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ARTICLE INFO ABSTRACT

The present study contrasted the neural correlates of encoding item-context associations according to
whether the contextual information was visual or auditory. Subjects (N =20) underwent fMRI scanning
while studying a series of visually presented pictures, each of which co-occurred with either a visually
or an auditorily presented name. The task requirement was to judge whether the name corresponded to
the presented object. In a subsequent memory test subjects judged whether test pictures were studied or
unstudied and, for items judged as studied, indicated the presentation modality of the associated name.
o Dissociable cortical regions demonstrating increased activity for visual vs. auditory trials (and vice versa)
Item-context association . . . . . . .
Episodic memory were identified. A subset of these modality-selective regions also showed modality-selective subsequent
fMRI source memory effects, that is, enhanced responses on trials associated with correct modality judgments
relative to those for which modality or item memory later failed. These findings constitute direct evidence
for the proposal that successful encoding of a contextual feature is associated with enhanced activity in
the cortical regions engaged during the on-line processing of that feature. In addition, successful encod-
ing of visual objects within auditory contexts was associated with more extensive engagement of the
hippocampus and adjacent medial temporal cortex than was the encoding of such objects within visual
contexts. This raises the possibility that the encoding of across-modality item-context associations places
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more demands on the hippocampus than does the encoding of within-modality associations.
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1. Introduction

Episodic memory - memory for unique events - depends on
the ability to bind the different elements of an event, such as a
study item and its spatiotemporal context, into a cohesive memory
representation (Tulving, 1983). According to one widely held pro-
posal (e.g. Norman & O'Reilly, 2003) mnemonic binding is achieved
through the establishment in the hippocampus of a representa-
tion of the patterns of cortical activity elicited by an episode as it
is processed in real-time.! Retrieval occurs when the hippocam-
pal representation is reactivated by a retrieval cue, which in turn
leads to the reinstatement of the pattern of cortical activity encoded
by the representation (Alvarez & Squire, 1994; Norman & O'Reilly,
2003; Nyberg, Habib, McIntosh, & Tulving, 2000; Nyberg et al.,
2001; Persson & Nyberg, 2000; Rolls, 2000; Shastri, 2002). Over the
past few years functional neuroimaging studies, employing designs
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1 In an extension of these proposals (Rugg, Johnson, Park, & Uncapher, 2008;
Uncapher, Otten, & Rugg, 2006; Uncapher & Rugg, 2009; see also Moscovitch, 1992),
the hippocampus ‘captures’ only the most behaviorally relevant or salient aspects
of the activity elicited by a study event within different cortical regions, rather than
representing the entirety of the activity.
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of increasing sophistication, have provided strong support for the
notion of retrieval-related ‘cortical reinstatement’ (e.g. Gottfried,
Smith, Rugg, & Dolan, 2004; Johnson & Rugg, 2007; Kahn, Davachi,
& Wagner, 2004; Khader, Burke, Bien, Ranganath, & Rosler, 2005;
Vaidya, Zhao, Desmond, & Gabrieli, 2002; Wheeler & Buckner, 2003,
2004; Wheeler, Petersen, & Buckner, 2000; Wheeler et al., 2006;
Woodruff, Johnson, Uncapher, & Rugg, 2005). Here, we focus on the
related but less well-investigated question whether the neural cor-
relates of successful episodic encoding are also content-sensitive,
as would be expected in the context of the above theoretical frame-
work (Rugg et al., 2008).

Starting with Brewer, Zhao, Desmond, Glover, and Gabrieli
(1998) and Wagner et al. (1998), numerous studies have investi-
gated the neural correlates of successful memory encoding with the
‘subsequent memory procedure’. In this procedure, event-related
functional magnetic resonance imaging (fMRI) is used to contrast
the neural activity elicited by study items according to how the
items are endorsed on a subsequent memory test (e.g. whether the
items are correctly recognized or misclassified as ‘new’). Studies
employing this procedure have provided strong evidence in favor
of the proposal outlined above that the hippocampus plays a key
role in the formation of cohesive episodic memory representa-
tions. Thus, there are numerous reports that items associated with
later successful recollection of contextual details of a study episode
elicit greater levels of study activity in the hippocampus and sur-
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rounding medial temporal lobe (MTL) than do items for which such
details cannot be recollected on a later memory test (e.g. Davachi,
Mitchell, & Wagner, 2003; Kensinger & Schacter, 2006; Ranganath
et al., 2004; Staresina & Davachi, 2006; Staresina & Davachi, 2008;
Uncapher & Rugg, 2009; for reviews see Davachi, 2006; Diana,
Yonelinas, & Ranganath, 2007; see Gold et al., 2006 and Kirwan,
Wixted, & Squire, 2008 for contradictory findings).

More germane here are findings that support the proposal that
episodic memories are encoded in terms of the processes engaged
as events are experienced in real-time. For example, several stud-
ies have reported that the cortical loci of subsequent memory
effects differ according to the nature of the study task, and that
the loci of these task-selective effects are found in regions selec-
tively engaged by the task itself (Mitchell, Macrae, & Banaji, 2004;
Otten & Rugg, 2001; Otten, Henson, & Rugg, 2002; Park, Uncapher,
& Rugg, 2008; Rugg, Otten, & Henson, 2002). Additionally, and of
more relevance to the present study, it has also been reported
that the localization of the cortical activity supporting the encod-
ing of a contextual feature differs according to the nature of the
feature (Uncapher et al., 2006; Uncapher & Rugg, 2009). In the
study of Uncapher et al. (2006), two orthogonally varying contex-
tual features (font color and location) were associated with each
study item. Subsequent memory effects predicting later memory
for item-color associations were localized to a different cortical
region than the regions where activity predicted memory for item-
location associations. Moreover, the regions demonstrating these
color- and location-selective encoding effects overlapped regions
implicated by prior studies in the processing of color and location
information respectively. This finding is consistent with the pro-
posal that cortical subsequent memory effects reflect modulation
of activity supporting the on-line processing of the study episode
(see above). Uncapher et al. (2006) proposed that feature-selective
subsequent memory effects are a consequence of trial-wise fluc-
tuations in the allocation of attentional resources to the feature.
They argued that as the allocation of attentional resources to a
particular feature increases, so does activity in the cortical regions
engaged by the feature. This enhanced activity strengthens the fea-
ture’s on-line representation, and increases the probability that
the associated pattern of cortical activity will be bound into a
(hippocampally mediated) episodic memory representation. This
proposal receives further support from a subsequent study that
explicitly manipulated attention to color and location, and which
reported dissociable subsequent memory effects for the two fea-
tures that were selectively enhanced by feature-specific attention
(Uncapher & Rugg, 2009).

In the present experiment, we further address the question
whether the encoding of different contextual features is associ-
ated with dissociable subsequent memory effects. The principal
aim of the experiment was to obtain direct evidence that feature-
selective subsequent memory effects are localized to the same
cortical regions that are selectively engaged during the processing
of the feature. Such evidence would both replicate and signifi-
cantly extend the findings of Uncapher et al. (2006) and Uncapher
and Rugg (2009). In both of those studies, the conclusion that
feature-selective subsequent memory effects overlapped cortical
regions engaged during the processing of color and location infor-
mation depended on findings obtained from prior studies (i.e. on
‘reverse inference’; Poldrack, 2006) rather than on data acquired
in the course of the experiment. By contrast, the design of the
present experiment permitted a direct assessment of the extent
of the overlap between subsequent memory effects predictive of
later memory for a contextual feature, and the cortical regions
selectively activated by the processing of the feature. This was
accomplished by employing sensory modality as a contextual fea-
ture. Subjects studied a series of pictures that were accompanied
by a word that was presented either visually or auditorily. At

test, they were required to identify each studied picture and to
recollect the modality of the associated word. We expected that
subsequent memory effects predictive of successful memory for
the visual modality would be found in the regions where activ-
ity was greater on visual vs. auditory study trials, whereas auditory
subsequent memory effects would overlap auditorily selective cor-
tical regions. We further predicted that, regardless of modality,
successful context memory would be associated with enhanced
activity in hippocampus and adjacent MTL cortex (as was found
by Uncapher & Rugg, 2009, albeit for different visual features
rather than sensory modalities). In addition, although the dearth
of prior subsequent memory studies employing auditory stim-
uli (though see Peters, Suchan, Koster, & Daum, 2007; Poppenk,
Walia, McIntosh, Joanisse, & Kohler, 2008) precludes formulation
of a specific prediction, the present study affords the opportunity
to address the question whether MTL encoding-related activity is
modality-sensitive.

2. Materials and methods
2.1. Subjects

Twenty-two subjects consented to participate in the study. All subjects reported
themselves to be in good general health, right-handed, with no history of neurolog-
ical disease or other contra-indications for MR imaging, and to have learned English
as their first language. They were recruited from the University of California, Irvine
(UCI) community and remunerated for their participation, in accordance with the
human subjects procedures approved by the Institutional Review Board of UCI. The
data from two subjects were excluded from all analyses because they had fewer
than twelve trials in the ‘miss’ experimental condition (Ns of 7 and 8 respectively).
Data are reported from the remaining 20 subjects (nine females) ranging in age from
19 years to 29 years (mean = 20 years).

2.2. Stimulus materials

Three hundred and six stimulus triplets were used in the experiment. Each
triplet consisted of a picture of a commonly encountered object and both a visu-
ally and an auditorily presented word naming the object represented in the picture.
The colored pictures were drawn from Hemera Photo Objects 50,000 Volume III
(http://www.hemera.com/index.html). The names of the pictures were between
3 and 10 letters long, with a mean written frequency between 1 and 100 counts
per million (Kucera & Francis, 1967). Visually presented words were displayed in
black uppercase 30 point Helvetica font on a gray background. Auditory words
were recorded by a male voice in the laboratory, edited to a constant sound pres-
sure level and filtered to remove ambient noise (http://audacity.sourcefourge.net).
Auditory stimuli were presented binaurally via MR compatible headphones and did
not exceed 1000 ms in duration (mean duration 650 ms). Presentation volume was
adjusted in the scanner to a comfortable listening level for each volunteer prior to
scanning.

Of the 306 item triplets, 10 served as buffers (two at the beginning and end
of each study list, and two at the beginning of the test list), and 16 additional
triplets were used in the practice phases preceding the study and test sessions (see
below). For every subject, 160 pictures and their corresponding names were ran-
domly selected from the remaining 280 stimulus triplets to serve as the critical
stimuli in the study session. These stimuli were further randomly divided into two
groups: 80 pictures associated with their corresponding visual name and 80 pictures
associated with their corresponding auditory name (congruent trials).

Twenty additional pictures were randomly selected for the study phase. These
pictures were not paired with their names; instead, names from unused pictures in
the pool were selected, such that for these 20 pictures the subsequently presented
name did not correspond to the object (incongruent trials). Out of these 20 pictures,
10 of the mismatching names were presented visually, while the other 10 were
presented auditorily.

Two study lists were created from the 180 study pictures (160 pictures with
corresponding names, 20 pictures with mismatching names) for each subject. Each
list contained a pseudo-random ordering of 40 pictures associated with matching
visual words, 40 pictures associated with matching auditory words, five pictures
associated with mismatching visual words, and five pictures associated with mis-
matching auditory words. The study task required a decision as to whether or not
the words corresponded to the pictured objects.

Test items consisted of the 160 pictures from the congruent study trials and
80 new pictures. The test requirement was to judge whether the item had been
presented at study and, if so, to indicate whether the associated word had been
presented visually or auditorily. Both study and test items were presented in a
subject-unique pseudo-random order, such that there were no more than three
consecutive presentations of items belonging to any one experimental condition.
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Study items were back-projected onto a screen and viewed via a mirror mounted
on the scanner headcoil. Pictures were presented in central vision within a con-
tinuously displayed solid gray frame, and subtended maximum visual angles of
5.7° x 5.7°. Words were centered 1° below the pictures and subtended a maximum
horizontal visual angle of 5.7° and a maximum vertical visual angle of 1.15°. Pic-
tures and words displayed together subtended a maximum visual angle of 5.7° x 8°
(width by height).

Test items were presented outside of the scanner on a computer screen. The
pictures and associated cues were presented in central vision within a solid gray
frame (subtending 6.8° x 6.8° visual angle at the 1 m viewing distance) that was
continuously presented.

2.3. Experimental tasks and procedures
The experiment comprised a single study-test cycle.

2.3.1. Study procedure

Instructions and practice were administered outside the scanner. The study
phase of the experiment proper consisted of the presentation of two blocks of items,
separated by a brief rest period (approximately 1 min). Each study trial began with
the presentation of a red fixation character in the center of the display frame for
500 ms. This was replaced by a picture that was presented for 1500 ms. Five hun-
dred ms after the onset of the picture, a second item was presented concurrently.
This was either a visual word (visual condition) or an auditory word (auditory con-
dition). Following picture offset, a centrally presented black fixation character was
displayed for a further 1500 ms, completing the trial. Subjects were informed they
would receive no warning as to the modality of the word on each trial. Congruency
judgments were signaled by button press of left or right index fingers, and response
mapping was counterbalanced across subjects. Instructions placed equal emphasis
on speed and accuracy.

The stimulus onset asynchrony (SOA) of study trials was stochastically dis-
tributed with a minimum of 3500 ms modulated by the addition of 40 randomly
intermixed null trials (Josephs & Henson, 1999). Trials were presented in pseudo-
random order, with no more than three trials of one item-type (visual condition,
auditory condition, or null) occurring consecutively. Each block consisted of 94 trials,
comprising 80 critical study items (congruent trials), 10 noncritical items (incon-
gruent trials), and four buffer items for a total of 160 critical study items across two
blocks.

2.3.2. Test procedure

Following the completion of the second study block, volunteers were removed
from the scanner and taken to a neighboring testing room. Only then were they
informed of the source memory test and given instructions and a short practice test.
Approximately 30 min elapsed between the completion of the second study block
and the beginning of the memory test. Each test trial began with a red fixation char-
acter presented in the center of a gray frame for 500 ms, followed by the presentation
for 500ms of a centrally presented picture within a solid gray frame.

The test items consisted of the 160 critical study items (i.e. from the congruent
trials) and 80 randomly interspersed unstudied (new) pictures (no more than three
items of one type were presented consecutively). Instructions were to judge whether
each picture was old or new, and to indicate the decision with the right index (old) or
leftindex (new) finger. If uncertain whether an item was old or new, volunteers were
instructed to indicate ‘new’ so as to maximize the likelihood that subsequent source
memory judgments (see below) would be confined to confidently recognized items.
If a picture was judged ‘new,’ the test advanced to the next trial (with a 1 s inter-trial
interval, during which a black fixation character was presented). If the picture was
judged ‘old’ the prompt “Heard, Seen, Unsure?” appeared in black uppercase letters.
Subjects were required to recall the modality of the name associated with the picture
at study. The modality judgment was signaled by one of two button presses: right
index finger for ‘heard’, and right middle finger for ‘seen’. Subjects were further
instructed that if they were unable to retrieve the modality they should respond
‘unsure’ with their right ring finger. The test was self-paced, with instructions to
complete the test as quickly as possible without sacrificing speed for accuracy. The
test was presented as a single block, lasting approximately 20 min.

2.4. fMRI data acquisition

A Philips Achieva 3T MR scanner (Philips Medical System, Andover, MA, USA)
was used to acquire both T;-weighted anatomical volume images data (240 x 240
matrix, 1mm? voxels, 160 slices, sagittal acquisition, 3D MP-RAGE sequence)
and T, -weighted echoplanar images (EPI) [80 x 79 matrix, 3 mm x 3 mm in-plane
resolution, axial acquisition, flip angle 70°, echo time (TE) 30 ms] with blood-
oxygenation level dependent (BOLD) contrast. The data were acquired using a
sensitivity encoding (SENSE) reduction factor of 1.5 on an eight-channel parallel
imaging headcoil. Each EPI volume comprised 30 3 mm-thick axial slices separated
by 1 mm, oriented parallel to the AC-PC plane, and positioned to give full coverage
of the cerebrum and most of the cerebellum. Data were acquired in two sessions of
260 volumes each, with a repetition time (TR) of 2 s/vol. Volumes within sessions
were acquired continuously in an ascending sequential order. The first five volumes
of each session were discarded to allow equilibration of tissue magnetization.

2.5. fMRI data analysis

Data were analyzed with Statistical Parametric Mapping (SPM5, Wellcome
Department of Cognitive Neurology, London, UK; Friston et al., 1995) implemented
under Matlab2007a (The Mathworks Inc., USA). Functional images were subjected
to a two-pass spatial realignment. Images were realigned to the first image, generat-
ing a mean image of the sessions. In the second pass the raw images were realigned
to the generated mean image. The images were then subjected to reorientation,
spatial normalization to a standard EPI template (based on the Montreal Neuro-
logical Institute (MNI) reference brain; Cocosco, Kollokian, Kwan, & Evans, 1997)
and smoothing with an 8 mm FWHM Gaussian kernel. Functional time series were
concatenated across sessions.

Statistical analyses were performed on the study phase data in two stages of
a mixed effects model. In the first stage, neural activity elicited by the study pic-
tures was modeled by delta functions (impulse event) that coincided with the
onset of each picture. The ensuing BOLD response was modeled by convolving the
neural functions with a canonical hemodynamic response function (HRF) and its
temporal and dispersion derivatives (Friston et al., 1998) to yield regressors in
a General Linear Model (GLM) that modeled the BOLD response to each event-
type.

For the reasons discussed in the results section, the principal analyses were
confined to four events of interest: studied pictures that were later recognized and
correctly endorsed as having been paired with a visual or auditory word (visual
source hits and auditory source hits respectively), and studied pictures that, on
the later memory tests, were associated either with inaccurate source judgments
(incorrect or unsure) or were misclassified as new. A fifth category of trials com-
prised events of no interest, namely, incongruent trials, buffer trials, and trials
associated with incorrect or omitted study responses. Six regressors modeling
concatenated movement-related variance (three rigid-body translations and three
rotations determined from the realignment stage) and session-specific constant
terms modeling the mean over scans in each session were also entered into the
design matrix.

For each voxel, the functional time series was highpass-filtered to 1/128 Hz and
scaled within session to yield a grand mean of 100 across voxels and scans. Parameter
estimates for events of interest were estimated using a General Linear Model. Non-
sphericity of the error covariance was accommodated by an AR(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 Restricted Maximum Likeli-
hood (ReML). Effects of interest were tested using linear contrasts of the parameter
estimates. These contrasts were carried forward to a second stage in which subjects
were treated as a random effect. Unless otherwise specified, only effects surviving
an uncorrected threshold of p<.001 and including nine or more contiguous voxels
were interpreted. The peak voxels of clusters exhibiting reliable effects are reported
in MNI coordinates.

Regions of overlap between the outcomes of two contrasts were identified by
inclusive masking of the relevant SPMs. When the two contrasts were independent,
the statistical significance of the resulting SPM was computed using Fisher’s method
for estimating the conjoint significance of independent tests (Fisher, 1950; Lazar,
Luna, Sweeney, & Eddy, 2002). In all cases, the SPM to be masked was thresholded
at p<.01 (again with a nine voxels extent threshold) and the SPM that consti-
tuted the mask was thresholded at p<.001, giving a conjoint significance level of
p<10-4, Exclusive masking was used to identify voxels where effects were not
shared between two contrasts. Contrasts to be masked were thresholded at p <.001
and the SPM constituting the exclusive mask was thresholded at p<.05 (p<.1 for
bi-directional F contrasts). Note that the more liberal the threshold of an exclusive
mask, the more conservative is the masking procedure.

3. Results
3.1. Behavioral performance

3.1.1. Study task

Accuracy of congruency judgments was high (.98 correct in both
conditions). Mean reaction time (RT) for judgments on visual words
was 1199 ms (SD =226) compared with 1349 ms (SD = 186) for audi-
tory words. Study RTs are shown in Table 1 segregated according
to later memory performance. A 2 x 3 ANOVA [factors of modality
and later memory (source hit, source miss, item miss)], revealed
a main effect of modality (F(1,19)=105.63, p<.001), but no effect
of memory, and no memory by modality interaction. This analy-
sis was repeated after collapsing RTs across the three classes of
incorrect trial, analogous to the fMRI analyses reported below. A
2 x 2 ANOVA [factors of modality and memory (source hit vs. for-
gotten)] revealed only a main effect of modality (F(1,19)=115.39,
p<.001).
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Table 1
Mean reaction times (ms) for congruency decisions at study segregated by subse-
quent memory and mean accuracy rates at test (SD in parentheses).

Table 2
Regions demonstrating modality-independent and auditorily selective subsequent
memory effects.

Visual Auditory Coordinates (x,y,z)  Z(#voxels) Region BA
Reaction time Modality-independent
Source hit 1257 (208) 1450 (204) —-48 6 33 4.83 (84) L inferior frontal gyrus 6/9
Source unsure 1257 (288) 1336 (199) -21-3-21 3.72(9) L amygdala
Source miss 1337 (229) 1417 (265) —45 —48 24 3.49(12) L fusiform gyrus 37
Item miss 1207 (215) 1423 (200) -48 —69 —15 3.96 (86) L middle occipital gyrus 19
e —24 -7551 4.26 (48) L posterior intra-parietal sulcus 7/19
. 48927 3.55(17) R inferior frontal gyrus 6/9
z"”rce hit '?g ('ﬁ) Zg ('}g) 455418 452(304) R fusiform gyrus 37
ource unsure 16 (.11) 17(12) 48-810 353(25) R middle occipital gyrus 19
Source miss 19 (.11) .13 (.09)
Auditorily selective
—-27 -3 -21 4.40 (44) L anterior medial temporal
lobe/amygdala
3.1.2. Retrieval task —36 —36 —27 3.44(9) L cerebellum
Hit rate collapsed over source accuracy was .79 (SD=.12) for 36 -15 -36 4.13 Eloi R Eﬂtorhi“al cortex 20
: . . s _ . 15-15-24 4.34 (59 R hippocampus
items presented in the visual condition and .80 (SD=.10) for items S o = 3.74(9) R posterior hippocam-

from the auditory condition, against a false alarm rate of .03.
Unsurprisingly, these two hit rates did not significantly differ.
Source memory performance conditionalized on items receiving
a correct recognition judgment is given in Table 1, where it can
be seen that the proportions of correct source judgments for
the two modalities are very similar and, as in the case of the
hit rates, did not differ significantly (t(19)<1). An overall mea-
sure of source recollection (Psr) was estimated using an index
derived from a single high threshold model (Snodgrass & Corwin,
1988), in which the probability of recollection was computed
as: [p(source hit)—.5(1 — p(source unsure))]/[1 —(.5(1 — p(source
unsure)))], where ‘Source Hit’ refers to studied items that were
recognized and assigned to their correct encoding context, and
‘Source Unsure’ refers to recognized items followed by an “unsure”
modality response. The estimate of source recollection was .44
(SD=.13), which was significantly different from the chance value
of 0 (¢(19)=15.19, p<.001).

3.2. fMRI results

The distribution of responses in the test phase meant that
whereas all subjects contributed sufficient study trials to the source
correct condition (means (ranges) of 45 (17-64) and 45 (22-68)
for visual and auditory conditions respectively), the great major-
ity of subjects had too few (<12) trials in one or more of the
remaining trial types (source miss, source unsure, and item miss)
to allow stable estimates of the activity elicited by these differ-
ent trial types. Therefore these trials were collapsed to form a
single category of ‘source forgotten’ trials containing all study
items for which source-specifying information was unavailable.
Consequently, the analyses reported below identify the neural
correlates of successful visual and auditory source memory but
do not speak to the question of the neural correlates of item
recognition in the absence of source-specifying information. Mean
(range) trial numbers for the forgotten trials were 38 (21-62)
and 35 (12-58) for the visual and auditory conditions respec-
tively.

We first identified regions demonstrating subsequent source
memory effects common to the two modality conditions. We then
performed hypothesis-driven analyses to assess whether, as pre-
dicted, modality-selective subsequent source memory effects (that
is, subsequent source memory effects that were reliable for items
studied in one of the two encoding conditions, but not the other)
overlapped regions demonstrating generic modality effects (see
Section 1). Lastly, we identified regions where subsequent source
memory effects were selective for only one of the two modalities
when the analyses were unconstrained by the generic effects of
modality.

pus/parahippocampal
gyrus

3.2.1. Modality-independent subsequent memory effects

Regions where subsequent source memory effects were insen-
sitive to modality were identified by exclusively masking the main
effect of subsequent memory (source hit > forgotten, collapsed over
modality) with the bi-directional (F) contrast for the subsequent
memory x modality interaction. As detailed in Table 2 and illus-
trated in Fig. 1, this analysis identified effects in bilateral inferior
frontal gyrus (greater in extent on the left), bilateral fusiform cor-
tex, left posterior intra-parietal sulcus (IPS) and left anterior MTL
in the vicinity of the amygdala.

3.2.2. Overlap between subsequent source memory and modality
effects

Visual effects: Visually selective subsequent source memory
effects that overlapped with regions selectively responsive on
visual vs. auditory study trials were identified by inclusively mask-
ing the visual subsequent memory contrast with the main effect
of modality (visual >auditory; see Section 2). To ensure that any
resulting effects were selective for the visual modality, voxels
where analogous auditory subsequent memory effects were also
significant were removed by using the auditory subsequent mem-
ory contrast as an exclusive mask (p <.05). This procedure identified
several clusters (see Table 3 and Fig. 2b), localized predominantly
to regions within bilateral fusiform cortex and intra-parietal sul-
cus.

Auditory effects: An analogous approach was used to identify
overlap between auditory subsequent memory effects and audi-
torily selective regions. A cluster was identified in right middle
superior temporal sulcus (see Table 3 and Fig. 2c), along with a

Table 3
Regions where visually and auditorily selective subsequent memory effects over-
lapped with global modality effects.

Coordinates (x, y, z) Z (#voxels) Region BA

Visual effects

—-27 -72 54 3.90 (108) L intra-parietal sulcus 7

27 —54 45 3.46 (53) R intra-parietal sulcus 7

36 -63 -24 3.49 (20) R fusiform gyrus 19

30-63 -12 3.27 (23) R fusiform gyrus 37

36 -840 2.73(19) R middle occipital gyrus 19

Auditory effects

60 -9 —15 3.08 (25) R middle superior temporal 21
sulcus

45 —42 -3 2.69(9) R posterior temporal lobe

(white matter)
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5. Aud

Source Hit E:g Forgotten

Vis

Fig. 1. Modality-independent subsequent source memory effects (displayed at p<.001, nine voxel extent threshold) projected onto sections of a representative subject’s
normalized structural image. Bar plots show (left to right) parameter estimates (in arbitrary units) for source hit and forgotten trials at peak voxels in left intra-parietal sulcus
(=24 —-75 51), left middle occipital gyrus (—48 —69 —15), left amygdala (-21 —3 —21), and left inferior frontal gyrus (—48 6 33). *p<.05.

small cluster localized to white matter adjacent to posterior STS
(see Table 3).

To determine if the subsequent source memory effects elicited
by visual and auditory study trials in each of the regions exhibiting
modality-selective effects differed significantly in their magni-
tudes, the peak parameter estimates representing the visual and
auditory subsequent memory effects in each region were directly
contrasted (the equivalent of a 2 (source correct vs. incorrect) x 2
(auditory vs. visual) interaction contrast). In one region associated
with subsequent visual source memory - right fusiform cortex (30
—63 —12) - the visual effects were reliably greater than the auditory
effects (£(19)=1.93, p<.05 1-tailed; see Fig. 2b). A reliable differ-
ence in the opposite direction was evident for the right STS region
that exhibited an auditorily selective subsequent source memory
effect (¢(19)=4.37, p<.001 1-tailed; see Fig. 2¢).

3.2.3. Modality-selective subsequent memory effects
unconstrained by global modality effects

Visually selective subsequent source memory effects were iden-
tified by the contrast between visual source hits and visual misses
(p<.001), exclusively masked by the analogous contrast for the
auditory condition (p <.05). This procedure revealed a single effect
in right IPS (nine voxels, 27 —54 45, peak Z=3.46, BA 7) that over-
lapped one of the regions identified in the analysis of visually
selective effects described above. The analogous procedure iden-
tified five MTL clusters where subsequent source memory effects
were auditorily selective (Table 2 and Fig. 3). Three clusters were
located in bilateral MTL in the vicinity of hippocampus and amyg-
dala, while the remaining clusters were located in right entorhinal
cortex and left cerebellum. With the exception of the left ante-
rior MTL (—27 —3 —21), contrasts of the peak parameter estimates
revealed that in each case the auditory subsequent memory effects
were significantly larger than the visual effects (£(19)=1.78-3.79,
p’s<.05to<.001 1-tailed).

4. Discussion

We contrasted the neural correlates of the incidental encoding of
associations between pictures and the visual or auditory contextual
information carried by a co-presented word. In addition to regions
where subsequent source memory effects were common to the
two types of association, we identified other regions where source
effects were modality-selective—that is, reliable for only one of
the two modalities. As predicted, some of these modality-selective
effects were evident in regions that also responded preferentially

to the corresponding class of study trials. To the best of our knowl-
edge, the present findings constitute the first direct evidence that
successful encoding of a contextual feature of a study episode is
associated with enhanced activity in cortical regions selectively
engaged during its on-line processing (cf. Uncapher et al., 2006;
Uncapher & Rugg, 2009).

4.1. Behavioral findings

RTs during study were significantly slower for the auditory tri-
als compared to the visual trials, an effect that likely reflects the
more temporally extended delivery of the auditory information.
Crucially, however, there was no evidence of a subsequent mem-
ory effect in RTs or judgment accuracy for either class of study trial.
Thus, neither the visual nor the auditory fMRI subsequent mem-
ory effects discussed below can be attributed to differential study
performance associated with later remembered vs. later forgotten
study trials.

4.2. fMRI findings

A number of regions were identified where activity was pre-
dictive of accurate source memory for both visual and auditory
trials, including bilateral fusiform cortex, bilateral dorsal IFG, and
left anterior MTL in the vicinity of the amygdala. Subsequent mem-
ory effects predictive of successful episodic retrieval have been
identified previously in all of these regions (see Cansino, Maquet,
Dolan, & Rugg, 2002; Gold et al., 2006; Ranganath et al., 2004
for e.g. of prior fusiform, dorsal IFG and amygdala effects respec-
tively). We assume that these modality-independent effects reflect
the successful encoding of episodic information (such as the iden-
tity of the picture) that was independent of the modality of the
associated word, and to which modality-specific information was
bound. Arguably, such effects are to be expected, since failure to
incorporate information about picture identity into the memory
representation of the study episode would likely lead to failure on
the subsequent memory test. In addition, it is possible that some
of these modality-independent effects (notably, those in posterior
prefrontal cortex and IPS—part of the ‘dorsal frontoparietal atten-
tional network’; Corbetta & Shulman, 2002) may reflect the benefit
to modality memory of efficient redeployment of attention from
the centrally presented picture to the later-presented word.

One seeming inconsistency with prior findings is the absence
of modality-independent subsequent source memory effects in
the hippocampus (cf. Davachi et al., 2003; Ranganath et al., 2004;
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Uncapher & Rugg, 2009). This inconsistency may however be more
apparent than real. When the threshold of the contrast employed
to identify modality-insensitive effects was lowered to p<.01, the
right anterior MTL effect was joined by a more posterior cluster in
right anterior hippocampus (27 —12 —21, Z=2.97). This remained
significant (p <.05) when subjected to a small volume correction
based on a 5 mm radius sphere centered on the right hippocam-
pal subsequent source memory effect reported by Uncapher et al.
(2006; 27 -15 -15).

Analysis of modality-selective subsequent memory effects
focused on the prediction that source effects should overlap with
regions that responded preferentially to the corresponding class of
study trials (see Section 1). This prediction was confirmed for both
context modalities. Visually selective subsequent source memory
effects were evident in several posterior regions, whereas audi-
torily selective source memory effects were identified in right

-1

Vis. Aud.

Fig. 2. (A) Maximum intensity projections showing visually (left) and auditorily
(right) selective regions. (B) Upper: visually selective subsequent memory effects
(p<.01) that overlap regions demonstrating visually selective activity projected
onto sections of a representative subject’s normalized structural image. Lower: peak
parameter estimates (in arbitrary units) for source hit and forgotten trials at peak
voxels in (left to right) right middle occipital gyrus (36 —84 0) and intra-parietal
sulcus (—27 —72 54). (C) Upper: auditorily selective subsequent memory effects
(p<.01) that overlap auditorily selective regions projected onto sections of a repre-
sentative subject’s normalized structural image. Lower: peak parameter estimates
(in arbitrary units) for source hit and forgotten trials at the peak voxel in right mid-
dle superior temporal sulcus (60 —9 —15). *p <.05. All subsequent memory effects
displayed at p<.001, nine voxels extent threshold.

(A) 1 ~

1 Vs, Aud.

Vis. Aud.

Vis. Aud.

Source Hit E:Ei Forgotten .51 Vis. A.

Fig. 3. Auditorally selective subsequent source memory effects unconstrained by
the global modality effect (displayed at p <.001, nine voxels extent threshold) pro-
jected onto sections of a representative subject’s normalized structural image. Bar
plots (from top to bottom) illustrate peak parameter estimates (in arbitrary units)
for source hit and forgotten trials at peak voxels in left amygdala (A, —27 -3 -21),
right hippocampus (B, 15 —15 —24), right entorhinal cortex (C, 36 —15 —36), and
right posterior hippocampus/parahippocampal gyrus (D, 21 —36 —3). *p<.05.

mid-STS (Fig. 2). It should be noted, however, that in the case of
visually selective effects, in only one case did the effect significantly
exceed the magnitude of the corresponding (albeit non-significant)
auditory effect, and then at only a modest level of statistical signif-
icance. Thus, the evidence for overlap between modality-selective
subsequent memory effects and modality-sensitive cortical activ-
ity is arguably somewhat stronger for the auditory than the visual
condition. That said, these results add significantly to our prior
finding that the cortical regions engaged during episodic encod-
ing differ according to the nature of the accompanying contextual
information (Uncapher et al., 2006).

The findings suggest that successful encoding of the modality of
the study words was associated with enhanced processing in only
a subset of the cortical regions engaged by each class of study trial.
The localization of the visual subsequent source memory effect
to right ventral fusiform and bilateral IPS suggests that memory
for visual contextual information was facilitated when the con-
text word elicited a strong visual representation of its referent (the
posterior IPS has been shown to represent object-level informa-
tion; Konen & Kastner, 2008). In addition, since successful encoding
in the visual condition required a shift of visual-spatial attention
(from the picture to the word presented below it), the visually
selective IPS subsequent memory effects might, like the modality-
independent effects discussed above, reflect the mnemonic benefit
of efficient attentional re-orienting. Analogously, the finding that
the auditory source memory effect was localized to right mid-STS -
aregion selectively activated during perception of speech relative
to other auditory input (Hein & Knight, 2008; Hickok & Poeppel,
2007; Scott, Rosen, Lang, & Wise, 2006) — suggests that memory for
auditory information benefited when processing of the phonolog-
ical attributes of the context word was emphasized.
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In addition to modality-selective subsequent source memory
effects that overlapped the main effects of modality, additional
source effects were also identified in analyses that were uncon-
strained by generic modality effects. Of most interest is the finding
of an auditorily selective effect in bilateral MTL, including the hip-
pocampus (Fig. 3). This finding is of course consistent with the
numerous prior reports of hippocampal subsequent source mem-
ory effects (see above and Section 1). The question arises however
why memory for auditory information should have been associated
with more extensive hippocampal effects than memory for visual
contexts. In light of the equivalent levels of visual and auditory
source memory on the later memory test, it is unlikely this finding
reflects differences in the difficulty or efficacy of visual vs. auditory
encoding. An intriguing possibility is that successful encoding of
across-modality item-context associations places more demands
on hippocampal resources than does encoding of within-modality
associations, consistent perhaps with the proposal that ‘across-
domain’ associations are more dependent upon the hippocampus
than are ‘within-domain associations’ (Mayes, Montaldi, & Migo,
2007). Alternatively, the findings might reflect a simple modal-
ity effect, indicating that memory for auditory information places
more demands on hippocampally supported encoding processes
than does visual information (a consequence, perhaps, of the tem-
porally extended nature of the auditory items, leading to heavier or
more sustained attentional demands than in the case of the visual
words). The lack of prior studies investigating the neural correlates
of the encoding of auditory episodic information (though see Peters
etal.,2007; Poppenk et al., 2008) means that resolution of this issue
will have to await further research.

In conclusion, the present findings extend prior research on
the neural correlates of episodic encoding in three principal ways:
they provide direct evidence that encoding of a contextual feature
is associated with enhanced activity in cortical regions engaged
during its on-line processing; they demonstrate that such feature-
selective encoding effects extend to the auditory modality; and
they suggest that encoding of across-modality associations, or, per-
haps, episodes that contain auditory contextual information, places
greater demands on the hippocampus than does the encoding of
exclusively visual episodic information.
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