genotype group measured in arbitrary units. Error bars indicate one
e course-task design correlation (measured by the betas of this correlation).
, anterior cingulated cortex; BA, Brodmann area; BOLD, blood oxygenation
se; met, methionine; MNI, Montreal Neurological Institute; val, valine.
I. (A)
o het
the t
d sta

nse fo
nd tim

. ACC
(noise) and increasing signal-to-noise ratio (34).
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The lateral PFC plays a significant role in WM function, with
entral and dorsal regions playing different functional roles.
entrolateral prefrontal cortex activity is involved in focusing
ttention either directly by selecting the content to focus on or by
nhibiting irrelevant information (35–38), whereas the DLPFC
lays a role in the comparison and strategic manipulation of WM
ontent to decrease cognitive load (39,40).

Hence, the increased connectivity of VLPFC with the other
rain regions within the left PFC-Par network that we found in
et homozygotes relative to val homozygotes may reflect a more
ptimal strategy in the processing of a low WM load task. This
otion of a more optimal strategy during prefrontal tasks by met
elative to val allele carriers is also supported by the observations
f Tan et al. (9,41), albeit during more demanding executive
ognitive function tasks, e.g., higher load N-back WM task
2-back) and an arithmetic transformation task. In contrast, we
sed a low WM load task that probably relies on the lateral
entral prefrontal systems (vide supra) rather than on the dorsal
ystem, which has been shown to be more consistently recruited
uring tasks with higher WM load (2-back and 3-back) (42). It is
ikely that met subjects may tend to perform the 1-back task as a
ere attentional task focusing attention on new items, and as a

onsequence they favor regional allocation of neural resources in
LPFC. Conversely, adults homozygous for val allele may show
less efficient strategy for 1-back task, which in this case requires
manipulation of a sequence of numbers and therefore greater

ecruitment of the DLPFC to maintain performance. Alternatively,
he increase of connectivity in specific brain regions within a
etwork may represent a compensatory response. Given that a
ow WM task was necessary in this study to preclude perfor-
ance changes from confounding the interpretation, correlations
etween differences in functional coupling and performance
cross groups are not feasible because of a ceiling effect on
erformance. Such correlations may be necessary to clarify the
referential use of VLPFC versus DLPFC networks in the perfor-
ance of a task. Future studies with more challenging WM tasks
ay be helpful in addressing this.
There was a main effect of COMTval158met polymorphism in

nterior PFC (COI-B) and posterior parietal cortex (COI-C).
nterior PFC plays a pivotal role in cognitive branching, i.e., the
bility to engage in multiple tasks not serially organized, a
rocess that is crucial for N-back performance. More specifically,
his brain region may allow switching among different processes
hile protecting representations of the postponed tasks from
istracters and performance of the task at hand (43). Again, here
reater connectivity in met homozygotes in BA 10/32 may
uggest a better cognitive strategy for the performance of the
ask. Conversely, increased connectivity in BA 6/8 in val ho-
ozygotes suggests a decreased ability to maintain stimuli in
M. We observed COMTval158met effects on posterior inferior

arietal cortex in COI-C with val homozygotes showing greater
ortical connectivity with the other regions within a bilateral
osterior parietal network. A greater connectivity of this brain
egion in val carriers may be consistent with a greater demand on
ttentional processes due to inefficient PFC function in these
ndividuals relative to met carriers.

ge-Related Changes in Prefrontal Function
We found age-related changes of cortical brain activity during

M tasks and most importantly in network connectivity. Older
dults showed an over-recruitment of a network of regions,
ncluding left DLPFC and bilateral parietal cortices, whereas

ounger adults showed a greater recruitment of right VLPFC,

ww.sobp.org/journal
postcentral gyrus, and inferior temporal gyrus. This pattern of
age-related differences in DLPFC shows an intriguing similarity to
the findings in patients with schizophrenia (42,44) that show an
exaggerated response in this region during WM relative to
normal control subjects. These findings, as well as the age-
related changes in DLPFC (45), have been interpreted as result-
ing from inefficient information processing during WM, thus
suggesting that differences in brain response in DLPFC may
represent a nonspecific common manifestation of decreased
neural efficiency that may, in turn, be a result of decreased
dopaminergic signaling. Aging is associated with a generalized
decline in the dopaminergic system, as suggested by a decrease
of several dopaminergic markers and of dopaminergic synthesis
in cortical areas including frontal, temporal, and parietal areas
(46). Decreased PFC dopamine levels may result in inefficiency
at the level of activity as well as connectivity (vide supra) within
the PFC-Par executive network. These changes may be either
due to a compensation mechanism, which is a reallocation of
cortical resources to maintain task performance to compensate
for decreased neural efficiency (47), or dedifferentiation mecha-
nism, which is diminished cortical specificity resulting in in-
creased neural noise and less distinctive neural representations
(48). Rajah and D’Esposito (49), based on a meta-analysis,
suggest that both compensation and dedifferentiation mecha-
nisms may explain the age-related changes in VLPFC activity,
whereas changes in DLPFC are more likely due to functional
compensation. According to a hierarchical topographically orga-
nized model of PFC, this region functions along a rostrocaudal
gradient of complexity with anterior PFC at the top, VLPFC at the
bottom, and DLPFC in between (50). Hence, either decreased
neural efficiency or dedifferentiation of the function of VLPFC
may result in increased recruitment of higher hierarchical regions
such as DLPFC and eventually anterior PFC. At a behavioral level,
these neurobiological differences may translate into age-related
changes in task strategies (51). The reduced speed of manipula-
tion of the items in WM in older subjects may result in a greater
overlap between manipulation and encoding of new items, thus
increasing attentional load and DLPFC activation (52). Con-
versely, younger subjects who are able to manipulate items more
rapidly—especially at low-task difficulty as in a 1-back task—
may be engaged in continuous encoding resulting in greater
VLPFC activity.

COMTval158met Polymorphism Modulates Age-Related
Changes in Prefrontal Function

We found an interaction between COMTval158met and aging
on the functional connectivity of DLPFC with the other regions of
the left prefrontal-parietal network. In detail, there was an
increased val/val � met/met genotype effect in older adults
relative to young adults. Our data fit into a model in which
age-related changes in the dopaminergic system result in a
leftward shift of the inverted-U curve of prefrontal function-
dopamine level relationship in older adults relative to younger
adults, thus resulting in an exaggeration of COMTval158met
(val/val � met/met) effects on PFC function with increasing age
(14). According to this model, older val homozygotes will have
relatively lower dopamine levels and thereby greater cortical
inefficiency relative to older met homozygotes. This difference
would increase in older subjects relative to younger subjects,
because the age-related decline in dopaminergic signaling shifts
them to the left on the inverted-U response to dopaminergic
signaling (Figure 7). These results, together with the observation

of a lack of age-related decrease in synchronization between task
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nd medial frontal network engagement (as measured by beta
alues of TC-task design correlation) in met homozygotes (Figure
), suggests that carriers of the met allele may be more resilient
o age-related decline in prefrontal function when compared
ith val homozygotes.
A caveat of our study is that differences in brain structure may

ffect functional results, thus limiting the spatial resolution of
ur findings. Since we did not have structural images in a
ajority of the subjects in this study, we could not correct for
otential partial volume effects from age-related atrophy, if any,
n our findings. Interestingly, in a recent brain morphometry
tudy using voxel-based morphometry (VBM) to explore the
OMTval158met by age interaction on brain atrophy, Rowe et al.
53) reported only weak effects of COMTval158met and
OMTval158met by age interaction on bilateral anterior insula
nd ventral frontal cortex with greater gray matter in val relative
o met homozygotes in young subjects but not in older subjects.
ithin older subjects, val-homozygotes also showed a greater

ray matter volume in the left premotor cortex relative to met
omozygotes. In conclusion, although the findings of Rowe et al.
53) do not exclude an effect of brain atrophy on our
OMTval158met-related findings in the VLPFC, they suggest that

t is unlikely that the results in the DLPFC were affected by this
henomenon, given the absence of a COMTval158met or
OMTval158met by age interaction effect in this brain area.

Second, the age tails groups showed a significant difference in
andedness. In this subsample selected to study the
OMTval158met by age interaction, although most of the subjects
ere right-handed, we found a statistical difference in handed-
ess between age groups but neither across COMTval158met
roups nor, most importantly, across COMTval158met by age
roups. This difference in handedness would have been impor-
ant when looking at age-related changes in brain activity (that
e analyzed using the entire adulthood sample that was matched

or handedness) but becomes secondary when analyzing the
ffects of COMTval158met by age interaction on fMRI data where
here were no differences in handedness. Nevertheless, we used
andedness as a covariate of no interest in our analysis to control

met/met

val/val

Cortical dopamine signaling

P
F

C
 fu

nc
tio

n

COMT val158met effect on 
PFC function per DA

Age-related change in 
DA signaling

COMT val158met effect 
on DA signaling ( DA)

igure 7. Theoretical inverted-U model describing the effects of
OMTval158met genotype and aging on PFC DA signaling and function
cross adulthood. Val homozygotes show lower prefrontal function relative
o met homozygotes (↔). Age-related decline ( ) in dopaminergic system
esults in a leftward shift on the x axis of the inverted-U curve resulting in a
ecline in PFC function. This leftward shift with aging puts older val homozy-
otes on the steeper portion of the inverted-U curve leading to an exagger-
ted effect of the COMTval158met polymorphism on PFC function in older
dults when compared with younger adults in response to similar
OMTval158met effects on DA levels (	DA). COMT, catechol-O-methyltrans-

erase; DA, dopamine; met, methionine; PFC, prefrontal cortex; val, valine.
he above figure is modified after Figure 1 in Nagel et al. (14).
or the effect of handedness, if any.
Another limitation is that we explored the effects of age using
a cross-sectional design. Future imaging studies combining lon-
gitudinal and cross-sectional approaches are warranted.

In this study, we demonstrate that COMTval158met polymor-
phism modulates regional brain activity as well as multiple func-
tional networks underlying WM tasks from young adulthood to old
age. Our findings support a model in which COMTval158met
polymorphism modulates age-related changes in cortical physiol-
ogy underlying cognitive functions with an exaggerated cortical
functional decline in val homozygotes relative to met homozygotes,
adding evidence that met homozygotes are more resilient to age-
related changes in prefrontal cognition.
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