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It has consistently been reported that “negative” subsequent memory
effects—lower study activity for later remembered than later forgot-
ten items—are attenuated in older individuals. The present functional
magnetic resonance imaging study investigated whether these find-
ings extend to subsequent memory effects associated with success-
ful encoding of item–context information. Older (n=25) and young
(n=17) subjects were scanned while making 1 of 2 encoding judg-
ments on a series of pictures. Memory was assessed for the study
item and, for items judged old, the item’s encoding task. Both memory
judgments were made using confidence ratings, permitting item and
source memory strength to be unconfounded and source confidence
to be equated across age groups. Replicating prior findings, negative
item effects in regions of the default mode network in young subjects
were reversed in older subjects. Negative source effects, however,
were invariant with respect to age and, in both age groups, the magni-
tude of the effects correlated with source memory performance. It is
concluded that negative item effects do not reflect processes necess-
ary for the successful encoding of item–context associations in older
subjects. Negative source effects, in contrast, appear to reflect the
engagement of processes that are equally important for successful
episodic encoding in older and younger individuals.
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Introduction

Episodic memory—memory for unique events—declines mark-
edly and, compared with other kinds of memory, disproportio-
nately with increasing age (Nilsson 2003). A considerable body
of work, much of it involving functional neuroimaging, has
focused on elucidating the cognitive and neural bases of episodic
memory decline. Many of these studies have focused on whether
there are age-related differences in the neural correlates of episo-
dic memory encoding, employing the functional magnetic reson-
ance imaging (fMRI) “subsequent memory procedure” (Paller
and Wagner 2002) in an effort to identify such differences. In
this procedure, encoding-related activity associated with study
trials that are later remembered is contrasted with the activity eli-
cited on trials that are later forgotten (identifying ‘subsequent
memory effects’). Two classes of subsequent memory effect can
be identified (see Kim 2011 for review). One class—the most
heavily investigated in both studies confined to young subjects
and in aging studies—takes the form of enhanced study activity
for later remembered relative to later forgotten trials. The other
class, known as negative subsequent memory effects, takes the
reverse form—namely, a relative diminution of study activity for
trials that go on to be remembered. It is this second class of
effects that is the focus of the present paper.

As documented in the meta-analysis of Kim (2011; see also
Otten and Rugg 2001; Wagner and Davachi 2001; Clark and

Wagner 2003; Daselaar et al. 2004; Reynolds et al. 2004; Park
and Rugg 2008 for examples), negative subsequent memory
effects in young individuals have consistently been reported in a
characteristic set of brain regions, including medial parietal and
posterior cingulate cortex, medial prefrontal cortex (PFC), and
lateral parietal cortex. As noted by several authors (e.g. Daselaar
et al. 2004; Turk-Browne et al. 2006; Park and Rugg 2008;
Shrager et al. 2008; Kim 2011), these regions form part of the
“default mode network,” a set of brain regions that collectively
exhibit task-related deactivation (greater activity during “rest”
than during task engagement) and whose resting-state activity is
intercorrelated (e.g. Raichle et al. 2001; Buckner et al. 2008).
This network is of relevance to cognitive aging, because
task-induced deactivations in default mode regions are signifi-
cantly reduced in healthy older subjects compared with young
subjects (e.g. Lustig et al. 2003; Grady et al. 2006; Persson et al.
2007; Sambataro et al. 2010) and are further reduced in patients
with mild cognitive impairment (Rombouts et al. 2005) and Alz-
heimer’s disease (Lustig et al. 2003; Greicius et al. 2004). Default
mode network regions are believed to support “internally-
directed” processes that must be disengaged in order to permit
optimal allocation of processing resources to an external event
(such as a study item). Although the functional significance of
negative subsequent memory effects remains to be fully eluci-
dated, negative effects in putative default regions are thought to
reflect the benefit to encoding that results from redirecting pro-
cessing resources from internally directed cognition to an exter-
nal event (Daselaar et al. 2004; Huijbers et al. 2013).

Importantly, age-related differences in default mode activity
are accompanied by analogous differences in negative sub-
sequent memory effects. Several studies have reported that the
effects are attenuated, or even reversed, in older subjects during
the encoding of single items (Morcom et al. 2003, Gutchess et al.
2005; Duverne et al. 2009; Mormino et al. 2012) or item–item
associations (Miller et al. 2008; de Chastelaine et al. 2011). In 4
of these studies (Miller et al. 2008; Duverne et al. 2009; de Chas-
telaine et al. 2011; Mormino et al. 2012), the magnitude of nega-
tive effects in older individuals was positively correlated with
their memory performance, suggesting that the effects reflect the
engagement of processes beneficial to memory encoding.

The primary motivation for the current study derives from
prior reports of age-related attenuation in negative subsequent
memory effects for the encoding of inter-item associations (face-
name pairs in Miller et al. 2008; word pairs in de Chastelaine
et al. 2011). Unlike recognition memory for single items, which
can be supported both by retrieval of episodic information and
a separate, acontextual sense of familiarity (Yonelinas 2002),
memory for item–item associations is held to depend heavily on
episodic retrieval (“recollection”). Thus, the findings from these
studies suggest that the failure to appropriately modulate
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default mode activity during encoding plays an important role
in age-related episodic memory impairment.

The present study builds on these prior findings by addres-
sing the question of whether the age-related attenuation of
negative subsequent memory effects reported for the encoding
of item–item associations extends to the encoding of item–

context associations (source memory). Like inter-item associ-
ations, memory for item–context associations is also held to
depend heavily on the recollection of episodic information,
with little contribution from familiarity (Mickes et al. 2010).
Moreover, again like memory for inter-item associations (e.g.
Naveh-Benjamin 2000), source memory is markedly affected
by age (e.g. Spencer and Raz 1995; Glisky et al. 2001; but see
Siedlecki et al. 2005). Thus, if the failure to disengage default
mode activity plays a role in age-related episodic memory
decline, as was proposed above, older subjects should demon-
strate the same pattern of attenuated negative subsequent
memory effects for the encoding of item–context associations
as they do for the encoding of item–item associations.

Importantly, the present study incorporated a methodologi-
cal refinement motivated by the fact that the distinction
between successful and unsuccessful source memory tends to
be confounded with the strength of item memory (accuracy and
confidence of item recognition are higher for items that go on
to elicit accurate rather than inaccurate source judgments;
Squire et al. 2007; Kirwan et al. 2008; Wais et al. 2010). To
control for the confounding effects of memory strength, sub-
jects made confidence judgments for both item and source judg-
ments. Items receiving a “confident old” judgment were
segregated according towhether they went on to be given an ac-
curate, highly confident source judgment (“source hit”) or an
inaccurate/uncertain context judgment (“source miss”). Studied
items that were recognized with low confidence or misclassified
as new were assigned to a separate category. Thus, the contrast
between source miss and source hit trials permitted identifi-
cation of the neural correlates of strong item–context associ-
ations unconfounded by differences in item memory strength.
Correspondingly, the contrast between “item miss” and source
miss trials permitted the identification of the neural correlates of
the encoding of memories, supporting high confidence item
judgments in the absence of associated source information.

Materials and Methods

Subjects
Seventeen healthy young adults (11 females) aged between 18 and 27
years (mean age: 20 years), and 25 healthy older adults (16 females)
aged between 63 and 74 years (mean age: 67 years), participated in the
experiment. Young adults were recruited from the undergraduate and
graduate student population of the University of California Irvine
(UCI), and older adults were recruited from the Orange County com-
munity. All subjects were screened for histories of neurological, cardio-
vascular, or psychiatric illness, and contraindications for MR imaging.
While none of the subjects were taking central nervous system-active
medication, 2 older subjects were taking antihypertensive medication.
All subjects had normal or corrected-to-normal vision, were right-
handed, and were fluent English speakers. Subjects gave informed
consent prior to participating and were remunerated for their partici-
pation in accordance with the human subjects procedures approved by
the Institutional Review Board at UCI.

Potential subjects were excluded if they scored 1.5 standard devi-
ations (SD) below their age-appropriate norm on the California Verbal
Learning Test-II (CVLT), below 100 on the Full Scale Intelligence Quoti-
ent (FSIQ; estimated from the Wechsler Test of Adult Reading, WTAR),

or more than 1.5 SD below the age-appropriate norm on any 2 of the
other neuropsychological tests described below. Data collected from 1
younger adult and 2 additional older adults were excluded from all ana-
lyses because of excessive head movement (>3 degrees of rotation)
during scanning. Data from one other older adult were excluded
because of abnormal signal in subinsular regions in the structural scans.

Neuropsychological Testing
In a separate session prior to the fMRI procedure, a battery of standar-
dized neuropsychological tests was administered to all subjects. The
battery assessed a range of cognitive functions known to either decline
or to be maintained with age. The mini-mental state examination was
utilized as a dementia screening measure, where a cut-off score of 26
out of 30 was adopted. Long-term memory was assessed with the
CVLT-II and the Wechsler Memory Scale-IV Logical Memory II. Short-
term memory was assessed with the Digit Span Forward and Backward
test of the Wechsler Adult Intelligence Scale-Revised (WAIS-R). General
cognitive functions were further assessed with the Digit/Symbol
Coding test of the WAIS-R, the Trail Making Test A and B, and letter
fluency and category fluency tests.

An estimate of full scale IQ was obtained from the WTAR. The Geria-
tric Depression Scale was also administered to older subjects.

Stimulus Materials
Three hundred and thirty-two stimulus pictures were used in the
experiment. The colored pictures depicting everyday objects were
drawn from Hemera Photo Objects 50 000 Volume III. Of the 332 pic-
tures, 12 served as buffers (2 at the beginning and end of each study
list and test list) and 50 additional pictures were used as practice items
before the study and test phases. Of the remaining 270 pictures, 180
were assigned to the “study” condition, while 90 were assigned as
“new” items.

Two study lists were created from the 180 study pictures for each
subject. Each picture list contained a pseudorandomized ordering of 90
pictures (45 “size” and 45 “where” judgments) and 30 null trials, with
no more than 3 consecutive presentations of items belonging to the
same encoding task. Test items comprised the 180 pictures from the
study trials and 90 new pictures and were pseudorandomized, such
that there were no more than 3 consecutive presentations of items be-
longing to the same experimental condition. All experimental stimulus
display was implemented using the Cogent software package (http://
www.vislab.ucl.ac.uk/cogent.php).

Experimental Tasks and Procedures
The experimental procedure consisted of a study task which took
place during scanning, followed by a recognition memory test on a
computer outside the scanner 20–25 min after the end of the scanning
session. Prior to the scanning session, each subject was administered a
2-min practice study (24 pictures and 7 “null” events). Both a 7-min
structural scan and 12-min diffusion tensor imaging (DTI) scan were
conducted prior to the study phase. Immediately prior to the study
phase, a second 1-min practice session was administered inside the
scanner.

Study Phase
Two blocks of pictures (stimuli described above) were administered,
separated by a 1-min break. The requirement was to make a size or
location judgment depending on a 1-letter study cue preceding the
stimulus picture: “S?” for a size judgment (bigger or smaller than a
shoebox) and “W?” for a where judgment (indoors or outdoors). In-
structions emphasized the need to respond quickly, but without sacrifi-
cing accuracy. Subjects were told their memories for the pictures
would be tested later, but they were not informed of the source
memory test (“size” vs. “where”).

During each study trial, the study cue was displayed for 500 ms
(Helvetica, 30 point font), followed immediately by a study picture
which was presented for 1500 ms. The study picture was replaced with
a white fixation cross in the same font and size as the study cue for
1650 ms, which was switched to a red fixation cross for 500 ms
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signaling the end of the trial. The stimulus onset asynchrony of study
trials was distributed stochastically with a minimum duration of 4150
ms modulated by the additional 60 null trials (Josephs and Henson
1999).

Study items were back-projected onto a screen and viewed via a
mirror mounted on the scanner head coil. Pictures were presented in
central vision and subtended a maximum visual angle of 9.5° × 9.5° in
horizontal and vertical directions. Study task responses were made
with the right index and middle fingers via a hand-held button. The as-
signment of each finger to the smaller/indoors or larger/outdoors
response was counterbalanced across subjects.

Test Phase
After completion of the study session, subjects were removed from the
scanner. They were then informed of the source memory test and
given instructions and a short (34 item) practice test. The test require-
ment was to judge whether the item had been presented at study and,
if so, to indicate which encoding task had been associated with the
picture at study.

The test pictures were presented in central vision, and subtended
5.7° × 5.7° visual angles at the 1-m viewing distance. Instructions were
to make an old/new judgment on a 5-point confident scale, the options
for which appeared below the picture in white letters: “Conf-Old,”
“Unconf-Old,” “Do-not-know,” “Unconf-New,” “Conf-New.” If one of the
categories “Do-not-know”/“Unconf-New”/“Conf-New” was selected, the
test advanced to the next item. If a “Conf-Old” or “Unconf-Old” response
was made, an encoding context judgment was required: “Conf-S,”
“Unconf-S,” “Do-not-know,” “Unconf-W,” or “Conf-W.”

The hands employed for old and don’t know/new responses were
counterbalanced across subjects, with the middle/index finger of one
hand assigned to “Conf-Old”/“Unconf-Old,” respectively, and the index/
middle/ring finger of the other hand assigned to “Do-not-know”/
“Unconf-New”/“Conf-New,” respectively. Size/where responses were
also counterbalanced with “Conf-S”/“Unconf-S” and “Do-not-know”/
“Unconf-W”/“Conf-W” judgments assigned to separate hands. The test
was self-paced, presented as a single block, and lasted approximately
25 min.

MRI Data Acquisition
A Philips Achieva 3-T MR scanner (Philips Medical Systems) equipped
with a transmit/receive radio frequency head coil was used to acquire
anatomical and functional images. Functional scans were acquired
with a T2*-weighted, echo-planar image (EPI) sequence using the fol-
lowing parameters: time repetition (TR) 2 s, time echo (TE) 30 ms, flip
angle 70°, field of view (FOV) 240 × 240, matrix size 80 × 79. Each EPI
volume was acquired in ascending order and consisted of 30 slices (3
mm thick with a 1-mm interslice gap), oriented parallel to the line con-
necting anterior and posterior commissures, and positioned for full
coverage of the cerebrum and most of the cerebellum. Functional data
were acquired during each of the 2 study blocks (266 volumes per
block) and concatenated across sessions prior to model estimation.
The first 3 volumes were discarded to allow tissue magnetization to
achieve a steady state.

T1-weighted anatomical images were acquired using a 3-dimensional
magnetization-prepared rapid gradient-echo pulse sequence with the
following parameters: FOV = 240 × 240, matrix size 220 × 193, voxel
size 1 × 1 × 1 mm, 150 slices, sagittal acquisition. Although not reported
here, diffusion tensor images were also acquired for each subject.

MRI Data Analysis
Data were preprocessed and analyzed with Statistical Parametric
Mapping (SPM8, Wellcome Department of Cognitive Neurology,
London, UK; Friston et al. 1995) implemented under Matlab2008b
(Mathworks, Inc., USA). Volumes were motion and slice-time cor-
rected, realigned and then spatially normalized using a sample-specific
template. The sample-specific template was created by first normaliz-
ing (Ashburner and Friston 1999) the initial volume of each subject’s
functional time series with reference to a standard EPI template based
on the MNI reference brain (Cocosco et al. 1997). Normalized volumes

were separately averaged within each age group, and the resulting 2
mean images were then averaged to generate a sample-specific tem-
plate that was equally weighted with respect to each age group. Nor-
malized volumes were resampled into 3-mm isotropic voxels, and
smoothed with an isotropic 10-mm full-width half-maximum Gaussian
kernel to accommodate residual anatomical variation between subjects.
T1-weighted anatomical images were normalized with a procedure ana-
logous to the functional images and resampled into 2-mm isotropic
voxels.

Stimulus-elicited neural activity was modeled for each subject by
convolving a delta function with 2 hemodynamic response functions
(HRFs). The 2 functions consisted of a canonical (“early”) HRF as
implemented in SPM (Friston et al. 1998) and delayed (“late”) HRF that
was generated by temporally shifting the canonical HRF by one TR (2
s), and was included to capture possible delayed responses. The late
function was orthogonalized with respect to the early function using
the Gram-Schmidt procedure so as to give priority to the canonical
function (Andrade et al. 1999). The findings for the late function did
not add substantially to those obtained with the early function and are
not reported here.

The design matrix of the general linear model included 5 early and 5
late covariates that modeled events defined by subjects’ responses
during the test phase. Three events of interest were identified for the
fMRI analyses: (1) Studied items correctly and confidently endorsed as
old that were associated with a confident correct context response
(source hit); (2) items correctly and confidently endorsed as old fol-
lowed by an incorrect or “don’t know” context response (source miss);
and (3) items that were either unrecognized or judged old with low con-
fidence (item miss). A fourth category consisted of items correctly and
confidently judged old followed by a correct source judgment of low
confidence. These trials were modeled separately and not included in
the fMRI analysis. The fifth category of trials comprised events of no in-
terest, namely buffer trials and trials associated with omitted or multiple
study responses. Six regressors modeling concatenated movement-
related variance (3 rigid-body translations and 3 rotations determined
from the realignment stage) and session-specific constant terms model-
ing the mean over scans in each session were also entered into the
design matrix.

The functional time series for each voxel was high-pass filtered to 1/
128 Hz and scaled within session to a grand mean of 100 across voxels
and scans. Nonsphericity of the error covariance was accommodated
by an auto-regressive (1) model, in which the temporal autocorrelation
was estimated by pooling over suprathreshold voxels (Friston et al.
2002). The parameters for each covariate and the hyperparameters
governing the error covariance were estimated using a Restricted
Maximum Likelihood (ReML) approach. Parameter estimates derived
from each covariate were taken forward to the second level of analysis.

To identify voxels that differentiated the 3 events of interest in an
unbiased manner, the respective parameter estimates were subjected
to a 2 × 3 mixed-design analysis of variance (ANOVA) with factors of
age group (young and older subjects) and response category (source
hit, source miss, and item miss) using the statistical methods
implemented in SPM8. Pair-wise contrasts (t-maps) derived from the
ANOVA model were thresholded at P < 0.001, 1-tailed. Interaction con-
trasts (F-maps) were threshold at P < 0.001, 2-tailed. Control of Type I
error was effected by imposing a cluster-wise threshold of P < 0.05,
corrected for multiple comparisons within a whole-brain mask. The
threshold was set at 24 contiguous voxels on the basis of a Monte Carlo
simulation implemented in the Alphasim routine of the AFNI analysis
package (NIMH, Bethesda, MD, USA; http://afni.nimh.nih.gov/afni).

Results

Neuropsychological Data
Demographic and neuropsychological data for older and
younger subjects are summarized in Table 1. As can be seen
from the table, the groups were well matched on estimated IQ
(WTAR) and performed comparably on tests of digit span and
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letter/category fluency. Older adults demonstrated significantly
lower performance on some tests of long-term memory (CVLT
composite recall and false positive scores), but not others
(Wechsler Memory Scale-IV Logical Memory II), and demon-
strated significantly lower performance on tests requiring
speeded cognition (Trail Making A and B; Digit/Symbol Substi-
tution).

Behavioral Results

Study Phase
Reaction times (RTs) to study items are given in Table 2 segre-
gated according to the subsequent memory condition. To assess
whether RT varied with age group or later memory, ANOVA
with factors of memory condition for the fMRI analysis (source
hit, source miss, and item miss) and age group (young and
older subjects) was performed. There was no main effect of
group (F1,40 < 1), nor was there a significant interaction between
group and subsequent memory condition (F1.9,74.0 < 1). There
was, however, a main effect of subsequent memory condition
(F1.9,74.0 = 13.26, P < 0.001). Follow-up analyses revealed that
the effect reflected significantly shorter study RTs for source hit
than source miss trials (F1,40 = 7.70, P < 0.01) and significantly
longer RTs for source miss relative to item miss trials
(F1,40 = 27.62, P < 0.001). Additionally, RTs for source hit
trials were significantly longer than those for item miss trials

(F1,40 = 5.03, P < 0.05). RTs thus followed the pattern of item
miss < source hit < source miss.

Test Phase
Item Memory. Table 3 summarizes performance on the later
memory test. Mean item hit rates (correct “old” judgments to
old items, collapsed across confidence and source accuracy)
were 0.83 (SD = 0.06) for young and 0.76 (SD = 0.11) for older
subjects. Mean item false alarm rates (incorrect old judgments to
new items, collapsed across confidence and source accuracy)
were 0.03 (SD = 0.03) and 0.04 (SD = 0.05) for young and older
subjects, respectively. Item memory performance (pHit–pFalse
alarms) was significantly lower for the older group compared
with the younger group (t40 = 2.97, P = 0.005), with values of
0.81 (SD = 0.08) and 0.72 (SD = 0.13) for the young and older
subjects, respectively. When subjects made a “confident old”
response to an item, however, there was no difference in the
accuracy of the judgments (as measured by pConfident Hits/
[pConfident Hits + p(Confident False Alarms)]) between young
and older subjects. The accuracy of these high confidence
recognition judgments approached ceiling in both groups, with
values of 0.99 (SD = 0.02) and 0.98 (SD = 0.02) for young and
older subjects, respectively.

Source Memory. Source memory performance is summarized
in Table 4. To allow comparison with prior studies of the effects
of age on source memory performance, which typically did not
include either confidence ratings or a don’t know response
option, an overall measure of source recollection (pSr) was
estimated. The measure was derived from a single high-
threshold model (Snodgrass and Corwin 1988; for example, see
Gottlieb et al. 2010). To correct for the influence of guesses,
source hit rates (collapsed over item and source confidence)
were adjusted according to the formula, p(corrected source
hit) = [p(source hit)− 0.5(1− p(source don’t know)]/[1−0.5
(1− p(source don’t know))]. Replicating prior reports of
age-related decrements in source accuracy, the adjusted source
hit rate was significantly greater for the young group compared
with the older group (t40 = 2.83, P < 0.01), with values of 0.65
(SD = 0.13) and 0.51 (SD = 0.19), respectively.

As described below, to avoid confounding the variable of
source accuracy with strength of item memory, we restricted
analysis of fMRI subsequent source memory effects to those
study items that went on to receive accurate, high confidence
old judgments. In addition, to minimize possible confounds
between age group and source memory confidence, we further
restricted the analyses to those source judgments that were
both correct and made with high confidence. The source accu-
racies (the proportion of items receiving a confident old

Table 1
Demographic and neuropsychological data (mean, SD, and range) for young and older subjects

Young Old

Mean SD Range Mean SD Range

Age 19.7 2.2 18–27 67.1 3.6 62–74
Years of education* 14.2 1.8 13–20 16.6 2.3 12–22
Mini-mental state examination 29.5 1.0 26–30 28.8 1.2 27–30
CVLT composite recall score* 13.6 1.8 10–16 12.0 2.3 8–16
CVLT recognition hits 15.2 0.8 14–16 14.8 1.3 12–16
CVLT recognition false positives* 0.6 1.1 0–4 1.7 1.0 0–7
WMS Logical Memory II composite
score

28.6 6.0 20–39 26.4 5.0 15–36

Forward/Backward Digit Span 18.4 3.8 12–25 17.8 3.5 11–28
Digit/Symbol Substitution Test** 69.1 11.3 54–86 50.6 8.0 35–68
Trail Making Test A** 18.9 3.8 13–26 24.7 5.0 15–37
Trail Making Test B* 46.4 14.5 26–83 65.7 20.2 37–98
Letter Fluency 42.2 10.2 31–69 44.6 11.4 22–64
Category Fluency 24.2 4.1 16–30 21.8 5.3 11–36
WTAR FSIQ 110.4 4.9 101–119 111.2 4.3 101–117

CVLT: California Verbal Learning Test; CVLT composite recall score: averaged scores from CVLT cued
and free recall for both short and long delay;
WMS: Wechsler Memory Scale; FSIQ: Full Scale Intelligence Quotient.
*P< 0.01, **P< 0.001, 2-tailed t-tests.

Table 2
Mean study RTs (ms) segregated by subsequent memory response (±SD)

CC UC DK UI CI

Item
Young 1737 (276) 1717 (304) 1687 (370) 1641 (309) 1736 (310)
Old 1799 (360) 1801 (474) 1779 (407) 1710 (383) 1750 (396)

Source
Young 1734 (273) 1746 (299) 1767 (265) 1771 (351) 1751 (347)
Old 1790 (364) 1818 (408) 1798 (550) 1798 (362) 1848 (419)

Note: Study RTs for source memory restricted to encoding trials later endorsed as confidently old.
Response abbreviations correspond to the following: CC: confident correct; UC: unconfident
correct; UI: unconfident incorrect; CI: confident incorrect.

Table 3
Mean proportions of item memory judgments for old and new trials by response type (±SD)

CO UO DK UN CN

Young
Old 0.76 (0.09) 0.08 (0.05) 0.03 (0.03) 0.07 (0.05) 0.06 (0.06)
New 0.01 (0.02) 0.01 (0.02) 0.04 (0.06) 0.15 (0.18) 0.78 (0.23)

Old
Old 0.68 (0.15) 0.07 (0.07) 0.03 (0.06) 0.08 (0.08) 0.13 (0.10)
New 0.02 (0.02) 0.02 (0.04) 0.03 (0.05) 0.18 (0.24) 0.75 (0.27)

Note: Response abbreviations correspond to the following: CO: confident old; UO: unconfident old;
DK: don’t know; UN: unconfident new; CN: confident new.
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response that also received a correct, confident source judg-
ment) associated with these critical trials were 0.67 (SD = 0.13)
and 0.63 (SD = 0.16) for young and older subjects, respectively;
these means did not significantly differ.

fMRI Results
The subsequent memory analyses described below were based
on contrasts derived from a mixed-effects 2 × 3 ANOVA model
that incorporated factors of age group and subsequent
memory condition (see Materials and Methods section).

We first present an analysis of the data from the young sub-
jects alone, demonstrating that negative subsequent memory
effects for item and source memory are localized to largely
nonoverlapping cortical regions. We then go on to describe the
analyses of the data derived from both age groups. In these
analyses, we sought evidence for both age-invariant negative
subsequent memory effects, and effects that differed according
to age.

Negative Subsequent Memory Effects in the Young Group
In this preliminary set of analyses, we investigated whether
negative subsequent memory effects for source and item

encoding could be dissociated. This was accomplished by
identifying each effect using the appropriate pair-wise contrast
(source hit < source miss, and source miss < item miss, each
thresholded at P < 0.001 1-sided with a cluster extent threshold
of 24 voxels), and exclusively masking it with the alternate
contrast, thresholded at P < 0.05 (note that the more liberal the
threshold of an exclusive mask, the more conservative is the
procedure). As is evident in Figure 1B, and documented in
Table 5, effects selective for the source contrast were localized
to medial and bilateral PFC, bilateral anterior insula/frontal op-
erculum, the putamen, and right temporo-parietal junction. In
contrast, selective item effects were identified in medial parie-
tal cortex, parts of the posterior cingulate, left temporo-parietal
junction, and ventromedial PFC (Fig. 1A and Table 5). Thus,
whereas the source effects were localized primarily to frontal
regions, item effects were evident primarily in posterior
regions of the cortex.

We also addressed the question of whether there were any
regions where negative subsequent memory effects for item
and source memory overlapped. When the contrasts were each
thresholded at P < 0.001, no voxels survived the masking pro-
cedure. When the thresholds were lowered to <0.005

Table 4
Mean proportions of source judgments for confidently and unconfidently recognized study items

Confident source correct Unconfident source correct Don’t know source Unconfident source incorrect Confident source incorrect

Young
Confident Old 0.67 (0.13) 0.17 (0.13) 0.03 (0.04) 0.06 (0.04) 0.07 (0.06)
Unconfident Old 0.20 (0.18) 0.41 (0.27) 0.11 (0.14) 0.20 (0.13) 0.08 (0.14)

Old
Confident Old 0.63 (0.16) 0.14 (0.12) 0.03 (0.04) 0.06 (0.07) 0.15 (0.09)
Unconfident Old 0.15 (0.15) 0.47 (0.22) 0.06 (0.10) 0.26 (0.22) 0.07 (0.13)

Figure 1. Negative subsequent memory effects in young subjects. (Top) Regions demonstrating (A) negative subsequent memory effects for item, but not source, memory (left
supramarginal gyrus, and right superior temporal gyrus not shown) (B) negative subsequent memory effects for source, but not item, memory (right superior temporal gyrus not
shown), and (C) negative subsequent memory effects for both item and source memory (averaged across item and source peaks) in young subjects. Effects are shown on sections
of young subjects’ mean normalized structural image. (Bottom) Average parameter estimates (arbitrary units) for each response category.
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(preserving the 24 voxel extent threshold; note that as the con-
trasts are nonorthogonal, it is not possible to estimate the con-
joint significance level), 2 clusters were identified in the right
medial posterior cortex (Fig. 1C).

Age-Invariant Negative Subsequent Memory Effects
Negative subsequent memory effects for item and source
memory common to the 2 age groups were identified by separ-
ate contrasts for the item (item miss > item only) and source
(source miss > source hit) effects, respectively. Each contrast
was thresholded at P < 0.001 with a cluster extent threshold of
24 contiguous voxels. The contrasts were exclusively masked
by the appropriate group × subsequent memory interaction
effect (P < 0.05, 2-sided) to remove voxels, where effects dif-
fered reliably according to age (cf. Morcom et al. 2003;
Duverne et al. 2009; de Chastelaine et al. 2011). The masked
contrasts identified the age-invariant negative subsequent
memory effects are summarized in Table 6 and briefly de-
scribed below.

Item Memory. An age-invariant item effect was identified in a
small region of the right middle cingulate cortex (Fig. 2A and
Table 6).

Source Memory. Age-invariant negative source memory effects
were identified in several regions, including left middle frontal
gyrus, right middle cingulate cortex, bilateral insula/frontal
operculum, and right supramarginal gyrus (Fig. 2B and
Table 6). As is evident from the figure, the pattern of these

effects across the brain resembles the pattern of selective
negative subsequent memory effects for source memory
illustrated in Figure 1B, with the exception of the inclusion of 2
posterior midline regions (that overlap the regions where item-
and source effects coexisted in the young subjects). The mean
across-region parameter effects for source hit and source miss
study trials (along with the estimates for item miss trials, for
illustrative purposes) are shown in Figure 2B.

Age-Related Differences in Negative Subsequent
Memory Effects
We searched for regions where subsequent memory effects dif-
fered according to age by first computing separate group ×
subsequent memory interaction effects for item and source
memory (thresholded at P < 0.001, 2-sided). These contrasts
identified regions where item or source effects differed with
respect to age. To identify the voxels where reliable interaction
effects were associated with negative subsequent memory
effects in the young subjects, each F-contrast was inclusively
masked with the respective negative subsequent memory con-
trast conducted on the young subjects’ data only (thresholded
at P < 0.05, 1-sided).

Item Memory. Age-sensitive negative subsequent memory
effects for item memory were identified in bilateral precuneus
(overlapping one of the regions that demonstrated age-invariant
negative source effects) and the left middle temporal gyrus
(Fig. 3 and Table 7). To characterize these effects, we subjected
the parameter estimates derived from these 4 regions to

Table 5
Young subjects: negative subsequent memory effects

Coordinates Peak Z Number of above-threshold voxels Region

x y z

Item −63 −25 10 4.00 56 L temporoparietal junction
−63 −43 37 4.41 154 L supramarginal gyrus

9 47 1 3.90 73 R middle orbital gyrus
3 −28 49 4.18 86 R middle/posterior cingulate cortex
45 −40 34 3.72 47 R temporoparietal junction
9 −70 31 5.04 443 R precuneus

Source −33 23 7 4.04 169 L insula
36 29 7 4.72 253 R insula
12 26 37 4.11 138 R anterior cingulate cortex
57 −43 28 4.57 57 R temporoparietal junction

Item and source (item peaks) 6 −22 40 3.87 24 R middle cingulate cortex
12 −64 37 4.12 50 R precuneus

Item and source (source peaks) 3 −25 31 3.19 24 R middle cingulate cortex
9 −58 31 3.55 50 R precuneus

Table 6
Age-invariant negative subsequent memory effects

Coordinates Peak Z (young; old) Number of above-threshold voxels Region

x y z

Item 3 −19 37 3.96 (3.56; 2.01) 33 R middle cingulate cortex
Source −33 44 7 3.47 (2.52; 2.46) 25 L middle frontal gyrus

−36 41 25 3.95 (3.60; 1.94) 71 L middle frontal gyrus
−30 29 7 4.44 (3.81; 2.45) 207 L insula/frontal operculum
33 32 7 5.08 (4.24; 3.05) 480 R insula/frontal operculum
6 14 46 4.75 (3.69; 3.17) 355 R anterior cingulate cortex
12 −22 40 4.20 (3.43; 2.56) 137 R middle/posterior cingulate cortex
63 −43 31 4.26 (3.98; 1.99) 105 R supramarginal gyrus
12 −76 40 4.25 (2.85; 3.33) 504 R precuneus/posterior cingulate cortex
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separate within-group ANOVAs, employing factors of region
and subsequent memory condition (item only vs. item miss). As
would be expected in light of how the regions had been
selected, the ANOVA for the young group revealed a reliable
negative subsequent memory effect (F1,16 = 14.44, P < 0.005)
that did not vary across region (P > 0.1). In contrast, and
consistent with the impression given by Figure 3, the ANOVA of

the data from the older group revealed a significant “positive”
effect (F1,24 = 6.28, P < 0.05) that also did not vary significantly
across region (F < 1).

Source Memory. No voxels were identified where negative
subsequent memory effects for source memory differed
significantly with age at the pre-experimentally determined
threshold.

Association of Negative Subsequent Memory Effects with
Memory Performance
As noted in the Introduction, it has consistently been reported
that the magnitude of negative subsequent memory effects in
older subjects is positively correlated with memory perform-
ance (Miller et al. 2008; Duverne et al. 2009; de Chastelaine
et al. 2011; Mormino et al. 2012). We therefore computed cor-
relations between memory performance and the magnitude of
negative subsequent memory effects in the regions identified
in the foregoing analyses.

Item Memory. Regardless of whether item memory was
estimated across confidence ratings (pHit–pFalse Alarms) or was
restricted to those items given a confident recognition response,
we were unable to identify any relationship, in either age group
or across the combined groups, between performance and the
magnitude of negative subsequent memory effects for items.
This was the case for both the age-invariant effect in the right
middle cingulate cortex (for pHit–pFA, r = 0.217, P = 0.297, and
r = 0.029, P = 0.856 in the older and young subjects,
respectively), and with respect to the mean effects across the 4
regions demonstrating age-dependent effects (for pHit–pFA,
r = 0.372, P = 0.067, and r =−0.181, P = 0.488 for older and
young subjects, respectively).

Source Memory. For the purposes of these analyses, we used
as a measure of source performance the proportion of items
receiving confident old judgments that also received a correct,
confident source judgment (see Behavioral Findings above).
Thus, the measure of source performance was derived from
the same trials employed to estimate the fMRI effects. Results

Figure 2. Regions demonstrating age-invariant negative subsequent memory effects for item memory (A) and source memory (B) effects. Bar charts depict mean across-region
parameter estimates (arbitrary units).

Figure 3. Regions demonstrating age-related differences in negative item subsequent
memory effects. Bar chart depicts mean across-region parameter estimates (arbitrary
units).

Table 7
Age-dependent negative subsequent memory effects

Coordinates Peak Z Number of
above-threshold voxels

Region

x y z

Item −60 −61 22 3.84 41 L temporoparietal junction
−12 −61 58 3.88 46 L precuneus
15 −58 55 3.56 30 R precuneus
12 −67 31 4.24 168 R precuneus
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similar to those reported below, but with weaker correlations,
were obtained when either pSr or the simple probability of a
correct source judgment (collapsed across item and source
confidence) was used to index source performance.

Figure 4A illustrates the relationship between source
memory performance and the across-region mean of the older
subjects’ negative subsequent source memory effects and
source memory performance. Across the entire older sample,
the correlation was 0.507 (P < 0.005, 1-tailed). When an outly-
ing subject (who had an across-region negative subsequent
memory effect >2 SDs above that of the across-region group
mean) was omitted, the correlation increased substantially
(r = 0.592, P < 0.001, 1-tailed). Wewent on to compute separate
correlations for each of the 8 regions listed in Table 6, omitting
the outlier in each case. Significant correlations were evident
in all but left and right insula regions (r = 0.364–0.564, max
P < 0.05, 1-tailed). These correlations remained significant
when the outlier subject was retained (r = 0.355–0.541).

We repeated these analyses in the young group. The corre-
lation between confident source accuracy and the negative
source effects collapsed across regions approached signifi-
cance (r = 0.398, P < 0.06, 1-tailed). One region in the left dor-
solateral PFC (Fig. 2B) independently correlated significantly
with performance (r = 0.534, P < 0.05, 1-tailed).

In a final analysis, we employed partial correlation to assess
whether source performance was associated with the

magnitude of negative subsequent memory effects for source
memory (collapsed across region) in the combined samples
after controlling for the effects of age. The partial r was 0.471
(P < 0.005, 1-tailed; r = 0.545, P < 0.001, with the outlier
removed) indicating that, as would be expected on the basis of
the findings reported above, the relationship between negative
subsequent source memory effects and source performance
was independent of age (Fig. 4B).

Discussion

We investigated the effects of age on negative subsequent
memory effects for item and source memory using a sub-
sequent memory procedure that allowed item memory
strength and source accuracy to be unconfounded, and the
confidence of source memory judgments to be equated across
age. In a preliminary analysis, restricted to data from the young
subjects, negative subsequent memory effects for item and
source memory were found to be largely nonoverlapping. Ana-
lyses of the data from both age groups identified 3 classes of
negative subsequent memory effect: Age-invariant and age-
dependent item effects, and age-invariant source effects. We
did not identify any regions where there was a reliable
age-related reduction in source effects, and the magnitude of
the effects correlated with source memory performance in
both age groups. Below, we discuss the implications of these
findings and their possible relationship to previous reports of
age-related differences in negative subsequent memory effects.

Behavioral Findings
There was no difference between age groups in study RTs, or
in how study RT interacted with subsequent memory perform-
ance. Between-group differences in fMRI subsequent memory
effects are therefore unlikely to be attributable to gross differ-
ences between the age groups in how efficiently the different
classes of study items were processed. Study RTs did differ,
however, as a function of subsequent memory condition, with
both young and older subjects demonstrating the same pattern
(item miss < source hit < source miss). The explanation for
these RT effects is unclear. It is unlikely though that they con-
tributed to any of the fMRI subsequent memory findings dis-
cussed below, since a subsidiary fMRI analysis conducted on
study trials that had been matched for RT across the 3 sub-
sequent memory conditions RT yielded qualitatively similar
results (The analysis equated study RTs in each subject by
modeling a randomly selected 5% of the slowest source miss
trials and 10% of the fastest item miss trials as events of no
interest.).

Consistent with numerous prior findings (e.g. McIntyre and
Craik 1987; Schacter et al. 1991), young subjects demonstrated
higher item and source memory performance than older sub-
jects. As we discuss below, it is unlikely that these differences
in memory performance can account for the age-related differ-
ences that were identified in fMRI subsequent memory effects.
That said, it is important to note that recognition of items for
which source memory failed (source misses) may have re-
ceived differential support from recollection and familiarity in
the 2 age groups. This possibility arises because recollection is
more vulnerable to advancing age than familiarity (Howard
et al. 2006; Prull et al. 2006; see Yonelinas 2002 for a review of
early studies). Thus, although item memory strength (as

Figure 4. Scatterplots illustrating the relationship between negative subsequent
memory effects (in arbitrary units) for source memory and the proportion of confidently
recognized old items given an accurate, confident source judgment. The subsequent
memory effects are averaged across the 8 regions listed in Table 6 that demonstrate
age-invariant negative effects in older subjects. (A) Older, (B) young, and older subjects
(residual scores after controlling for age). Outlying older subject circled (see text).
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indexed by response confidence and accuracy) was equated
between the age groups, it is possible that source miss judg-
ments in young subjects were more likely to be supported by
recollection of episodic information from the study trial, albeit
information that was nondiagnostic of source. Evidence in
support of this possibility emerges from a study by Toth and
Parks (2006) in which it was demonstrated that “noncriterial
recollection” is, indeed, lower in older than in young subjects.
This has implications for the interpretation of age-related
differences in fMRI negative subsequent memory effects for
item memory, as is discussed below.

fMRI Findings

Negative Subsequent Memory Effects in the Young Subjects
Before turning to the effects of age on negative subsequent
memory effects, we briefly discuss the findings from the analy-
sis of the young group alone. This revealed a clear dissociation
between a largely posterior set of regions where only negative
item effects were evident, and a second set, localized mainly in
the PFC, anterior insula, and putamen, where negative source,
but not item, effects were identified. Two medial posterior
regions demonstrated conjoint effects, such that negative item
effects were enhanced when source encoding was successful.

As was noted in the Introduction, it is commonly held that
negative subsequent memory effects reflect the benefit to en-
coding that ensues when default mode processes are disen-
gaged and cognitive resources are reallocated to the study
event (e.g. Daselaar et al. 2004; Miller et al. 2008; Duverne et al.
2009; de Chastelaine et al. 2011). This account appears to work
well in respect of the present negative subsequent memory
effects for item memory. The effects were localized to regions
typically considered to belong to the default mode network
(see Buckner et al. 2008; Andrews-Hanna 2012 for reviews)
and demonstrated “task-negative” stimulus-related activity—
that is, below-baseline parameter estimates—characteristic of
the network (Raichle et al. 2001; Buckner et al. 2008).

In contrast, with the exception of the medial posterior
regions where they overlapped with item effects, the present
negative subsequent memory effects for source memory do
not appear to reflect modulation of default mode activity.
Several of the regions manifesting these effects, most notably,
anterior insula and frontal operculum, are not considered com-
ponents of the default mode network and, as is evident in
Figure 2B, stimulus-related activity in these regions was task-
positive (see Daselaar et al. 2004 for a prior report of negative
subsequent memory effects in a task-positive region of the
insula). Interestingly, the anterior insula and adjacent inferior
frontal cortex are components of the “salience network”,
which is held to be important for the initiation of cognitive
control in response to behaviorally salient events (Seeley et al.
2007; Ham et al. 2013). This invites the speculation that the
negative subsequent source memory effects in this region
reflect the allocation of resources to salient aspects of a study
episode that do not include information relevant to the later
source judgment (see Otten and Rugg 2001; Wagner and
Davachi 2001, for earlier accounts of negative subsequent
memory effects along similar lines).

To our knowledge, the present study is the first in which
negative subsequent memory effects associated with success-
ful item and source memory have been contrasted. Therefore,
it remains to be seen how far the findings generalize beyond

the specific experimental procedures adopted here, for
example, whether they extend to source memory tests for ex-
trinsic rather than intrinsic contextual features.

Effects of Age on Negative Subsequent Memory Effects
Item Memory Effects. Age-invariant negative subsequent
memory effects for item memory were limited to a relatively
small region of the right middle cingulate cortex. This finding is
reminiscent of a result from the study of Duverne et al. (2009),
who also reported an age-invariant negative subsequent
memory effect in posterior midline cortex, albeit in the
precuneus rather than the cingulate. The present finding is
mitigated, however, by the clear trend toward a larger middle
cingulate effect in the young subjects (Fig. 2A). Moreover, this
small age-invariant effect is overshadowed by the finding that
negative item effects in medial posterior and left lateral
temporal cortex were present in young subjects only, the effects
in these regions demonstrating a statistically significant reversal
in the older group (Fig. 3). These findings are consistent with
prior reports of age-related attenuation or reversal of negative
subsequent memory effects for item memory (Morcom et al.
2003; Gutchess et al. 2005; Duverne et al. 2009; Mormino et al.
2012).

Although negative subsequent memory effects for item
memory were largely absent in older subjects, this appears to
have had little impact on their recognition memory perform-
ance. Not only was there no relationship between the size of
these effects and recognition performance, but also a subsidi-
ary analysis revealed that negative effects were absent even in
a subset of 16 older subjects selected so that their mean item
memory did not differ significantly from that of the young
group (pHits-FA of 0.80 in both groups). In the older group as
a whole, the effects in these high-performing subjects were not
only attenuated, but reversed (P < 0.05, 2-tailed). A similar result
was reported by Duverne et al. (2009), who described nonsigni-
ficant (rather than reversed) negative subsequent memory
effects in an older subgroup whose recognition memory per-
formance was matched with that of a young sample.

Clearly, reliable negative subsequent memory effects for
item memory are not necessary for older individuals to attain
levels of memory performance equivalent to those in young
subjects. What, then, is the functional significance of these
effects? As was noted above, the effects in the young group
were localized mainly to regions belonging to the default
mode network. Thus, the attenuation of negative item effects
in the older group might be a reflection of a more general
failure to disengage the network in response to a stimulus
event to the same extent as young individuals (e.g. Lustig et al.
2003; Grady et al. 2006). This does not, however, explain why
failure to disengage default mode processes seemingly had no
impact on item memory performance.

One possible account of the dissociation between negative
item effects and item memory performance in older subjects
arises from the possibility, discussed previously, that older and
young subjects differed in the likelihood that they recollected
details of the study episode that were nondiagnostic of source
information (noncriterial recollection). The account is predi-
cated on 2 assumptions. First, that in older subjects, recognition
memory for source miss items was largely familiarity-driven,
but that recognition of these items in young subjects was sup-
ported by a combination of familiarity and noncriterial recollec-
tion. Secondly, that negative subsequent memory effects for
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item memory reflect encoding operations that benefit sub-
sequent recollection, but do not impact familiarity. Given these
assumptions, the age-related dissociation in negative sub-
sequent memory effects for item memory can be attributed to
the failure of older subjects to encode noncriterial information
and, concomitantly, to disengage default processes that facili-
tate the encoding of such information.

An alternative explanation for the lack of correspondence in
older subjects between negative subsequent memory effects
for item memory and performance is suggested by the findings
of a recent event-related potential (ERP) study. Wang et al.
(2012; see Duarte et al. 2006 for similar findings) reported that
a putative ERP correlate of familiarity-driven recognition
memory was undetectable in older subjects, including a sub-
group in whom familiarity-strength was matched with that of a
group of young subjects in whom the ERP correlate was highly
reliable. Wang et al. (2012) proposed that their findings might
indicate that familiarity-driven recognition memory is sup-
ported by multiple memory signals, not all of which are re-
flected in the ERP effect. They further proposed that the
different familiarity signals decline differentially with advan-
cing age, causing the dissociation they reported between a
putative neural correlate of familiarity and familiarity-driven
recognition memory. Applying the same argument here, the
proposal would be that whereas source misses in both older
and young individuals were supported largely by familiarity,
the familiarity signal that depended on encoding processes re-
flected in negative item subsequent memory effects was
minimal in older subjects, in whom familiarity was supported
by encoding processes uncorrelated with negative subsequent
memory effects.

Arbitrating between these (and other) accounts will not be
possible until more evidence is available about the relationship
between negative subsequent memory effects and familiarity-
and recollection-based recognition memory. It should also be
noted that while these accounts might explain why older sub-
jects can demonstrate seemingly intact memory performance
in the face of attenuated or absent negative subsequent
memory effects, they do not explain why the effects sometimes
reverse, as in the present case and some previous reports
(Morcom et al. 2003; Duverne et al. 2009). We can offer no
explanation for this puzzling finding.

Source Memory Effects. In striking contrast to negative
subsequent memory effects for item memory, we did not
identify any regions where negative source effects varied
according to age. Furthermore, reminiscent of prior findings
(Miller et al. 2008; de Chastelaine et al. 2011), the magnitude
of negative source effects correlated with source memory
performance both in older subjects and in the combined older
and young samples. The findings from the separate analysis of
the young subjects indicate that negative source memory
effects dissociate according to whether or not they coexist with
item memory effects. We discuss the finding of age-invariant
negative subsequent memory effects for source memory in
light of this dissociation.

The negative source effects identified in the posterior
midline cortex (Fig. 2B) are in the same default mode regions
where source and item effects overlapped in the analyses of
the data from the young subjects (cf. Fig. 1C). The more pos-
terior of these regions also overlaps with where negative item
effects dissociated with age (Fig. 1A). Therefore, the absence

in older subjects of negative subsequent memory effects for
item memory in this region does not reflect an incapacity to
disengage the region in service of episodic encoding: Relative
to source miss study trials, source hit trials were associated
with equivalent levels of disengagement in the 2 age groups.
This finding is consistent with the proposal that, in at least some
components of the default mode network, negative subsequent
memory effects reflect processes that facilitate later recollection
of the study episode. The proposal receives further support
from the finding that the magnitude of negative source effects in
the aforementioned medial posterior regions correlated with
source memory performance across age groups (controlling for
age, partial r = 0.368; P < 0.01, 1-tailed). The proposal is also
consistent with prior findings that negative subsequent memory
effects in older subjects correlate with performance on other
memory tests that likely depend heavily on recollection (Miller
et al. 2008; de Chastelaine et al. 2011). In short, despite the
more restricted modulation of default mode activity that is ap-
parent in older individuals relative to their young counterparts
(Lustig et al. 2003; Grady et al. 2006), the relationship between
successful episodic encoding and disengagement of default
processing does not appear to changewith age.

If the foregoing account is correct, why have prior studies
that employed subsequent memory tests that were dependent
on recollection reported age-related attenuation of negative
subsequent memory effects? We conjecture that this is because,
unlike in the present study, the memory tests employed in pre-
vious studies did not allow strength of recollection to be
equated across the age groups. For example, in the study by de
Chastelaine et al. (2011), associative recognition performance
in older subjects was markedly lower than that in the young,
indicative of an age-related difference in the strength of the
memory signal supporting the associative recognition judg-
ments. Thus, the subsequent memory effects were likely
associated with the encoding of information that (on average)
supported strong and weak recollection-based judgments in
younger and older subjects, respectively. According to this
account, had de Chastelaine et al. (2011) been able to restrict
negative subsequent memory effects to study pairs that went
on to receive highly confident recognition judgments,
age-related differences in the magnitude of the effects would
have been much diminished.

As was noted previously, age-invariant negative subsequent
memory effects for source memory were mainly localized to
frontal “task-positive” regions that would usually be con-
sidered to fall outside of the default mode network. It has been
suggested that enhanced task-positive responses to “forgotten”
items are indicative of the engagement of processes that inter-
fere or compete for resources with processes that support ef-
fective encoding (Daselaar et al. 2004). Regardless of the
validity of this proposal, the frontal negative source effects
appear to be as closely associated with successful episodic en-
coding as those in the putative default mode regions that were
discussed above: Collapsed across regions and age group, the
partial correlation (controlling for age) between the magnitude
of these effects and source memory performance was 0.446
(P < 0.005, 1-tailed). As we have already discussed, it is poss-
ible that these frontal effects, or at least those localized to the
anterior insula and adjacent PFC, reflect the allocation of cog-
nitive resources to salient, but mnemonically unhelpful,
aspects of the study episode. Whether or not this turns out to
be a valid account of these effects, it is clear they are as closely
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linked to the successful encoding of contextual information in
older individuals as they are in young subjects. Thus, as in the
case of negative source effects localized to putative default
mode regions, the present findings suggest that the relation-
ship between negative frontal effects and source memory per-
formance does not vary with age.

Concluding Comments

Age-related attenuation of negative subsequent memory effects
is one of the most consistent findings in studies investigating
the effects of age on the neural correlates of episodic encoding.
The present study is no exception: Relative to study items that
failed to be recognized on a later memory test, negative sub-
sequent memory effects in regions of the default mode
network were attenuated in older subjects both for confidently
recognized items that attracted a correct source memory judg-
ment, and items that did not. Crucially, though, the negative
effects that predicted whether memory for an item’s encoding
context would be strong and accurate, or would fail, did not
differ with age and demonstrated the same relationship with
memory performance in the 2 age groups. We conclude that
the negative subsequent memory effects for source memory
identified here reflect modulations of stimulus-related activity
that support successful episodic encoding and that, when the
strength of subsequent source memory is matched, these
effects are age-invariant. It remains to be seen whether, when
strength of item and contextual memory are controlled as here,
the present findings generalize to other study materials and
subsequent memory tests.
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