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Brief Communications

Novelty Enhancements in Memory Are Dependent on Lateral
Prefrontal Cortex

Mark M. Kishiyama,' Andrew P. Yonelinas,’ and Robert T. Knight':
"Helen Wills Neuroscience Institute and 2Department of Psychology, University of California, Berkeley, Berkeley, California 94720, and *Department of
Psychology, University of California, Davis, Davis, California 95616

Physiological evidence indicates that several brain regions, including the medial temporal lobes and prefrontal cortex (PFC), are involved
in processing events that are novel or distinctive in their immediate context. However, behavioral studies that investigate whether these
regions are critical for producing stimulus novelty advantages in memory are limited. For example, evidence from an animal lesion study
indicated that the PFC is involved in stimulus novelty effects, but this has not been examined in humans. In the current study, we used a
von Restorft novelty paradigm to test alarge cohort of lateral PFC patients (n = 16). We found that patients with lateral PFC damage were
impaired in recollection- and familiarity-based recognition, and they did not exhibit a normal memory advantage for novel compared
with non-novel items. These results provide neuropsychological evidence supporting a key role for the lateral PFC in producing stimulus

novelty advantages in memory.

Introduction
The ability to detect novelty is an essential feature of all mamma-
lian nervous systems (Sokolov, 1963), and it plays a critical role in
memory in the sense that items that are novel, or distinctive, are
remembered better than those that are less distinct (von Restorff,
1933). Although there are various ways in which an item may be
novel, here we focus on “stimulus novelty” that refers to cases in
which a stimulus is distinctive or unusual relative to other items in
the immediate or local context (Kishiyama and Yonelinas, 2006).
Two of the primary methods for examining the effects of stim-
ulus novelty are the novelty oddball (Courchesne et al., 1975) and
von Restorff paradigms (von Restorff, 1933). In a novelty oddball
paradigm, subjects are presented with infrequent target and low-
probability novel events embedded in a series of repetitive back-
ground stimuli. Evidence from a number of novelty oddball stud-
ies indicates that novel events activate a distributed novelty
detection network. For example, event-related potential (ERP)
findings from patients with focal lesions or implanted electrodes
suggest that regions in medial temporal lobes (MTL) and pre-
frontal cortex (PFC) constitute critical components of this net-
work (Knight, 1984, 1996; Halgren et al., 1998; Knight and Sca-
bini, 1998; Daffner et al., 2000). In addition, some ERP evidence
suggests that the right lateral PFC and particularly the dorsolat-
eral PFC (DLPFC) may be important for novelty processing (Al-
exander et al.,, 1995; Knight and Scabini, 1998; Daffner et al,,
2000). However, because memory was not typically measured in
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these studies, they do not reveal whether MTL and PFC regions
are critical for producing stimulus novelty effects in memory.

In the von Restorff paradigm, subsequent memory for novel
and non-novel items is directly contrasted. In this paradigm, sub-
jects study a list of items that includes a subset of items that are
made novel or distinctive from the majority. In subsequent tests
of memory, subjects are found to exhibit enhanced memory for
the novel items. This effect is extremely robust, and it is one of the
most widely used methods for examining the effects of stimulus
novelty on subsequent memory (for review, see Wallace, 1965;
Schmidt, 1991). In a von Restorff study of amnesic patients, Kish-
iyama et al. (2004) found that stimulus novelty effects were elim-
inated in patients with MTL lesions, including patients thought
to have relatively selective hippocampal damage. Evidence from
an animal lesion study revealed that von Restorff or stimulus
novelty effects were eliminated in a group of nonhuman primates
with lesions to the lateral PFC (Parker et al., 1998). However, the
role of the lateral PFC in producing stimulus novelty effects in
humans has not been examined.

We used a von Restorff paradigm and a large cohort of lateral
PEC patients to examine the role of PFC in producing stimulus
novelty advantages in memory. Evidence from previous studies
indicates that stimulus novelty benefits both recollection- and
familiarity-based recognition in neurologically healthy subjects
(Kishiyama and Yonelinas, 2003). We used the same test proce-
dure in the current study to determine whether lateral PFC pa-
tients would have reduced stimulus novelty effects in measures of
recollection and familiarity compared with age-matched control
subjects. In addition, we contrasted patients with different PFC
lesions in an effort to examine the contributions of specific PFC
subregions in producing stimulus novelty effects in memory.

Materials and Methods

Subjects. A total of 16 unilateral PFC (9 left, 7 right) patients (6 females,
10 males; mean age = 63 = 12.2 years; mean education = 14.5 £ 2.9
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Table 1. Lesion volume and Brodmann's area locations for individual patients
Patient

Lesion volume (in cm?) Brodmann'’s areas

1 22.8 44,45, 46

2 250.5 6,8,9,44,45, 46

3 34.8 8,9, 44,45, 46

4 3384 6,8,9,10,44, 45,46, 47
5 435 9,44, 45, 46

6 296.7 6,8,9,44,45, 46

7 71.1 6,8,9,44,45,46

8 255 9,10, 46

9 4185 6,8,9,44,45, 46

10 24 44,45, 46

n 142.2 6,8,9,10,44, 45, 46, 47
12 9 8,9,46

13 459 8,9,46

14 109.8 6,8, 46

15 38.7 6,8,9,46

16 143.4 8,9,10,44, 45,46

years) and 16 age- and education-matched control subjects (9 females, 7
males; mean age = 62.9 * 12.4 years; mean education = 14.6 = 2.0
years) participated. Patients and control subjects did not differ in age
(ts) = 0.24, p = 0.82) or education (t;5, = 0.11, p = 0.91). Patients
were recruited from the Veteran’s Administration Northern California
Health Care System in Martinez, CA and other participating hospitals
and clinics. Patients were included if they were at least 6 months post-
cerebral vascular accident and had no history of any other medical, neu-
rological or psychiatric disorder. All of the patients had the same etiology
of infarction of the precentral branch of the middle cerebral artery. The
average lesion volume was 126.3 cm”. The lesions were centered in the
lateral PFC encompassing both DLPFC [Brodmann’s areas (BA) 9 and
46] and ventrolateral PFC (VLPFC) (BA 44, 45, and 47) subregions with
varying degrees of damage in BA 6, 8, and 10. Note that every patient had
damage to atleast one DLPFC region (BA 9 and 46) and only five patients
(patients 8, 12—15) had damage that did not include at least one VLPFC
region (BA 44, 45, and 47). Lesion volume and specific BA locations for
individual patients are shown in Table 1. Individual lesion reconstruc-
tions and group lesion overlaps are shown in Figure 1 A for the left PFC
group (patients 1-9) and in Figure 1B for the right PFC group (patients
10-16). The control subjects were recruited from the Davis, Sacramento,
and San Francisco Bay Area communities, and they had no history of
neurological or psychiatric disorders. Subjects were paid for participa-
tion and signed consent statements approved by the Institutional Review
Boards of the University of California, Davis, the University of Califor-
nia, Berkeley, and the Veterans Administration Research Service.

Procedure. A total of 660 thumbnail object images from MasterClips
Premium Image Collection (MasterClips, 1998) were used as study and
test items. The objects were presented in red against a white background
or in yellow against a black background. Subjects were told that a long
series of objects would be presented on the computer monitor at a rapid
rate, and that they were to try to remember them for a later memory test.
They were told that some of the objects would appear in red and some
would appear in yellow, but that color was not important and that they
were to try to remember all the objects. During the study phase, subjects
were presented with 600 items at a rate of 850 ms per item. Within the
study list, there were 60 critical study items; 30 were novel and 30 were
non-novel items appearing in red and yellow. There were 540 filler items
appearing in the same color as the non-novel study items. Items were
thus made novel in the sense that they appeared in a less frequent color
than the majority of items in the study list (Fig. 2A). Items were pre-
sented in a pseudo-random order such that novel objects were separated
by a minimum of 10 intervening non-novel objects. Novel and non-
novel items were counterbalanced across subjects.

At test, subjects were presented with 120 items one at a time, 30 “old”
novel items presented in the original color, as well as 30 “new” items
presented in the same color as the novel items, mixed with 30 old non-
novel items presented in their original color, as well as 30 new items
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presented in the same color as the non-novel items. For each item, sub-
jects were required to make a “remember,” “know,” or “new” judgment,
and the experimenter recorded the responses. The remember—know in-
structions were adapted from previous studies (Tulving, 1985; Gardiner,
1988). Subjects were told that they were to respond remember if they
could recollect some qualitative information about the study event.
Moreover, they were instructed that they should only respond remember
if they could, if asked, tell the experimenter what they recollected about
that study event. Subjects were told to respond know if they thought the
item was studied, but they could not recollect any details about the study
event. That is, they should respond know if the item was familiar but not
recollected. They were told to respond new if they thought the item was
not in the study list. To ensure that subjects understood the test instruc-
tions, they were asked to describe the remember—know distinction back
to the experimenter, and the instructions were repeated if the subject
appeared to misunderstand the distinction.

Because subjects were instructed to respond remember whenever an
item was recollected, the probability of a remember response was used as
an estimate of recollection (i.e., R = remember). To incorporate false
alarm rates, accuracy was measured using d’, such that the proportion of
correct and incorrect remember responses were used as hits and false
alarms. Because subjects were instructed to respond know when an item
was familiar in the absence of recollection [i.e., know = F(1 — R)],
familiarity was estimated as the probability of a know response given the
item was not recollected [i.e., F = know/(1 — R)]. As with the recollec-
tion estimates, the estimates of familiarity for old and new items were
used as hits and false alarms to derive d’ estimates of familiarity accuracy.

Results

Table 2 presents the mean proportion of remember and know
responses for the left and right PFC patients and the control
subjects. Estimates of recollection and familiarity were obtained
from remember—know responses (Yonelinas and Jacoby, 1995).
The estimates were reported in d’ values (MacMillan and Creel-
man, 1991)— derived from the proportions of hit and false alarm
rates for remember and know responses (see Materials and Meth-
ods for details). Estimates of recollection and familiarity for novel
and non-novel items for left and right lateral PFC patients and
control subjects are shown in Figure 2 B. All measurements were
analyzed using Greenhouse—Geisser corrected, repeated-
measures ANOVA. Planned ¢ tests were one-tailed.

Recognition memory performance was significantly lower in
the PFC patients compared with the control subjects (F(, 5, =
5.87, p = 0.02), and planned contrasts revealed that these deficits
were apparent in both recollection (t,5) = 1.74, p = 0.05) and
familiarity estimates (5, = 1.84, p = 0.04). In addition, planned
contrasts revealed that there was a significant stimulus novelty
advantage in recollection for the control subjects (¢,5, = 1.90,
p = 0.04), whereas there was no stimulus novelty advantage in
recollection for the lateral PFC patients (5, = 0.55,p = 0.29).In
fact, the patients’ recollection estimates were slightly higher for
the non-novel compared with the novel items (Fig. 2B). Note,
however, that the group X stimulus interaction did not quite
reach the level of statistical significance (F(, 50, = 3.19, p = 0.08).
Estimates of familiarity were generally greater for the novel com-
pared with the non-novel items, but these differences were not
significant for either the control subjects or the PFC patients (all
p>0.05).

Additional comparisons revealed that there were no signifi-
cant recognition differences between the patients with left (pa-
tients 1-9) and right lateral PFClesions (patients 10—16). In gen-
eral, the patients with right PFC lesions performed slightly more
poorly than the left PFC patients, possibly because of the visual
nature of the stimuli (Milner et al., 1991), but these differences
were not significant in recollection (f,,, = 0.83, p = 0.21) or
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A, Lesion reconstructions for individual patients with left frontal lesions (patients 1-9). A group lesion overlap is shown at the bottom of the figure. The scale indicates the percentage

of patients with lesions in a specific area. B, Lesion reconstructions for individual patients with right frontal lesions (patients 10 —16). A group lesion overlap is shown at the bottom of the figure. The

scale indicates the percentage of patients with lesions in a specific area.

familiarity (f,,) = 1.26, p = 0.12). Moreover, there were no
stimulus novelty effects on recollection in either the left (5, =
0.58, p = 0.29) or the right PFC patients (¢5) = 0.12, p = 0.45). As
with the control subjects, there were numerical stimulus novelty
advantages in the familiarity estimates for both the left and right
PFC groups (Fig. 2B). This difference was not significant in the
right PFC group (¢, = 0.59, p = 0.29), but approached signifi-
cance in the left PFC group (¢4, = 1.84, p = 0.05).

A final comparison was made between patients with damage
limited to the DLPFC region (the DLPFC group; patients 8, 12—
15) and patients with damage that included the DLPFC and
VLPEFC regions (the DLPFC + VLPFC group; all remaining pa-
tients). The analysis indicated that recognition estimates did not
differ between these groups for recollection (¢, = 0.14, p = 0.45)
or familiarity (f,,) = 1.03, p = 0.16). In addition, stimulus nov-
elty effects on recollection were not seen in the DLPFC patients
(t4y = 0.57, p = 0.30) or the DLPFC + VLPFC patients (o, =
0.29, p = 0.39). There were stimulus novelty advantages in famil-
iarity in the DLPFC + VLPFC patients (t,,) = 2.73, p = 0.01),
but these advantages were absent in the DLPFC patients (t,, =
0.03, p = 0.49). However, the former finding could reflect the
larger sample size of this group.

Discussion

The PFC has been implicated in a number of studies of stimulus
novelty. For example, evidence from studies using ERPs, depth
electrodes in humans, and single-unit studies in monkeys sug-
gests that the PFC plays an important role in novelty detection
(Knight, 1984; Halgren et al., 1998; Daftner et al., 2000; Matsu-

moto et al., 2007). In addition, evidence from lesion, ERP, and
functional magnetic resonance imaging studies indicate that both
the PFC and MTL are thought to constitute critical components
of a distributed novelty detection network (Knight, 1996, 1997;
McCarthy et al., 1997; Knight and Scabini, 1998; Strange and
Dolan, 2001; Yamaguchi et al., 2004). However, these studies do
not reveal whether these regions are critical for producing stim-
ulus novelty effects in memory, because memory was not typi-
cally measured in these studies.

In the current study, we used a von Restorff paradigm to in-
vestigate the critical role of the lateral PFC in stimulus novelty
and memory. In particular, if the lateral PFC is essential for
novelty-related memory enhancements, then lesions in this area
should lead to reductions in stimulus novelty effects in memory.
We found that novelty effects on recollection that were observed
in control subjects were absent in lateral PFC patients. Similar
results have been observed in nonhuman primates (Parker et al.,
1998). The current findings suggest that the human lateral PFC
may be important for producing stimulus novelty effects in
memory. Together with the results from a study of patients with
MTL damage (Kishiyama et al., 2004), these findings provide
support for anatomically motivated memory models of novelty
suggesting that novelty advantages in memory reflect interactions
between memory mechanisms in the MTL and novelty monitor-
ing mechanisms in the PFC (Metcalfe, 1994; Tulving et al., 1994;
Tulving and Kroll, 1995). Moreover, the current findings extend
these models by implicating the lateral PFC and the
hippocampus.
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Figure2. A, Thevon Restorffparadigm. The novelitemappearsin red (shown herein gray) against a white background and the
non-novel items appear in yellow (shown here in white) against a black background. B, Recollection and familiarity estimates for

novel and non-novel items for left and right lateral PFC patients and control subjects.

Table 2. The probabilities of remember (R) and know (K) responses

0ld items New items
R K R K
Controls (n = 16)
Novel 0.49(0.16)  0.20(0.14)  0.07 (0.05)  0.18(0.15)
Non-novel 0.50 (0.19) 0.26 (0.16) 0.18 (0.18) 0.28 (0.15)
Left PFC patients (n = 9)
Novel 0.29(0.16)  0.27(0.20)  0.04(0.05)  0.15(0.08)
Non-novel 0.36 (0.20) 0.24(0.15) 0.06 (0.06) 0.23(0.11)
Right PFC patients (n = 7)
Novel 0.30 (0.14) 0.13(0.11) 0.11(0.13) 0.10 (0.09)
Non-novel 0.40(0.26)  0.18(0.14)  0.17(0.20)  0.19(0.09)

SDs are presented in parentheses.

The current findings also provide insights into the regions
within the PFC that may be important for producing stimulus
novelty advantages in memory. Although evidence from ERP
studies suggested that the right lateral PFC and the DLPFC may
be particularly important for novelty processing (Alexander et al.,
1995; Knight and Scabini, 1998; Daffner et al., 2000), the current
findings suggest that stimulus novelty advantages observed in
recognition memory are not strongly lateralized to the left or
right hemisphere. In addition, the current results suggest that
damage to the DLPFC is sufficient to eliminate the novelty ad-
vantages in memory.

Although the current results provide important information
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about the role of the lateral PFC in produc-
ing stimulus novelty effects in memory,
they are not particularly informative about
specific cognitive processes that may sup-
port these effects. One possibility is that
novel items attract more attention than
non-novel items, thus enhancing the en-
coding of these items. Another possibility
is that stimulus novelty may benefit re-
trieval by either enhancing monitoring
processes or reducing interference for
these items at time of test (Kishiyama and
Yonelinas, 2006). Future investigations
using neuroimaging techniques could be
helpful in determining the contribution of
these processes.

There is some evidence indicating that
acetylcholine (ACh) may be the neuro-
chemical mechanism that supports inter-
actions across a distributed prefrontal—
hippocampal network that may underlie
both novelty detection and stimulus nov-
elty effects in memory. Thatis, ACh plays a
major role in both memory (Hasselmo,
2006) and novelty detection (Yamaguchi
et al.,, 2004). Basal forebrain cholinergic
neurons project to cortical regions that in-
clude the lateral PFC and the hippocam-

n

pus. Disconnection of prefrontal and tem-

Controls Left PFC Right PFC Controls Left PFC Right PFC poral cortical regions from ACh afferents
Fationts Fatiants Fitients Fatignts has been shown to lead to deficits in visual

Recollection Familiarity recognition memory (Easton et al., 2001).

In addition, evidence from animal studies
reveals that cholinergic neurons projecting
to PFC and the hippocampus are activated
by novel stimuli (Acquas et al., 1996).
Moreover, administration of the ACh an-
tagonist scopolamine has been found to reduce both memory
performance and the frontal P3 response (Potter et al., 2000).
Cortical modulation of ACh in the basal forebrain could there-
fore underlie modulation of both attentional resource allocation
involved in novelty detection and the encoding of novel events
(Ranganath and Rainer, 2003).

The current results also revealed that overall recognition
memory performance was reduced in lateral PFC patients compared
with control subjects. These findings support previous evidence in-
dicating that PFC plays a critical role in long-term memory (Shi-
mamura, 1995). Planned contrasts revealed that lateral PFC patients
had reduced estimates of recollection and familiarity compared
with control subjects. These findings are consistent with a previ-
ous remember/know study that found recollection and familiar-
ity deficits in lateral PFC patients (Duarte et al., 2005).

In conclusion, the current results demonstrate that the human
lateral PFC is important for producing stimulus novelty effects in
memory. Combined with previous research, these findings further
delineate critical subregions of a distributed novelty processing net-
work, including the hippocampus and the lateral PFC, that support
both novelty detection and stimulus novelty advantages in memory.
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