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Current theories of cognitive aging emphasize that the prefrontal
cortex might not only be a major source of dysfunction but also
a source of compensation. We evaluated neural activity associated
with retrieval monitoring—or the selection and evaluation of
recollected information during memory retrieval—for evidence of
dysfunction or compensation. Younger and older adults studied
pictures and words and were subsequently given criterial recollec-
tion tests during event-related functional magnetic resonance
imaging. Although memory accuracy was greater on the picture test
than the word test in both groups, activity in right dorsolateral
prefrontal cortex (DLPFC) was associated with greater retrieval
monitoring demands (word test > picture test) only in younger adults.
Similarly, DLPFC activity was consistently associated with greater
item difficulty (studied > nonstudied) only in younger adults. Older
adults instead exhibited high levels of DLPFC activity for all of these
conditions, and activity was greater than younger adults even when
test performance was naturally matched across the groups (picture
test). Correlations also differed between DLPFC activity and test
performance across the groups. Collectively, these findings are more
consistent with accounts of DLPFC dysfunction than compensation,
suggesting that aging disrupts the otherwise beneficial coupling
between DLPFC recruitment and retrieval monitoring demands.
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Introduction

One of the hallmark changes associated with cognitive aging is
episodic memory decline (Zacks et al. 2000). Older adults are
less likely than younger adults to recollect specific details from
the past (i.e., forgetting), and they are more likely to recollect
distorted details (i.e., false memories). While some of these
recollection impairments may be due to incorrect binding of
individual details or features into a single event at encoding
(Johnson et al. 1993; Naveh-Benjamin 2000; Glisky et al. 2001),
other evidence suggests additional impairments in monitoring
processes at retrieval, such as the inappropriate selection and
evaluation of recollected details or source information
(Schacter et al. 1997; Mitchell and Johnson 2009). Some of
the strongest evidence for age-related impairments in retrieval
monitoring has come from false recognition tests or situations
where familiar but nonstudied items must be rejected. A recent
meta-analysis of this literature revealed that older adults
claimed to falsely recollect nonstudied items twice as often
as younger adults (McCabe et al. 2009). Because nonstudied
items are not presented during the encoding phase, these
memory errors implicate an age-related impairment in retrieval
monitoring processes.
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It has been argued that age-related retrieval monitoring
impairments are primarily due to dysfunction of the prefrontal
cortex (PFC), consistent with disproportionate structural and
neurochemical alterations in PFC as a function of aging (e.g.,
Middleton and Strick 2000; Li et al. 2001; Head et al. 2004; Salat
et al. 2004; Raz et al. 2005). Within the aging literature, evidence
linking prefrontal function to retrieval monitoring primarily has
come from the use of neuropsychological tests. These studies
revealed that the rate of false recognition errors in older adults
was negatively correlated with performance on tests that heavily
rely on frontal lobe functioning, independent from performance
on tests that heavily rely on medial temporal lobe functioning
(e.g., Butler et al. 2004; Dornburg and McDaniel 2006; Roediger
and McDaniel 2007; McCabe et al. 2009). Outside of the aging
literature, evidence for the role of PFC in retrieval monitoring
comes from patients with frontal lobe damage, who have shown
increases in false recognition (Parkin et al. 1996; Schacter et al.
1996; Curran et al. 1997; but see Verfaellie et al. 2004; Hwang
et al. 2007), and also from cognitively normal younger adults,
who have shown that increases in retrieval monitoring demands
are associated with greater functional magnetic resonance
imaging (fMRI) activity in PFC regions, particularly in dorsolateral
prefrontal cortex (DLPFC; Gallo et al. 2010; see also Henson et al.
1999; Cansino et al. 2002).

Recent neuroimaging work suggests that aging alters PFC
activity during episodic memory retrieval, but the exact role of
retrieval monitoring processes in these effects has not been
directly investigated. For example, some research has found
greater PFC activity in older adults relative to younger adults
when contrasting memory retrieval to a nontask (or implicit)
baseline (see Velanova et al. 2007; Davis et al. 2008). These
findings potentially implicate PFC dysfunction, although poorly
understood age-related physiological differences also might
complicate the interpretation of baseline activity compared
with task-related activity across age groups (Buckner et al.
2000; Rajah and D’Esposito 2005). Other neuroimaging studies
have reported age-related differences in PFC activity when
contrasting different retrieval conditions, which potentially
avoids these baseline issues, but a clear pattern with respect to
retrieval monitoring demands has yet to emerge. For example,
Duarte et al. (2010) found that PFC activity in younger adults
was greater for familiarity-based true recognition than for false
recognition, and this difference was reduced in older adults
(see also Dennis et al. 2008). This pattern might indicate that
older adults were less sensitive to the retrieval monitoring
demands of the different test items, but studies using source
memory tasks have observed the opposite pattern, with greater
PFC activity for correct relative to incorrect source judgments
in older adults than in younger adults (Morcom et al. 2007;
Duarte et al. 2008; Duverne et al. 2008). Similarly, some studies



have found greater differences in PFC activity between easy
and hard memory tasks in older relative to younger adults (e.g.,
Morcom et al. 2007), yet other studies have found the opposite
result (e.g., Gutchess et al. 2007; Rajah et al. 2010). It is unclear
why these different results were obtained, but because these
studies were not specifically designed to isolate retrieval
monitoring processes, some of the age-related effects might
have been due to activity associated with retrieval itself (ie.,
recollection or familiarity) as opposed to retrieval monitoring
processes.

When considering the relevance of neuroimaging studies to
age-related effects on retrieval monitoring processes, an
important theoretical question to consider is the meaning of
age-related differences in fMRI activity more generally. Much
debate has ensued over which aspects of age-related differ-
ences in PFC activity during memory retrieval are due to
structural and neurochemical deficits with aging (i.e., dysfunc-
tion of brain regions), and conversely, which aspects might
have been due to the attempted recruitment of cognitive
processes to overcome these or other deficits (i.e., functional
compensation; for reviews, see Cabeza 2002; Park and Reuter-
Lorenz 2009). Age-related differences in fMRI activity, whether
relative to a nontask baseline or another task, might be due to
differences in processing strategies in the absence of functional
impairments of the active region(s), and/or they might be due
to age-related dysfunction of these same regions.

According to a compensation account, older adults over-
recruit PFC regions relative to younger adults to compensate
for age-related deficiencies, such as frontal volume shrinkage
(Buckner 2004; Greenwood 2007), hippocampal dysfunction
(Park and Gutchess 2005; Persson et al. 2006), or lack of
specificity in occipitotemporal functioning (Park et al. 2004;
Gazzaley et al. 2005; Davis et al. 2008). These kinds of theories
assume that prefrontal regions are associated with cognitively
controlled processes or strategies that can help support task
performance. Support for these ideas comes from studies
showing increases in PFC activity in more demanding relative
to less demanding retrieval tasks, especially in high performing
compared with low performing older adults (e.g., Cabeza et al.
2002; Gutchess et al. 2007). However, it is important to note
that compensation-related activity and behavioral performance
may not always be positively related because there is no
guarantee that increased attempts to compensate in older
adults will actually succeed in enhancing performance (cf.
Rajah and D’Esposito 2005).

According to a dysfunction account, the over-recruitment of
PFC regions in older adults might be due to inefficient
processing in PFC regions, as opposed to strategic compensa-
tion. This dysfunction might cause over-recruitment across
a wide variety of task conditions, resulting in less selectivity in
the neural response of older adults relative to younger adults.
This pattern of activity, sometimes described as dedifferentia-
tion, may reflect a breakdown in functional specialization
(Lindenberger and Baltes 1994; Baltes and Lindenberger 1997;
Li and Lindenberger 1999). At the neural level, these decreases
in functional specialization may be manifested as declines in
signal and increases in noise in the blood oxygen level-
dependent (BOLD) response of PFC regions (Rypma and
D’Esposito 2000). Neuroimaging support for these ideas comes
from semantic and phonetic fluency tasks that showed
recruitment of different PFC regions in younger adults but
recruitment of the same regions in both tasks in older adults
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(Meinzer et al. 2009). In other fMRI studies, older adults
showed less modulation of neural activity within single PFC
regions relative to younger adults during perception (e.g.,
Grady 2002; Carp et al. 2011) and memory retrieval (e.g., Grady
2002; Gutchess et al. 2007), also potentially implicating
dysfunction.

Current Study

In the current study, we tested between these compensation
and dysfunction accounts using a task that was specifically
designed to isolate the neural correlates of retrieval monitoring
processes. A body of behavioral research indicates that false
recognition can be reduced when retrieval is oriented toward
more distinctive recollections, such as pictures relative to
words, in both younger and older adults (e.g., Schacter et al.
1999; Dodson and Schacter 2002; Gallo et al. 2007). These false
recognition effects have been attributed to differences in
retrieval monitoring, with more accurate and less effortful
monitoring processes required when retrieval is oriented
toward higher quality or more distinctive picture recollections.

To investigate these retrieval monitoring processes, Gallo
et al. (2004) developed the criterial recollection task, which
requires subjects to recollect different kinds of information
across test blocks. They showed that testing memory for
picture recollections increased memory accuracy and de-
creased retrieval monitoring effort relative to word recollec-
tions in both younger and older adults (Gallo et al. 2004, 2007,
Scimeca et al. 2011). Furthermore, 2 fMRI studies in younger
adults found increased DLPFC activity when tested for word
recollections relative to pictures recollections (Gallo et al
20006, 2010), even after controlling for retrieval success effects,
consistent with the idea that increasing retrieval monitoring
demands are associated with greater DLPFC recruitment (cf.
Cabeza et al. 2002). These DLPFC effects were attributed to the
use of a diagnostic monitoring process, whereby participants
rejected familiar lures because they failed to elicit recollections
that matched their retrieval expectations. When the target
source was more distinctive (i.e., pictures relative to words),
diagnostic monitoring was less effortful and hence less likely to
recruit DLPFC (i.e., a distinctiveness heuristic; see Schacter and
Wiseman 2006; Gallo 2010).

Using the criterial recollection task in the present study
allowed us to manipulate retrieval monitoring demands in both
younger and older adults while controlling for retrieval success
effects (see Fig. 1). At study, subjects viewed a list of words in
black font, some of which were associated with a picture, some
with a semantic judgment, and some with both (nonconsecu-
tively). At test, recollection of the different kinds of encoded
information was assessed in an event-related fMRI design.
Words were used as retrieval cues, and the retrieval instruc-
tions were varied so that subjects had to recollect if the test
word had been presented in the picture study condition
(picture test blocks) or in the word study condition (word test
blocks). Based on prior behavioral research using a similar
version of this task, we assumed that retrieval monitoring
would be more demanding or effortful on the word test than on
the picture test in both age groups. Moreover, Gallo et al.
(2007) found that criterial recollection performance was
impaired on the word test in older relative to younger adults,
but criterial recollection performance was more closely
matched on the picture test. These test differences are
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Figure 1. Schematic of the criterial recollection task. During the study phase (left
panel), words were associated with a semantic judgment and a picture (picture study
blocks), or they were associated with a different semantic judgment and no picture
(word study blocks). During the test phase (right panel), words from each study
condition were intermixed on each test, and subjects responded whether they
recollected previously seeing the item in the picture study condition (picture test
blocks) or the word study condition (word test blocks).

theoretically important for the current study because they
allowed us to investigate neural activity under conditions
where age differences in retrieval success were naturally
maximized (the word test) or minimized (the picture test), in
addition to statistically controlling for such effects in the fMRI
analysis. As described next, existing hypotheses make different
age-related predictions under these 2 testing conditions.
Based on prior work, we expected that PFC activity would be
greater on the word test than on the picture test in younger
adults, owing to the increase in retrieval monitoring demands.
The novel question was with respect to PFC activity in older
adults, for which the compensation and dysfunction hypotheses
make different predictions. According to the compensation
hypothesis, age-related differences in PFC activity should be
greatest in the most difficult testing conditions because these
conditions are the most likely to require strategic changes or
additional effort for older adults to optimize performance. Based
on the behavioral work mentioned above, we expected larger
age-related accuracy impairments on the word test than on the
picture test, suggesting that older adults would need to
differentially recruit more retrieval monitoring effort on the
word test than on the picture test compared with younger
adults. As a result, the word test should require more age-related
compensatory processing than the picture test, leading to larger

differences in PFC across the 2 tests in older adults relative to
younger adults.

In contrast to these compensation-related predictions, the
dysfunction hypothesis predicts reduced differences in PFC
regions between the word test and picture test in older adults
relative to younger adults. In cognitively normal younger adults,
PFC activity tracks retrieval monitoring demands (word test >
picture test), suggesting that abnormal or dysfunctional PFC
activity might not track retrieval monitoring demands as
cffectively, resulting in reduced differences in activity. For
example, older adults might have difficulty recruiting effortful
retrieval monitoring processes when they are required as well as
difficulties inhibiting effortful strategies when they become
suboptimal (Zacks et al. 2000; Logan et al. 2002). This dysfunction
hypothesis does not deny the possibility that older adults may
engage additional retrieval monitoring effort overall relative to
younger adults, which could be considered a form of attempted
compensation. Rather, this hypothesis focuses on the potential
inability of older adults to selectively recruit PFC during more
demanding retrieval monitoring situations, when such compen-
satory processing would be needed the most relative to less
demanding situations.

Materials and Methods

Subjects

Twenty-one younger adults aged 18-30 years (M = 21.2; 13 females)
and 27 older adults aged 62-88 years (M = 77.05; 18 females)
participated for pay. Data from 1 younger adult and 4 older adults
were discarded (2 to scanner/computer malfunctions, 1 to the subject
aborting the session, 1 reported vision problems after the session, and 1
reported misunderstanding the instructions after the session). The
older adults were recruited from the Chicago metropolitan area, lived
independently, and had a high level of functioning as measured by the
Mini-Mental State Examination (M = 28.04; Folstein et al. 1975). All subjects
were right-handed, and none reported neuropsychological conditions
associated with cognitive decline (e.g., Alzheimer’s disease, Parkinson’s
disease, etc.), taking excessive alcohol or narcotics, having a history of
psychiatric diagnoses, or having recent head trauma. All subjects gave
informed consent using methods approved by the appropriate human
subjects committees at the University of Chicago. Vision was normal or
corrected to normal using MR-compatible glasses or contact lenses.

Materials and Design
The experiment consisted of a study phase outside the MRI scanner
and a test phase inside the scanner. Study materials were pictures of
288 common objects (e.g., toaster, pig, clock) and corresponding verbal
labels, with an average length of 6.56 letters and a Kucera-Francis
written frequency of 35.86 per million. Pictures were presented on
a white background with the object cropped from any surrounding
context, and corresponding verbal labels were presented in black font.
The study phase was divided into a picture block and a word block,
with the order counterbalanced across subjects. Each block consisted
of 144 stimuli in which 72 were presented in both study blocks (“both”
items) and 72 in one format only (word-only or picture-only). An
additional 72 stimuli were not studied and served as new items on the 2
subsequent memory tests. Stimuli were counterbalanced across the
studied conditions, and presentation was randomized for each subject.
Two tests were given inside the scanner (picture test and word test)
distributed across 3 functional runs lasting 10.1 min per run. Each run
was subdivided into 2 test blocks separated by a minimum fixation of
10 s. The order of the tests was held constant across runs and was
counterbalanced across subjects. Within each run, each test consisted
of the 4 item types (12 picture-only, 12 word-only, 12 both, and 12
nonstudied) intermixed with jittered fixations. The order of items and
fixations was determined using optseq program (part of the FS-FAST
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analysis tools written by D. Greve, Charlestown, MA) to maximize the
MR signal (e.g., Dale 1999). In total, there were 36 items of each type
(pictures, words, both, and new) on each of the tests. On the picture
test, picture-only items and both items served as targets, while word-
only items and nonstudied items served as lures. On the word test,
word-only items and both items served as targets, while picture-only
items and nonstudied items served as lures. Both items were included
so that recollection of the noncriterial source (e.g., picture lures on the
word test) could not be used to reject studied lures.

Procedure
Subjects were first given a practice study-test cycle using 24 stimuli not
used in the actual experiment (10 min). Following the practice test,
subjects studied the blocks of pictures and words. During the picture
block, a verbal label in black font was presented in the center of the
computer screen for 750 ms, followed 50 ms later by a corresponding
picture for 2000 ms. After 2000 ms, the picture remained on the screen
while a prompt appeared asking subjects whether the object
represented in the picture typically fits inside a shoebox by pressing
the “yes” or “no” key. The trial ended after the subject made the
shoebox judgment or after 3000 ms elapsed. During the word block,
a black word was presented in the center of the computer screen for
2750 ms. After 2750 ms, the word remained on the screen while
a prompt appeared asking subjects whether the object was typically
made in a factory by pressing the yes or no key. The trial ended after
the subject made a factory judgment or after 3000 ms elapsed. A
100-ms interstimulus interval separated each trial on both tests.
Approximately 20 min after the end of the study phase, memory was
tested inside the scanner. Verbal labels were presented for 4 s in black
font in the center of the screen separated by a central fixation cross of
jittered duration (2-12 s, mean stimulus onset asynchrony = 3.68 s).
The onset of stimulus presentations was time-locked to the recording
of the hemodynamic response. On the picture test, each word was
paired with the prompt “picture?”. Subjects were instructed to decide
whether each item was shown during the picture study block and that
remembering the item occurred during the word block was irrelevant
on this test because some items were presented in both formats. On the
word test, each word was paired with the prompt “factory judgment?”.
Subjects were instructed to decide whether each item was shown
during the word study block in which they had made factory judgments.
Subjects were also told that remembering that the item occurred during
the picture block was irrelevant on this test because some items were
presented in both formats. Test responses were made with the right
hand using an MR-compatible button box such that the button for the
index finger corresponded to yes responses and the button for the
middle finger corresponded to no responses.

JMRI Data Acquisition

Images were acquired using a 3-T Philips scanner at the University of
Chicago Brain Research Imaging Center. Event-related functional scans
were acquired using a 7,-weighted echo planar imaging sequence
(repetition time [TR] = 2 s, echo time [TE] = 25 ms, field of view [FOV] =
224 mmy; flip angle = 80°, matrix size = 64 x 63 mm, in-plane resolution
= 35 x 3.5 mm?®). For whole-brain coverage, 32 interleaved slices
(4 mm thickness, 0.5 mm skip between slices) were acquired. Prior to
acquiring the 3 functional runs, we acquired 4 additional slices across
orbital frontal region and applied a Z-shimming compensation gradient
to regain signal loss due to nasal cavity artifact (Glover 1999). Structural
scans were acquired last using high resolution 7;-weighted structural
Turbo Field Echo (TR = 7.4 ms, TE = 3.4 ms, flip angle = 8°, FOV = 250 mm,
matrix = 240 x 240 mm?, in-plane resolution = 1.04 x 1.04 mm?).

JMRI Data Analysis

Preprocessing and data analysis were conducted using SPM8 (Well-
come Trust Centre for Neuroimaging, London). Standard preprocessing
was performed on the functional data, including estimation of the
realignment parameters using rigid body motion correction, anatomical
coregistration, segmentation of the anatomical scan into gray matter,
white matter, and cerebrospinal fluid, normalization to the Montreal
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Neurological Institute template (resampling at 2 mm cubic voxels), and
spatial smoothing (using a 10-mm full-width half-maximum isotropic
Gaussian kernel).

For each subject, the BOLD response for each event type of interest
was estimated using an unbiased whole-brain approach. This approach
applied a voxel-by-voxel general linear model (GLM) that included
temporal derivatives (Rombouts et al. 2005) and a high-pass filter of
128 s. The events were modeled using a mini-epoch that varied for each
stimulus, starting at the stimulus onset and ending when subject
responded. This method was selected because the retrieval processes
of interest are thought to occur throughout these mini-epochs (cf.
Grinband et al. 2008) (GLM analyses also were conducted using a stick
function [duration = 0]. These results revealed similar patterns of
activity including bilateral DLPFC [-42, 16, 46 and 48, 16, 44], but at
lower t values [t < 3.81], suggesting less sensitivity to retrieval
monitoring processes). Responses occurring after the offset of the
stimulus or with multiple button presses were given a duration of the
average response time value across all trials for that subject. Event types
reflected a combination of the test condition (picture test and word
test), item type (both, word, picture, and new), and the subjects’
response (yes and no). Three runs were modeled as separate sessions,
using rigid body motion parameters, outliers due to movement/signal
spikes (Mazaika et al. 2005), and session effects as regressors. Group
analyses were conducted by entering the first level contrasts of the
correct responses into one-sample #tests with subjects entered as
random effects. To further characterize the BOLD response, we
conducted region of interest (ROI) analyses using MarsBaR (Brett
et al. 2002). ROI analyses extracted peak activity in the BOLD response
relative to the mean signal from the ROI across the entire session and
was done for each subject and each condition of interest within a 22 s
window from stimulus onset, thus allowing assessment of the percent
signal change associated with each condition.

Behavioral Results

Criterial Recollection Test Performance

We first analyzed memory performance for each age group
separately and then directly compared age groups. Behavioral
results can be found in Table 1. On the word test, younger adults
responded yes more often to word targets (0.73) compared
with picture lures (0.43), t;o = 7.09, standard error of the mean
(SEM) = 0.043, P < 0.001, whereas on the picture test, younger
adults responded yes more often to picture targets (0.71)
compared with word lures (0.27), ;9 = 8.19, SEM = 0.053, P <
0.001. These results indicate that younger adults appropriately
adjusted their retrieval orientation on each test. Replicating prior
work, younger adults committed fewer false recognition errors
on the picture test (0.27) compared with the word test (0.43),
ho = 373, SEM = 0.041, P = 0.001, implicating reduced
monitoring demands when retrieval was oriented toward higher
quality picture recollections. Older adults also committed fewer
false recognition errors on the picture test (0.34) compared with
the word test (0.53), &, = 5.50, SEM = 0.035, P < 0.001. On the
word test, older adults numerically responded yes more often to
word targets (0.57) compared with picture lures (0.53), but this
difference was not significant, &, = 0.99, SEM = 0.045, P = 0.33,
whereas on the picture test, older adults responded yes
significantly more often to picture targets (0.65) compared with
word lures (0.34), £, = 6.20, SEM = 0.051, P < 0.001. Consistent
with prior work, the word test was very difficult for older adults
relative to the picture test.

To directly compare the age groups, we calculated a source
discrimination score (hits to items studied in the criterial
source minus false alarms to items studied in the noncriterial
source) and entered these data into a 2 (age: younger, older) x 2



Table 1

Mean proportion of items recognized, response latencies, and number of trials on the criterial recollection tests in younger and older adults

P, "yes" Latency correct responses (ms) Number of trials for correct responses
Younger Older Younger Older Younger Older
Word test
Both targets 0.79 (0.02) 0.64 (0.04) 1740 (63) 1778 (80) 27.3 (0.9) 22.0 (1.4)
Word targets 0.73 (0.02) 0.58 (0.04) 1654 (50) 1796 (73) 25.1 (0.8) 19.8 (1.5)
Picture lures 0.43 (0.04) 0.53 (0.04) 2012 (101) 1963 (80) 19.9 (1.3) 16.2 (1.3)
New lures 0.19 (0.04) 0.33 (0.05) 1711 (69) 1773 (67) 28.1 (1.6) 23.3 (1.8)
Picture test
Both targets 0.78 (0.03) 0.72 (0.04) 1692 (55) 1782 (62) 26.5 (1.1) 25.0 (1.4)
Picture targets 0.71 (0.03) 0.65 (0.04) 1673 (58) 1857 (55) 243 (1.1) 22.7 (1.2)
Word lures 0.27 (0.04) 0.34 (0.04) 1823 (84) 2032 (74) 24.9 (1.4) 23.0 (1.5)
New lures 0.10 (0.04) 0.18 (0.03) 1693 (62) 1875 (63) 305 (1.3) 28.4 (1.2)

Note: Standard errors of each mean are in parenthesis.

(test: word, picture) analysis of variance (ANOVA). A main
effect of test indicated that discrimination was better on the
picture test (0.38) than the word test (0.17), F; 4, = 43.86, Mean
Square Error (MSE) = 0.020, P < 0.001. A main effect of age
indicated that discrimination was better for younger adults
(0.37) than older adults (0.18), F; 41 = 9.67, MSE = 0.080, P <
0.001. Critically, an age x test interaction, F 4 = 5.13, MSE =
0.020, P = 0.029, indicated that discrimination was greater for
younger compared with older adults on the word test, #;; = 4.16,
SEM = 0.062, P < 0.001, but discrimination was more closely
matched on the picture test, #;; = 1.63, SEM = 0.074, P = 0.11
(Similar behavioral effects were found in each of 3 functional
runs, and an ANOVA including run as a factor revealed no main
effect of run or interactions between run and age or test). These
behavioral results replicate Gallo et al. (2007), showing an
age-related decline in the ability to use fine-grained details to
inform recollection decisions on the word test but minimal age
differences in recollection accuracy on the picture test.

Response Latencies

We next analyzed response latencies to correct responses (see
Table 1), under the assumption that responses requiring more
retrieval monitoring effort should have taken longer. Consis-
tent with this assumption, we found that participants took
longer to correctly reject studied lures relative to the other
trials, likely because the familiarity of studied lures made them
difficult to reject. Specifically, younger adults were slower to
reject studied lures than to accept studied targets (2.01 vs.
1.65 s on the word test and 1.82 vs. 1.67 s on the picture test,
both Ps <0.05) and slower to reject studied lures than to reject
nonstudied lures (2.01 vs. 1.71 s on the word test and 1.82 vs.
1.69 s on the picture test; P= 0.003 and P = 0.055 on the word
and picture test, respectively). Likewise, older adults were
slower to reject studied lures than to accept studied targets on
each test (1.96 vs. 1.80 on the word test and 2.03 vs. 1.85 on the
picture test, both Ps < 0.05) and were slower to reject studied
lures than to reject nonstudied lures (1.96 vs. 1.77 s on the
word test and 2.03 vs. 1.87 s on the picture test, both Ps <
0.01). These response patterns suggest that both age groups
were engaging in retrieval monitoring to a greater extent when
familiar, but noncriterial information was retrieved, and
critically, these patterns were observed on each of the 2 tests.
These results argue against a global strategy shift in older adults
across the tests (i.e., using familiarity instead of recollection)
and instead suggest that both age groups attempted to

recollect the criterial information when making their decisions
on each of the 2 tests.

Across the 2 tests, we found that younger adults responded
faster when correctly rejecting studied lures on the picture test
(1.82 s) compared with the word test (2.01 s), t;9 = 2.77, SEM =
0.068, P = 0.012, consistent with the idea that the picture test
required less demanding retrieval monitoring than the word
test. In contrast, response latencies for rejecting studied lures
did not differ across the 2 tests in older adults (2.03 s on the
picture test vs. 1.96 s on the word test; P = 0.20). Even though
false recognition was lower on the picture test relative to the
word test—suggesting that the word test placed more demands
on retrieval monitoring than the picture test—older adults took
an equal amount of time to reject studied lures across the 2
tests, potentially because they exerted a high degree of
retrieval monitoring effort on both tests. We will return to
this possibility after our presentation of the fMRI results.

To summarize these behavioral results, the 2 age groups were
matched on their ability to recollect pictures on the picture test,
but older adults were impaired in their ability to recollect the
words on the word test. These results replicated the well-
established age x distinctiveness interaction on memory accuracy
(see Gallo et al. 2007). Moreover, even though older adults easily
discriminated between studied and nonstudied items on each test
(ie, old/new recognition), the results from the word test
replicated the typical age-related deficits in the recollection of
more fine-grained information (e.g., Ferguson et al. 1992; Johnson
et al. 1995). Importantly, although older adults were impaired in
their ability to recollect the studied words, the response latencies
indicated that both groups engaged in qualitatively similar
retrieval monitoring processes. Participants in both age groups
took longer to reject studied lures than nonstudied lures on each
of the 2 tests, exactly as one would expect if they were basing
their decisions for studied items on an effortful retrieval search
(as opposed to familiarity-based responding). Both groups were
following the test instructions and were attempting to recollect
and monitor the criterial information.

Neuroimaging Results

We report 3 sets of fMRI analyses. First, we directly contrasted
correct responses on the 2 recollection tests to identify regions
that were sensitive to retrieval monitoring demands (word test
> picture test). These contrasts used an unbiased whole-brain
approach and a threshold that maximized our ability to detect
age-related differences in activity (P < 0.005, uncorrected, 10
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contiguous voxel extent; cf. Lieberman and Cunningham 2009).
These contrasts were accompanied by a conjunction analysis to
control for retrieval success effects. Second, independent from
the results of these statistical contrasts, we conducted an
anatomically defined ROI analysis on the middle frontal gyrus
(MFG), given that this area has consistently been associated with
retrieval monitoring in this task as well as others (Gallo et al.
20006, 2010; for earlier review, see Rugg 2004). For this ROI
analysis, we estimated activity associated with correct rejections
of studied lures relative to nonstudied lures on each of the 2
tests. In addition to the expected difference in retrieval
monitoring demands across the tests (word test > picture test),
rejecting studied lures should have been more demanding than
rejecting nonstudied lures within each test because the studied
lures were more likely to elicit noncriterial recollection and
familiarity. These analyses therefore allowed us to assess
potential retrieval monitoring effects when criterial recollection
performance differed between age groups (word test) and when
it was matched (picture test). Last, to further explore the activity
in the right DLPFC region that was associated with retrieval
monitoring in our younger adult contrasts, we correlated
criterial recollection performance with BOLD activity across
the individuals in each age group.

Cross-test Monitoring Effects

We first aimed to isolate regions associated with demanding
retrieval monitoring by contrasting correct responses to studied
items on the word test to these same items on the picture test
(collapsing across word and picture study status), yielding an
average of 46 observations per test for each subject (range = 32-
61 observations on the word test and 31-64 observations on the
picture test in younger adults; range = 27-52 observations on the
word test and 32-61 observations on the picture test in older
adults). This contrast holds item type constant across the tests
while varying the retrieval monitoring demands (word test >
picture test). As can be seen in Table 2 and Figure 2, this contrast
yielded voxels with significantly more activity on the word test
than on the picture test across many brain regions in younger
adults. These regions collectively resembled the “executive
network” or “frontoparietal control system” found in resting-
state connectivity thought to underlie cognitively controlled
processing (e.g., Seeley et al. 2007; Dosenbach et al. 2008).
Critically, we found significant activity in DLPFC, including
bilateral MFG near Brodmann area (BA) 8 and a more anterior
area in left MFG (BA 9/40). These results replicate prior work in
younger adults showing activity in these same DLPFC regions
during demanding retrieval monitoring (Gallo et al. 2006, 2010).
We also found activity in other regions consistent with previous

studies of episodic memory retrieval and cognitive control (e.g.,
Henson et al. 1999; Cansino et al. 2002; Dobbins et al. 2002;
Donaldson et al. 2010) including bilateral ventrolateral PFC, left
anterior PFC (BA 10), bilateral dorsomedial PFC (BA 6/8),
bilateral anterior cingulate cortex (BA 32), lateral parietal, and
medial parietal regions. The reverse contrast (picture test >
word test) did not reveal activity near any of these regions in
younger adults, consistent with the idea that activity in these
regions was greater on the test that required more demanding
retrieval monitoring processes.

In stark contrast to the findings in younger adults, the same
contrast in older adults revealed no voxels that were more
active on the word test relative to the picture test (Table 3),
even though the older adults (like younger adults) were less
accurate on the word test than on the picture test. These age-
related differences between activity on the word test and
picture test suggest that aging might alter DLPFC activity
associated with more demanding retrieval monitoring. On the
reverse contrast (picture test > word test), we found voxels
with significant activity in DLPFC including right MFG (BA 8),
a more anterior region of right MFG (near BA 9/10), right
superior frontal gyrus (BA 6), and left superior frontal gyrus (BA
9) and a few other prefrontal regions. Additionally, several
clusters in posterior regions showed significant activity

Table 2
Peak coordinates of activity for comparisons of studied items between the recollection tests in
younger adults

MNI coordinates Cluster size T score Region BA
X, v.2) (voxels)
Word test > picture test
—26, 62, 14 313 427 L superior frontal gyrus 10
—26, 56, 36 148 434 L superior frontal gyrus 9
—46, 38, 28 30 3.28 L MFG 9/46
—2, 34, 44 168 413 L medial frontal gyrus 8
-2, 30, =10 102 455 L anterior cingulate 32
26, 26, 40 253 3.99 R MFG 8
—44, 18, 48 95 4.42 L MFG 8
36, 18, —12 121 4.62 R inferior frontal gyrus 47
—38, 16, —10 728 4.82 L inferior frontal gyrus 47
—12, 12, 66 53 3.97 L superior frontal gyrus 6
46, 12, 46 223 4.45 R MFG 8
—50, 10, 8 32 3.33 L precentral gyrus 44
6, —40, 22 129 4.23 R posterior cingulate 23
60, —50, 8 21 3 R middle temporal gyrus 21
48, —52, 44 22 3.35 R inferior parietal lobule 40
—44, —56, 34 79 3.84 L inferior parietal lobule 40
6, —72, 40 283 419 R precuneus 7
48, —80, —6 14 3.02 R inferior occipital gyrus 18
Picture test > word test
—28, —10, —28 16 3.27 L parahippocampal gyrus

Note: Coordinates are the peak activation within a cluster, arranged anterior to posterior and
laterally (R = right, L = left). BA = approximate Brodmann's areas.

Younger Adults
Word Test > Picture Test

Figure 2. Axial slices illustrating activity observed on the word test > picture test contrast in younger adults. Younger adults recruited several PFC regions as a function of the
retrieval monitoring demands (word test > picture test), but older adults did not reveal any significant activity in this contrast. Arrows highlight DLPFC activity.
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Table 3
Peak coordinates of activity for comparisons of studied items between the recollection tests in
older adults

MNI coordinates Cluster size T score Region BA
X, v.2) (voxels)
Word test > picture test
No significant voxels
Picture test > word test
—20, 36, 34 30 3.20 L superior frontal gyrus 9
18, 36, 30 52 3.48 R medial frontal gyrus 9
32,34, 18 17 3.21 R MFG 9/10
10, 24, 56 21 3.36 R superior frontal gyrus 6
30, 10, 42 20 3.14 R MFG 8
12, -8, 72 32 3.41 R superior frontal gyrus 6
28, —16, 72 156 4.68 R precentral gyrus 6
38, —18, 60 61 3.36 R precentral gyrus 4
—26, —20, 74 22 3.25 L precentral gyrus 6
—44, —76, 64 645 4.81 L postcentral gyrus 3
40, —32, 64 43 3.31 R postcentral gyrus 3
—24, —56, 64 20 3.43 L superior parietal lobule 7
14, —70, 26 29 3.07 R precuneus 31

Note: Coordinates are the peak activation within a cluster, arranged anterior to posterior and
laterally (R = right, L = left). BA = approximate Brodmann's areas.

including left superior parietal lobule and right precuneus. Although
this activity on the reverse contrast may reflect more effortful
retrieval monitoring on the picture test relative to the word test in
older adults, these contrasts also might have been sensitive to the
relatively larger differences in retrieval success across the 2
recollection tests in older adults. Consistent with this retrieval
success interpretation, follow-up analyses of the picture test showed
that studied targets (pictures) relative to studied lures (words) were
more likely than nonstudied lures to activate prefrontal regions,
including right MFG. Because our main goal was to identify activity
associated with retrieval monitoring processes, independent of
retrieval success effects, we next turn to analyses that more directly
targeted retrieval monitoring processes.

We conducted a conjunction analysis to isolate activity
associated with retrieval monitoring while controlling for
retrieval success. For this analysis, we focused on the correct
rejections of studied lures on the word test because as discussed
these items in particular should have required effortful retrieval
monitoring processes to reject. In the conjunction, we identified
regions that overlapped between 2 different contrasts. The first
contrast compared the rejection of studied lures on the word
test with the picture test. This contrast is associated with more
demanding retrieval monitoring across the 2 tests (word test >
picture test) but also potentially varies retrieval success (i.e., the
lures on the word test had been studied with pictures). To
control for the possibility that rejecting studied lures on the
word test involved picture recollections, the second contrast
identified voxels that were more active when rejecting studied
lures on the word test compared with correctly accepting
targets on the picture test (i.e., items that were clearly associated
with picture recollections). Although the contrasts in these
analyses were not independent, controlling for retrieval success
in this way is theoretically important because DLPFC activity is
often attributed to both retrieval monitoring and retrieval
success. Because a conjunction analysis is more conservative
than a simple contrast, we used a more liberal threshold for each
contrast that contributed to the conjunction analysis to avoid
Type Il error (P < 0.01, uncorrected, 5 contiguous voxel extent).

As seen in Table 4, this conjunction analysis in younger
adults revealed overlapping voxels in DLPFC regions including
right MFG (BA 8) and left superior frontal gyrus (BA 9). Other

Table 4
Center of mass coordinates of activity for monitoring conjunction in younger and older adults
MNI coordinates Cluster size Region BA
X, v, 2) (voxels)
Monitoring conjunction for word test > picture test in younger adults
—29, 60, 12 137 L middle/superior frontal gyrus 10
—12, 51, 25 60 L superior frontal gyrus 9
— 6, 36, 39 150 L medial frontal gyrus 6
-39, 23, -8 289 L inferior frontal gyrus 47
35, 21, -9 85 R inferior frontal gyrus 47
47,10, 45 14 R MFG 8
58, —20, —9 64 R middle temporal gyrus 21
59, —43, 2 145 R middle temporal gyrus 22
—46, —57, 28 104 L angular gyrus 39
—1, —66, 38 594 L precuneus 7

Monitoring conjunction for word test > picture test in older adults
No significant overlapping voxels

Note: Coordinates are the center of mass within a cluster, arranged anterior to posterior and
laterally (R = right, L = left). CR = correct rejections. BA = approximate Brodmann’s areas.

prefrontal regions included bilateral ventrolateral PFC (BA 47),
left anterior PFC spanning middle and superior frontal gyrus
(BA 10), and bilateral dorsomedial PFC (BA 6/8/9). Overlapping
voxels in posterior regions included left angular gyrus (BA 39),
left precuneus (BA 31), and right middle temporal gyrus (BA
21/22). No overlapping voxels were found in older adults,
consistent with the lack of significant activity in the cross-test
comparison above (word test > picture test).

To summarize these contrasts, younger adults selectively
recruited several PFC regions (including right posterior DLPFC)
as a function of retrieval monitoring demands (word test >
picture test), replicating prior work. In contrast, older adults did
not differentially activate these PFC regions as a function of test,
despite the fact that the word test should have been even more
demanding than the picture test in older adults relative to
younger adults. These findings clearly demonstrate that PFC
activity was more sensitive to retrieval monitoring demands in
younger adults than in older adults, consistent with the
dysfunction hypothesis. In contrast, none of these regions
showed greater test differences (word test > picture test) in
older adults relative to younger adults, providing no support for
the predictions of the compensation hypothesis.

Anatomical ROI Analyses

As an additional way to investigate PFC activity associated with
retrieval monitoring, we created anatomically defined ROIs in
the right MFG, which is inclusive of DLPFC. For this analysis, we
split the right MFG from the AAL library (Tzourio-Mazoyer et al.
2002) into anterior and posterior regions and then extracted
percent signal change for the different kinds of items on each
test for younger and older adults. Given the results of our
contrasts in the previous section, we expected that activity in
the posterior MFG (which includes the DLPFC region) would
show similar word test > picture test effects in younger adults
but not in older adults. However, these ROI analyses further
allowed us to characterize the magnitude of the BOLD signal
across the different test and item conditions, which is more
informative than simple contrasts alone and allows for
additional comparisons.

To analyze these ROIs for test effects (word test > picture
test), the BOLD signal for correct responses to studied items on
each test was averaged and entered into a 2 (age: younger,
older) x 2 (test: word, picture) ANOVA (see Fig. 3). For
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posterior MFG, there was a main effect of age, F, 4, = 17.52,
MSE = 0.010, P < 0.001, indicating that overall activity was
greater in older than younger adults, and this effect was
qualified by an age x test interaction, F; 4; = 7.48, MSE = 0.004,
P=0.009, indicating that while activity was greater on the word
test than the picture test in younger adults, 7 ;o = 2.68, SEM =
0.014, P = 0.015, activity between the 2 tests did not differ in
older adults, 5, = 1.59, SEM = 0.021, P= 0.13. For anterior MFG,
the ANOVA revealed only a marginal main effect of age, F, 4 =
3.30, MSE = 0.009, P = 0.08, as older adults had greater activity
than younger adults, but no effect of test or significant
interaction (all 2 > 0.24), suggesting that this region was less
critical for retrieval monitoring than posterior MFG. Overall,
these analyses illustrated the expected test effect in posterior
MFG in younger adults but not in anterior MFG, and they also
show that the lack of this effect in older adults was associated
with overall high levels of activity on each of the tests.

We also analyzed these ROIs for potential retrieval monitor-
ing effects within each test, comparing the BOLD signal for
correct rejections to studied lures to correct rejections to
nonstudied lures (Fig. 4). Unlike our conjunction analysis, these
particular ROI comparisons could be affected by differences in
retrieval success (studied lures > nonstudied lures) as well as
associated differences in retrieval monitoring. Nevertheless, to
the extent that these MFG regions are sensitive to retrieval
monitoring demands, they should have been more active when
rejecting studied lures relative to nonstudied lures because
subjects had to monitor the additional familiarity of studied
lures. We first describe activity on the word test, where
accuracy was greater in younger than older adults and then
describe activity on the picture test, where accuracy was more
closely matched between the age groups.

For the word test, a 2 (age: younger and older) x 2 (lure:
studied and nonstudied) ANOVA in posterior MFG revealed
a main effect of lure, F 4 = 598, MSE = 0.007, P = 0.033,
indicating that activity was greater for correct rejections to
studied lures compared with nonstudied lures, a main effect of
age, Fi 4 = 9.21, MSE = 0.014, P = 0.004, indicating that activity
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Figure 3. Percent signal change in right MFG observed during correct responses to
studied items on the word test (dark bars) and picture test (light bars). Posterior MFG
showed an age X test interaction, as monitoring demands modulated activity in the
expected direction (word test > picture test) only in younger adults. In anterior MFG,
only a marginal effect of age was found. Standard error of the mean is represented in
the error bars. Asterisks indicate t-test significance (P < 0.05).
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was greater for older than younger adults, and a critical age x
lure interaction, F 4, = 4.85, MSE = 0.007, P = 0.033, indicating
that activity was only greater for correct rejections to studied
compared with nonstudied lures in younger adults (4,9 = 2.77,
SEM = 0.031, P=0.012 and &, < 1, P= 0.84, for younger and older
adults, respectively). Consistent with our cross-test analysis, this
analyses revealed that activity in posterior MFG tracked the
expected retrieval monitoring demands of the test items (studied
lures > nonstudied lures) only in younger adults and that older
adults instead showed high levels of activity for each item type.
For anterior MFG, a 2 (age: younger, older) x 2 (lure: studied,
nonstudied) ANOVA on the word test revealed a main effect of
lure, F; 4; = 4.80, MSE = 0.011, P = 0.034, indicating that activity
was greater for correct rejections to studied lures compared with
nonstudied lures, but no main effect of age or interaction (all
> 0.29). However, follow-up ttests indicated that the effect of
lure was weak in each age group (%9 = 1.35, SEM = 0.038, P=0.19
and %, = 1.83, SEM = 1.83, P=0.081, for younger and older adults,
respectively), again suggesting that this region was not as critical
for retrieval monitoring as posterior MFG.

For the picture test, a 2 (age: younger, older) x 2 (lure:
studied, nonstudied) ANOVA in posterior MFG revealed a main
effect of lure, F, 4, = 9.89, MSE = 0.004, P = 0.003, indicating
that activity was greater for correct rejections to studied lures
compared with nonstudied lures, a main effect of age, F, 4, =
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Figure 4. Percent signal change from MFG observed during correct rejections to
studied lures (dark bars) and nonstudied lures (light bars) on each test. In posterior
MFG, analyses on the word test revealed an age X lure interaction, indicating that
lure difficulty modulated activity (studied lure > nonstudied lure) only in younger
adults. The picture test showed a similar pattern, but the interaction was not
significant. By contrast, anterior MFG showed lure effects but no age interactions.
Standard error of the mean is represented in the error bars. Asterisks indicate t-test
significance (P < 0.05).



12.23, MSE = 0.017, P = 0.001, indicating that activity was
greater for older than younger adults, but no age x lure
interaction, F; 4; <1, P=0.74. Although the interaction was not
significant, follow-up #tests indicated that the effect of lure was
significant in younger adults but only marginally significant in
older adults (#9 = 2.67, SEM = 0.019, P = 0.015 and %, = 1.90,
SEM = 0.021, P = 0.071, for younger and older adults,
respectively). For anterior MFG, a 2 (age: younger, older) x 2
(lure: studied, nonstudied) ANOVA on the picture test revealed
a marginal main effect of lure, F, 4, = 3.75, MSE = 0.006, P =
0.060, indicating that activity was greater for correct rejections
to studied lures compared with nonstudied lures, but no main
effect of age or interaction (all 2 > 0.30). Follow-up Ftests
again indicated that the effect of lure was relatively weak in
each age group in anterior MFG (49 = 1.92, SEM = 0.020, P =
0.07 and %, = 1.07, SEM = 0.027, P = 0.30, for younger and
older adults, respectively), again suggesting that this region was
less critical for retrieval monitoring.

To summarize these ROI analyses, younger adults but not older
adults exhibited the expected word test > picture test pattern in
posterior MFG. The same pattern was not found in anterior MFG.
Younger adults also exhibited the predicted studied lure >
nonstudied lure pattern in posterior MFG, on both the word and
the picture tests, but older adults did not show this effect as
reliably. Older adults instead showed elevated levels of activity
relative to younger adults in all conditions, demonstrating relative
insensitivity of the MFG to retrieval monitoring demands. These
ROI analyses are consistent with the results of the whole-brain
contrasts and further implicate age-related differences in DLPFC
activity as a function of retrieval monitoring demands (We also
reran the posterior MFG analyses after statistically equating
performance on the word test across the 2 age groups, by taking
out an equal number of subjects from each group [remaining N =
31]. Even with this reduced data set, the critical findings were
maintained. Specifically, the test x age interaction persisted,
F, 30 = 4.19, MSE = 0.004, P= .05, such that activity was greater for
the word test than the picture test for studied items in younger
adults, #;4 = 2.20, SEM = 0.018, P = 0.045, but not in older adults,
s < 1, P > 0.33. With respect to the within-test effects, there
again was an age x lure interaction on the word test, F; 3, = 4.43,
MSE = 0.009, P = 0.044, such that activity was greater for correct
rejections to studied lures than nonstudied lures in young adults,
14 = 2.76, SEM = 0.039, P= 0.015, but not in older adults, ;5 < 1,
P > 0.72. These findings further indicate that the age-related
differences in DLPFC were not an artifact of different levels of
performance on the word test but instead were due to age
differences in the recruitment of DLPFC as a function of retrieval
monitoring demands).

Individual Differences Correlations

To further characterize the relationship between brain activity
and behavior in right DLPFC, we calculated correlations
between DLPFC activity and recollection test activity within
each age group (Fig. 5). For this analysis, we used a 5-mm
sphere ROI based on the peak coordinates of the right DLPFC
region observed in the retrieval monitoring conjunction in
younger adults, under the assumption that this region would be
most likely to show a relationship to accuracy in younger
adults. Specifically, criterial recollection performance (hits to
criterial targets minus false alarms to studied lures) was
correlated with the average BOLD activity associated with

correct responses to these same items (hits to criterial targets
and correct rejections to studied lures) across subjects.

For younger adults, it could be assumed that increases in
retrieval monitoring effort—as potentially measured by BOLD
activity in DLPFC—would lead to improved criterial recollection
performance, especially on the word test when retrieval
monitoring demands were greatest (cf. Cruse and Wilding
2009). Consistent with this assumption, criterial recollection
performance was positively correlated with BOLD activity on
both the word test and the picture test in younger adults,
although this correlation was only significant on the word test
(159 = +0.57, P=0.009 and 75, = +0.31, P= 0.18). These results are
consistent with the idea that DLPFC recruitment can enhance
retrieval monitoring accuracy, especially when the test places
a high demand on retrieval monitoring (i.e., the word test). If
older adults had recruited this region in a similar manner as
younger adults, then a positive correlation also should have been
observed on the word test in older adults. However, unlike
younger adults, older adults showed no relationship between
criterial recollection performance and DLPFC activity on the
word test (7,3 = +0.02, P = 0.94), whereas on the picture test,
older adults showed a “negative” correlation between criterial
recollection performance and DLPEC activity (733 = -042, P =
0.047). These correlations provide further evidence of altered
age-related PFC activity during retrieval monitoring, consistent
with the idea that these age-related differences reflect dysfunc-
tional recruitment of these regions as opposed to compensation
(Given that prior work has implicated homologous contralateral
regions as compensatory, we also calculated the same criterial
recollection performance correlations with activity in left DLPFC
found on the word test > picture test contrast in younger adults
[-46, 16, 48]. Contrary to a compensatory role, this region showed
the same correlation patterns as in right DLPFC but to a lesser
extent [y = 045, P= 0.047 and 7y = 0.34, P = 0.15 in younger
adults on the word and picture test, respectively; 7,3 = 0.11, P =
0.60 and 73 = -0.24, P = 0.26 in older adults on the word and
picture test, respectively]).
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Figure 5. Correlations between BOLD activity in right DLPFC (x-axis), averaged across
correct responses for studied items, and criterial recollection performance (y-axis),
measured as criterial hits minus studied false alarms. Younger adults are shown in the
diamonds (trend in solid lines), and older adults are shown in squares (trend in dotted
lines). A significant positive correlation was found only on the word test in younger adults.
A significant negative correlation was found only on the picture test in older adults.
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General Discussion

We investigated age-related differences in neural activity
associated with retrieval monitoring demands. While both
younger and older adults showed reduced false recognition
when searching memory for pictures relative to words, only
younger adults showed activity in prefrontal regions that was
modulated by the retrieval monitoring demands of the tests
(word test > picture test). Of particular interest was the
activity found in right posterior DLPFC that has been associated
with retrieval monitoring in several prior studies (e.g., Gallo
et al. 2010; see Rugg 2004). The same analyses in older adults
failed to reveal any prefrontal regions with activity that was
modulated by the retrieval monitoring demands of the tests
(word test > picture test). Older adults instead demonstrated
elevated activity in right DLPFC across the conditions, and this
pattern was observed not only when criterial recollection
performance differed between the 2 age groups (the word
test) but also when criterial recollection performance was
matched across the 2 groups (the picture test). We also found
that activity in right posterior DLPFC more consistently tracked
the retrieval monitoring demands of the different test items
(correct rejections to studied lures > nonstudied lures) in
younger adults compared with older adults. Finally, while
DLPFC activity was positively correlated with criterial recol-
lection performance on the more demanding word test in
younger adults, DLPFC activity was not correlated with criterial
recollection performance on this test in older adults.

When considered in light of the hypotheses proposed in the
Introduction, these patterns of activity are more consistent with
an age-related dysfunction of PFC regions during retrieval
monitoring, as opposed to a hypothesis based entirely on
compensation. According to the compensation hypothesis of
PFC activity, older adults should have been more likely than
younger adults to recruit compensatory processes on the word
test, where accuracy was the lowest and hence retrieval
monitoring was most demanding, relative to the picture test.
These patterns of activity were not observed in the PFC, and
unlike younger adults, older adults showed more activity on the
picture test than on the word test in some regions. For the same
reason, a compensation hypothesis would have predicted greater
PFC activity for correct rejections of studied lures than for
nonstudied lures in older adults relative to younger adults
because studied lures should have been harder for older adults to
reject. This pattern was not found. Instead, right PFC activity was
less likely to differentiate between the more demanding items in
older adults than in younger adults. These findings suggest that
older adults recruited DLPFC to the same degree regardless of
the retrieval demands of the different conditions, owing to
neural dysfunction. These results are consistent with the results
of some prior studies of memory retrieval (e.g., Gutchess et al
2007; Morcom et al. 2007; Duarte et al. 2008, 2010; Duverne et al.
2008; Rajah et al. 2010), which also found age-related differences
in DLPFC activity, and they suggest that these prior patterns may
have reflected dysfunction of the retrieval monitoring process.

The finding that older adults did not recruit DLPFC regions
more heavily during demanding retrieval monitoring situations
might represent the neural underpinnings of limited processing
resources in aging (cf. Craik and Byrd 1982; Craik 1983). For
example, according to the CRUNCH model (compensation-
related utilization of neural circuits, see Reuter-Lorenz and
Cappell 2008), age-related processing inefficiencies cause older
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adults to exert more effort than younger adults to achieve similar
levels of performance on easy tasks, but as task difficulty
increases, a resource ceiling is eventually reached and older
adults are unable to benefit further. In the current study, if older
adults expended all of their processing resources in the least
demanding conditions, then they could not expend additional
processing resources in conditions associated with greater
monitoring demands. To the extent that DLPFC activity is
associated with processing resources, this resource ceiling could
explain why older adults failed to recruit DLPFC more heavily in
those conditions that should have been more demanding.
Furthermore, a resource ceiling in older adults may have limited
our ability to find a significant association between BOLD activity
and criterial recollection performance on the word test. Similar
arguments have been made elsewhere when older adults failed
to show modulation of activity across working memory and
episodic memory tasks varying in processing demands (e.g.,
Mattay et al. 2006; Morcom et al. 2007; Reuter-Lorenz and
Cappell 2008; Rajah et al. 2010). It should be noted, though, that
the currents study was not specifically designed to test this
resource ceiling account. Future studies that parametrically
modulate the familiarity of studied lures, which would be more
analogous to the working memory load manipulations used in
studies that have tested the CRUNCH model (Nagel et al. 2009;
Cappell et al. 2010; Schneider-Garces et al. 2010) would provide
a more direct test of this resource ceiling interpretation in the
domain of episodic memory retrieval.

Given the evidence for age-related dysfunction that we
observed in association with retrieval monitoring, how were
older adults able to achieve such a high level of recollection
performance on the picture test? One possibility is that the high
quality of picture recollections mitigated the need for effortful
retrieval monitoring on the picture test in either age group,
consistent with the false recognition literature (Schacter et al.
1999; Gallo et al. 2007). In this case, the increased activity in
DLPFC on the picture test observed in older adults, relative to
younger adults, may have been due to increased noise or
interference owing to neural dysfunction. While speculative, this
interpretation also may explain the negative correlation
between picture test accuracy and DLPFC activity observed
in older adults, to the extent that older adults with the worst
performance also were the most likely to show dysfunctional
recruitment of DLPFC on this test. This interpretation stands
in contrast to a purely compensatory account of DLPFC
activity, which would have predicted a positive correlation
between DLPFC activity and memory accuracy in older adults,
with all other factors being equal (see Reuter-Lorenz et al.
2000).

It is important to note that this dysfunctional interpretation of
the observed DLPFC activity in older adults does not rule out the
possibility that older adults had attempted to engage in
compensatory processes altogether, as both dysfunction and
attempted compensation are likely to be associated with aging.
Indeed, to the extent that compensation during episodic retrieval
is conceptualized as the recruitment of additional retrieval
monitoring effort (e.g., Cabeza et al. 2002), the overall elevated
activity in older adults relative to younger adults that we observed
in some PFC regions might be partly due to this form of
attempted compensation. Nevertheless, while these age-related
increases in overall activity could be attributed to -either
compensation or to dysfunction, the failure of older adults to
show the same task-based modulations of DLPFC activity as did



younger adults more clearly points to dysfunction of these
regions.

In conclusion, we found that the quality of the to-be-
recollected information affected the accuracy of retrieval
monitoring in both age groups but also led to a different pattern
of underlying neural activity. Younger adults recruited prefrontal
regions most heavily when retrieval monitoring demands were
greatest, whereas older adults showed elevated levels of activity
compared with younger adults that did not differ with retrieval
monitoring demands. Moreover, older adults demonstrated
elevated activity when criterial recollection performance was
impaired relative to younger adults (the word test) and also
when criterial recollection performance was closely matched
with younger adults (the picture test). These and other findings
reported here are inconsistent with accounts of age-related
differences in fMRI activity that are based entirely on compen-
sation and instead provide strong evidence for age-related
dysfunction of regions in the PFC during retrieval monitoring.
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