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Aging-Related Increases in Behavioral Variability: Relations
to Losses of Dopamine D, Receptors
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Intraindividual variability (IIV) reflects within-person changes in performance, such as trial-by-trial fluctuations on a reaction-time (RT)
task. The neural underpinnings of IIV remain largely unknown. The neurotransmitter dopamine (DA) is of particular interest here, as
human populations that exhibit DA alterations, such as the elderly, attention deficit hyperactivity disorder children, persons with
schizophrenia, and Parkinson patients, also show increased behavioral IIV. We examined links between DA D, binding potential (BP) in
multiple brain regions and IIV for the control and interference conditions of the Multi-Source Interference Task (MSIT), tapping the
cingulo-fronto-parietal attention network. Participants were 18 young and 20 healthy old adults. PET and the radioligand [ ' C]SCH23390
were used to determine D, BP. The intraindividual standard deviation (ISD) was computed across successful latency trials of the MSIT
conditions, independent of mean RT differences due to age, trial, and condition. Increasing ISDs were associated with increasing age and
diminished D, binding in several brain regions (anterior cingulate gyrus, dorsolateral prefrontal cortex, and parietal cortex) for the
interference, but not control, condition. Analyses of partial associations indicate that the association between age and IIV in the inter-
ference condition was linked to D, receptor losses in task-relevant brain regions. These findings suggest that dysfunctional DA modula-

tion may contribute to increased variability in cognitive performance among older adults.

Introduction
Intra-individual variability (ITV) in cognitive performance in-
creases in old age (Lovdén et al., 2007; MacDonald et al., 2009).
For example, in reaction-time (RT) tasks, older adults are rou-
tinely more variable from trial to trial than their younger coun-
terparts (Hultsch etal., 2002; West etal., 2002). These increases in
variability have been linked to deleterious outcomes, including
cognitive impairment, dementia, and death (e.g., MacDonald et al.,
2008, 2009). Importantly, age-related increases in IIV are indepen-
dent of differences between young and old adults in mean latencies
(Strauss et al., 2002; Hultsch et al., 2007). Numerous researchers
have noted that theoretically interesting aspects of cognitive function
may not be captured by measures of central tendency (e.g., Spieler et
al., 2000; Ratcliff et al., 2004). Two distributions may exhibit similar
central tendency estimates but have distributions and associated
variance estimates that differ significantly.

Structural (Bunce et al., 2007) and functional (Kelly et al.,
2008) brain alterations have been linked to increased IIV in
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advanced age. Another potential biological mechanism under-
lying age-related increases in IIV is impaired dopamine (DA)
functions. There are marked DA losses in aging (Bickman et
al., 2006; 2010), and many other conditions associated with
increased IIV (e.g., attention deficit hyperactivity disorder,
Parkinson’s disease, schizophrenia) are characterized by defi-
cient dopaminergic neuromodulation (MacDonald et al.,
2006; 2009). Further, DA losses have been linked to increased
neural noise, which in turn has been associated with increased
IV (Cohen and Servan-Schreiber, 1992; Li et al., 2001; Bick-
man et al., 2010).

Despite the biological plausibility of a relationship among ag-
ing, DA, and IIV, no direct empirical evidence to substantiate this
link is available. Using PET and the radioligand [ ''C]SCH23390,
we sought to provide such evidence by assessing DA D, receptor
densities in young and old adults while performing the Multi-
Source Interference Task (MSIT), which taxes interference reso-
lution (Bush et al., 2003).

Functional magnetic resonance imaging (fMRI) research in-
dicates that BOLD activity in a cingulo-fronto-parietal (CFP)
network, including anterior cingulate cortex (ACC), dorsolateral
prefrontal cortex (DLPFC), and parietal cortex (PC), is impli-
cated in interference resolution in the MSIT (Bush et al., 2003;
Bush and Shin, 2006). Given links between DA signaling and
BOLD activity (Schott et al., 2008; Landau et al., 2009; Nyberg et
al., 2009; Backman et al., 2011a,b), these regions were targeted in
determining age-related differences in D, binding potential (BP).
The caudate was used as a control region, as this is a structure in
which DA innervation is particularly dense (Backman et al., 2006;
2010).
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The chief objective of this investigation was to determine the
role of losses of D, receptors for age-related increases in IIV.
Specifically, we examined whether the link between aging and IIV
would be related to D; BP for regions implicated in previous
fMRI work on the MSIT.

Materials and Methods

Participants. Twenty young and twenty old persons were recruited
through a newspaper advertisement. One young female subject had miss-
ing data on the MSIT, due to problems with the response pad, and one
young female had an error rate of over 95%; these individuals were
excluded from subsequent analysis. The final sample consisted of 18
young (mean age = 25.28 years, range = 22-0; 10 male, 8 female) and 20
old (mean age = 70.35 years, range = 65-5; 10 male, 10 female) partici-
pants. Mean years of education were 14.39 for the young (SD = 1.86) and
14.30 for the old (SD = 3.96, p = 0.89). Exclusion criteria included
mental disorders, brain damage, other significant medical conditions,
actual or previous drug or alcohol abuse, and nicotine use, as well as
women receiving hormone replacement therapy. Cognitive testing out-
side the PET system revealed that the two samples were highly represen-
tative of their birth cohorts. There was a clear advantage of the young for
tests of episodic memory and perceptual speed (M, mean) (Free Recall of
Words: Mg, = 1178 [SD = 2.39], M,y = 9.60 [SD = 2.46], 1 = 2.76,
p < 0.01; Digit Symbol: M., = 35.33 [SD = 14.51], M,y = 20.30
[SD = 5.90], t = 4.10, p < 0.01). By contrast, the old outperformed the
young in tests of crystallized intelligence (Vocabulary: M, ., = 29.39 [SD =
2.62], M4 = 33.30 [SD = 2.00], t = —5.21, p < 0.01; General Knowledge:
Mg = 23.06 [SD = 2.31], My = 25.30 [SD = 3.08], t = —2.52, p =
0.02). Written informed consent was obtained from all participants, with the
study approved by the Ethics and Radiation Safety Committees of the Karo-
linska Hospital, Stockholm, Sweden. Participants were paid 5000 SEK for
their participation.

Cognitive assessment. The MSIT is an interference task involving a
combination of Stroop, Flanker, and Simon-type tasks (Bush et al.,
2003). Participants were shown a series of stimulus arrays comprised of
three numbers in a horizontal line. For each three-number array, partic-
ipants were to indicate, as quickly and accurately as possible, which in-
dividual number (the “target”) differed from the other two (the
“distracters”; see Fig. 1). Upon determining the unique target number
(e.g., “1” in the array “1 007, participants pressed the button corre-
sponding to the correct response (the spatial location of the correct num-

Interference trial: Number
and position are incongruent

During performance on the Multi Source Interference task, participants are instructed to identify a digit that is
different from two other digits, as quickly and accurately as possible. Upon determining the unique target number, participants
pressed the button corresponding to the correct response (the spatial location of the correct number) on a keypad with three
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ber) on a keypad with three buttons
representing the numbers 1, 2, and 3 from left
to right. The task included 384 control trials
and 384 interference trials. In the control trials,
the distracters were always zeroes (0), the font
size of the target was always larger than the
distracters, and the target was always presented
congruently or spatially mapped with the but-
ton press position (e.g., 02 0; 10 0). For the
interference trials, both the target and distract-
ers were nonzero values, the font size of the
target number could be larger or smaller than
the distracters, and the spatial location of the
target was always presented incongruently with
the button press position representing the cor-
rect response (e.g., 313; 221). Trials were
presented in 16 blocks with 24 control trials
and 24 interference trials in each block. Each
trial lasted 2 s. After blocks four and eight, there
was a 90 s break. The cognitive task started si-
multaneously with the PET measurement and
lasted for ~30 min. Accuracy and response la-
tencies were calculated separately for control
versus interference trials.

Intraindividual standard deviation. Intrain-
dividual variability was indexed as intraindi-
vidual standard deviations (ISDs; Hultsch et
al., 2007) across correct response latency trials
of the control and interference conditions of the MSIT. Consistent with
the approach advocated by Hultsch et al. (2007), mean age group differ-
ences in response latency as well as learning effects across trials were
partialled before computing ISDs. As a consequence, associations be-
tween DA binding and ISDs will not be an artifact of age differences in
mean response latency or individual differences in learning. To facilitate
interpretation, ISDs were scaled as T scores (M = 50; SD = 10).

Positron emission tomography and magnetic resonance imaging. PET
measurements were obtained with an ECAT Exact HR 47 system (CTI/
Siemens) run in 3D mode and with a transaxial resolution of 3.8 mm full
width at half maximum at the central field of view and 4.5 mm radially at
20 cm from the center. Following a transmission measurement of 10 min
with three rotating 68Ge-68Ga sources, 300 MBq of [''C]SCH23390
(Halldin et al., 1986) was injected into the left antecubital vein as a rapid
bolus injection. Emission data were recorded over a period of 51 min in
13 time frames of increasing duration. A T1-weighted magnetic reso-
nance image (MRI) with a voxel size of 1.02 X 1.02 X 1.00 mm was
acquired on a 1.5 T GE Signa Scanner and coregistered to the summated
PET image. The anatomical MRI was then segmented into gray matter,
white matter, and CSF, and the segmented gray matter regions of interest
(ROIs) were used to obtain time activity curves (TACs) from the PET
images for each hemisphere. For all analyses, DA BP estimates were col-
lapsed across hemispheres, justified by high interhemispheric correla-
tions (ps < 0.05). The MSIT task was performed during PET acquisition.
Cognitive task performance has been shown to affect BP estimates of D,
receptor ligands because of displacement of the ligand with endogenous
DA (e.g., Koepp et al., 1998; Schott et al., 2008). However, there is little
evidence for displacement of SCH23390 following pharmacological chal-
lenges (Abi-Dargham et al., 1999; Chou et al., 1999), making it unlikely
that BP estimates in the current sample were confounded by task-evoked
DA release.

For TAC generation, radioactivity was plotted versus time and cor-
rected for decay. D, receptor density was measured as the BP of
[''C]SCH23390, defined as the ratio at equilibrium of specifically bound
radioligand to that of nondisplaceable radioligand in tissue (Innis et al.,
2007) and calculated using the simplified reference tissue model
(Lammertsma and Hume, 1996). PET data were corrected for partial-
volume effects (Meltzer et al. 1990). There were no age-related differ-
ences in the general shape or time of peak of the TACs.

Regions of interest. ROIs were manually delineated on each individual’s
coregistered MR image using the Human Brain Atlas software (Roland et
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Figure 2.  Regions of interest for derivation of regional binding potentials were manually
delineated on MRI images (A, left). Only segmented gray matter portions of the delineated
regions were used in PET analyses (4, right). B gives an example of two PET images showing
regional radioactivity in a young person on the left and an old person on the right.

al., 1994; Fig. 2A). Based on past fMRI work identifying brain regions
implicated in interference resolution (Bush et al., 2003; Bush and Shin,
2006), we delineated ACC, DLPFC, and PC; the caudate was delineated as
a control region.

Boundaries for all ROIs were based on previously published reports
(Abi-Dargham etal., 2002; Cervenka et al. 2008, 2010) and an MRI-based
atlas (Tamraz and Comair, 2005). For each hemisphere, DLPFC was
delineated as the medial-inferior and lateral part of superior frontal
gyrus, the ACC as the anterior part of the cingulate gyrus, inferior to the
cingulate sulcus and superior to corpus callosum, and the PC posteriorly
bounded by the parieto-occipital sulcus, inferiorly by the cingulate sul-
cus, and anteriorly by the central sulcus. The cerebellum, where dopa-
mine D, receptor density is negligible, served as reference region (Hall et
al., 1988). The ROIs were manually delineated on each individual MR
image using the Human Brain Atlas software (Roland et al., 1994). The
PET images were coregistered to the MR images and resliced to a voxel
size of 2 X 2 X 2 mm. The MRI-defined ROIs were displayed on the
corresponding PET images (Fig. 2 B).

Statistical analysis. Differences as a function of MSIT condition (con-
trol vs interference) and age group (young vs old) were examined with
repeated-measures ANOVAs. Mean D, BP as a function of ROI and age
group were examined with ANOVA. Multiple regression was used to
examine the associations between performance on the MSIT, D, BP for
key ROIs and age, as well as the age X D, BP interactions. A final set of
analyses used multiple regression to compare the direct effects of age on
MSIT performance before and following the inclusion of DA D, binding
for each ROI in the model.

Results

Both young and old adults performed at a very high level on the
MSIT (accuracy > 90%). There was no age difference on control
item accuracy (young = 99.3%; old = 99.0%), although there
was an advantage for the young on interference item accuracy
(young = 96.2%; old = 90.2%, p < 0.05). There were significant
age group differences for response latency (RT), F, 5 = 9.33,
p<0.01, n?=0.21,and variability (ISD), F, 55 = 4.97,p < 0.05,
m? = 0.12. The younger group responded significantly faster and
exhibited less variability than the older group. Significant effects
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Table 1. Dopamine D1 binding potential across age and brain region

Brain region Young 0ld 9% Age difference p

(Caudate 1.66 141 15 <0.01
DLPFC 0.50 0.40 20 <0.01
AcC 0.51 038 25 <0.01
PC 0.50 0.41 18 <0.01

DLPFC, Dorsolateral prefrontal cortex; ACC, anterior cingulate cortex; PC, parietal cortex; % Age difference reflects
the proportional age-related loss in binding potential for each region of interest; p refers to significance level of the
corresponding ¢ statistic between age groups.

were also observed for mean RT and ISD as a function of MSIT
condition (control vs interference; mean RT: F(, 55, = 739.94,
p<0.01,m% = 0.95;ISD: F, 35, = 77.52,p < 0.01,° = 0.68), as
well as for the Age X MSIT condition interaction (mean RT:
F136) = 4.51, p < 0.05, n°=.11; ISD: F; 35, = 6.56, p < 0.05,
m? = 0.15). The interaction reflected no significant age differ-
ences for the control condition, but significantly slower and more
variable responses for the older group in the interference
condition.

Before examining the influence of DA BP on the association
between age and MSIT performance, we quantified the age-
specific BPs for the ROIs. Table 1 plots regional D, BP by age
group, including the proportional age-related BP loss for each
region and associated statistical comparisons between age groups. As
is evident from the table, the age-related downregulation of D, BP is
relatively constant across regions.

Figure 3 displays the associations between D, BP for the ROIs
with variability and mean response latency for the MSIT interfer-
ence condition. Across all individuals, associations were observed
between response latency and variability in the interference con-
dition and BP for DLPFC, ACC, and PC, but not for the caudate.
Figure 3 also displays the links between MSIT performance and
D, BP within age groups. The regression of the cognitive variables
on D, BP and age yielded a significant Age*BP interaction
(Pageracc < 0.05 one-tailed) for the ACC; increased variability
on the MSIT interference condition was linked to diminished D,
BP for ACC in the old (but not young) age group. No significant
interactions were observed for the other ROISs, indicating that
associations between BP and cognitive variables did not differ
between age groups (ISD: pjgeprprc > 0.35, pagespc > 0.05,
PageCaudate > 0403 mean RT: p,«prprc > 0.20, pagesacc = 0.35,
Pagerpc = 0.35, PageCaudate = 0.35). Notably, the magnitude of
the associations in the interference condition was somewhat
greater for age-partialed measures of variability compared with
mean latency, particularly for the old. However, these differences
were not significant (ps > 0.10, one-tailed) based on a procedure
for comparing coefficients from dependent samples with over-
lapping variables (Cohen and Cohen, 1983). There were no sig-
nificant relationships of D, BP and response latency or variability
for the control condition for the entire sample (ps > 0.10, one-
tailed) or within age groups (ps > 0.05, one-tailed).

A final set of analyses evaluated to what extent DA D, binding
modulated the association of age to RT and variability scores. The
direct effect of age on response latency and variability, respec-
tively, for the MSIT interference condition was r = 0.47 and r =
0.43 (p < 0.01, one-tailed).

To evaluate the indirect effects, D, binding for each ROI was
introduced as a mediator of the age-MSIT associations. The sig-
nificance of the indirect effects from age through D, BP to MSIT
performance was obtained by computing bootstrapped 90% con-
fidence intervals in AMOS 19. For mean RT in MSIT-interference
performance, the magnitude and significance (one-tailed) of in-
direct effects was 0.002 (p > 0.48) for caudate, 0.04 (p > 0.35) for
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Figure 3.  Scatterplots of the association of BP in DLPFC, ACC, PC, and caudate to variability (ISD) and mean RT for the MSIT interference condition. b total reports the standardized regression
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DLPFC, —0.02 for ACC (p > 0.40), and 0.07 for PC (p > 0.20).
In contrast, for variability (ISD) in MSIT-interference, the mag-
nitude and significance of indirect effects was 0.01 (p > 0.45) for
caudate, 0.11 (p < 0.10) for DLPEC, 0.13 for ACC (p < 0.10),
and 0.17 for PC (p < 0.01).

The final step was to evaluate to what extent DA D, binding
attenuated the direct effect of age on MSIT performance. Upon
entering DA D, binding into the model, the initial link between
age and mean RT latency (r = 0.47) for the MSIT interference
condition was partially mediated for DLPFC (r = 0.42, p < 0.01
one-tailed, or a 10.6% attenuation) and PC (r = 0.40, p < 0.01
one-tailed, a 14.9% reduction), with a modest attenuation ob-
served for caudate (r = 0.46, 2.1%), and no attenuation for ACC.
In contrast, the magnitude of corresponding mediation of the
age-ISD direct effect (r = 0.43) was comparatively larger, with
partial mediation observed for DLPFC (r = 0.32, p < 0.05
1-tailed; a 25.6% attenuation); full mediation of the age-
variability effect was found upon controlling for D, binding in
ACC (r = 0.30, p > 0.05 one-tailed, a 30.2% attenuation of the
initial age effect) and PC (r = 0.26, p > 0.10 one-tailed, a 39.5%
attenuation). Modest mediation was observed for caudate (r =
0.42, p < 0.01 one-tailed, a 2.3% attenuation). Using Cohen and
Cohen’s (1983) procedure, inferential comparison of the age-
mean RT vs age-variability coefficients following mediation of D,
BP binding for each ROI yielded no significant differences. Not-
withstanding, the differential patterns of mediation are notable,
given that the zero-order associations between age and mean RT
(r = 0.47) vs age and variability (r = 0.43) were remarkably
similar, with the DA BP correlations uniformly higher for vari-
ability than for mean.

Discussion

This research provides novel evidence pertaining to the link
among aging, DA activity, and IV in RT during cognitive perfor-
mance. In agreement with prior work (Suhara et al., 1991, Wang
et al., 1998; Bickman et al., 2010), old adults showed marked
losses of D, BP in the key regions targeted (ACC, DLPFC, and
PC) as well as in caudate while performing the MSIT, a task that
taxes interference resolution. The magnitude of these losses was
quite similar across regions, suggesting global decline of D, re-
ceptors in aging.

The current data are consistent with prior observations dem-
onstrating age-related increases in IIV during cognitive perfor-
mance (MacDonald et al., 2006; 2009). Of key interest is the fact
that the increase in IIV in old age was confined to interference
trials in the MSIT; no such increases were observed for control
trials, indicating that the executive demands of a cognitive task
modulate the presence of age-related differences in IIV (West
etal., 2002). Another interesting observation is that the differ-
ential effect of aging on IIV in the interference condition was
not seen for mean RTSs; the mean latency data revealed general
age-related slowing that generalized across both experimental
conditions. Finally, the degree of attenuation of the age—-MSIT
association, controlling for D, binding in the CFP network,
was greater for variability than for mean latency. The observed
patterns suggest that age-related DA losses may have a greater
bearing on variability than on mean latency in a task that taxes
interference resolution.

Increased variability for the MSIT interference condition was
linked to decrements in D, BP binding for regions in ACC,
DLPFC, and PC; this relationship was not seen for D; BP in the
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caudate. The former regions are part of the CFP network that has
been implicated in MSIT performance during interference in
fMRI research (Bush et al., 2003; Bush and Shin, 2006). Critically,
the fact that similar associations were observed between PET-
derived measures of D; BP and IIV is consistent with observa-
tions of a link between DA activity and the magnitude of the
BOLD signal (Schott et al., 2008; Landau et al., 2009; Nyberg et
al., 2009; Biackman et al., 2011a,b). To substantiate this link, fu-
ture multimodal imaging work should integrate PET assessment
of DA functions with functional activation data during the MSIT.

Further, the fact that a DA-IIV link was found for the CFP
network, but not for caudate, is notable in light of current theo-
rizing on DA receptors and brain regions regarding their impor-
tance to different executive functions (Cools and D'Esposito,
2011). Specifically, several studies indicate a key role of extrastria-
tal DA receptors in stabilizing cognitive performance, whereas
striatal receptors are more implicated in cognitive flexibility
(Wang et al., 2004; Durstewitz and Seamans, 2008). The differ-
ential relationship of IIV to extrastriatal vs caudate DA receptors
observed in this study is in agreement with these assertions.

The association between age and IIV in the interference con-
dition was related to D, BP for regions within the CFP network.
For each region, >25% of the age-IIV association was accounted
for by DA BP, underscoring the neuromodulatory impact that
DA exerts on cognitive variability. In contrast, the association
between age and mean RT was but modestly attenuated (14% or
less) upon covarying D, BP for the same regions. A likely source
of the observed associations is that impaired dopaminergic neu-
romodulation results in increased neural noise. A decreased
signal-to-noise ratio in task-relevant brain regions may give rise
to more fluctuations and corresponding performance decre-
ments at the behavioral level (Cohen and Servan-Schreiber, 1992;
Li et al., 2001; MacDonald et al., 2009). Although it is intriguing
that the aging—IIV association was markedly reduced in the pres-
ence of D, BP, a word of caution is warranted. As the present
findings are based on cross-sectional data, no causal claims can be
made regarding how DA changes across the lifespan are linked to
variability in cognitive function (Lindenberger et al., 2011; Raz
and Lindenberger, 2011). Despite this limitation, ample evidence
documents age-related decreases in DA functions in both human
and animal research (Bickman et al., 2006; 2010). Thus, changes
in DA modulation may be considered among the biologically
plausible mechanisms that contribute to increased variability in
cognitive function in old age.

Opverall, the current findings are consistent with the “correla-
tive triad” among aging, DA, and cognitive performance
(Bickman et al., 2006; 2010), suggesting that DA losses are asso-
ciated with age-related increases in performance variability. Such
effects have previously been observed for striatal DA markers
across various cognitive domains, including episodic memory
and perceptual speed (Biackman et al., 2000), as well as for work-
ing memory and verbal fluency (Erixon-Lindroth et al., 2005).
The present data extend these observations by demonstrating
equally strong effects regarding extrastriatal DA markers in the
context of IV across response latency trials. The data are consis-
tent with: (1) the view that DA signaling may be particularly
important under high executive demands; (2) the dopaminergic
system playing a key role in coordinating activity patterns in dis-
tinct regions of the neocortex (Wichmann and DeLong, 1999;
O’Reilly and Frank, 2006; Karlsson et al., 2009); and (3) a possible
extension of the DA-BOLD link to the CFP network.
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