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Frontal lobe lesions impair recognition memory but it is unclear whether the deficits arise from impaired
recollection, impaired familiarity, or both. In the current study, recognition memory for verbal materials
was examined in patients with damage to the left or right lateral prefrontal cortex. Words were inciden-
tally encoded under semantic or phonological orienting conditions, and recognition memory was tested
using a 6-point confidence procedure. Receiver operating characteristics (ROCs) were examined in order
to measure the contributions of recollection and familiarity to recognition memory. In both encoding con-
ditions, lateral prefrontal cortex damage led to a deficit in familiarity but not recollection. Similar deficits
were observed in left and right hemisphere patients. The results indicate that the lateral prefrontal cor-
tex plays a critical role in the monitoring or decision processes required for accurate familiarity-based
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Determining the neural substrates of episodic memory has been
the focus of decades of research, beginning with the classic case of
H.M., which revealed the importance of the medial temporal lobes
[1]. In recent years, the contribution of the prefrontal cortex (PFC)
to episodic memory has received growing attention. Frontal lobe
lesions lead to a variety of subtle but noticeable memory impair-
ments, particularly in the strategic control of encoding and retrieval
[2-7]. Frontal patients perform poorly on many long-term memory
tasks, including free recall, cued recall, and source and temporal
order memory [see Refs. [2,8-10] for reviews]. They also show
increased susceptibility to interference [e.g., Ref. [11]] and have
difficulty with strategy implementation at encoding and retrieval,
which extends to the organization and monitoring of retrieval from
remote memory [12,13].

The body of research on long-term memory deficits in patients
with frontal lesions has focused largely on memory tasks that
involve some degree of strategy implementation at study, test, or
both, and considerable progress has been made in understand-
ing the strategic memory deficits in these patients. What has
received less attention is a precise understanding of how the PFC
contributes to item recognition, where the demand for strategic
retrieval processes is minimized. Although item recognition was
initially thought to be preserved in PFC patients [14], it is now
apparent that PFC lesions do in fact impair recognition memory
[see Ref. [10] for a meta-analysis]; nevertheless, the nature of this
impairment is undetermined.
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It is widely agreed that two retrieval processes support recogni-
tion memory judgments: recollection and familiarity [see Ref. [15]
for a review]. Recollection reflects the retrieval of qualitative infor-
mation about the study episode, such as where or when an event
took place, or one’s thoughts and feelings at the time. On the other
hand, familiarity drives memory performance without any quali-
tative details coming to mind about where or when the item was
encountered before. An extensive body of patient and neuroimag-
ing research has focused on the role of the medial temporal lobes
in recollection and familiarity [see Ref. [16] for review]. In the past
10 years, the role of the frontal lobes in recollection and familiar-
ity has received growing attention in neuroimaging studies [Refs.
[17-22]; see Ref. [23] for review], but there are only a handful of
patient studies that address this issue. The consequence of frontal
lobe lesions on recollection and familiarity, therefore, is not well
established.

On theoretical grounds, there is good reason to think that the
PFC may be important for both recollection and familiarity. Some
indirect evidence comes from task comparisons, which show that
source memory, which depends heavily on recollection, is impaired
in PFC patients, while item memory, which can be supported largely
by familiarity, is less impaired [e.g., Ref. [14]]. Moreover, recollec-
tion is often characterized as reflecting a controlled or strategic
retrieval process, similar to that underlying free recall, whereas
familiarity is thought to be a more automatic process. As such,
one might predict that the frontal lobes are particularly critical for
recollection [e.g., Refs. [24-28]]. On the other hand, familiarity is
often characterized as a signal-detection retrieval process, which
necessitates both an assessment of memory strength and a deci-
sion process, which involves setting response criteria for classifying
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items as old or new [e.g., Refs. [29,30]]. Both of those components
of familiarity assessment may depend on the monitoring and eval-
uation processes supported by the PFC [see Ref. [18]].

We focus here on lateral prefrontal cortex (LPFC), which is richly
connected with regions in the medial temporal lobe [see Ref. [31]]
and has been directly implicated in item recognition in numer-
ous previous studies [see Ref. [10] for review]. There are only
a handful of studies investigating recollection and familiarity in
LPFC patients, and these studies have yielded conflicting results.
Most of the studies have utilized the remember/know procedure
[32] to estimate the contributions of recollection and familiarity.
This procedure requires participants to introspect on their memory
experience and report whether they consciously ‘remember’ study-
ing an item, or merely ‘know’ that an item was studied, without
any qualitative details coming to mind about the study event. Most
recently, Kishiyama et al. [33] found that recollection and familiar-
ity were reduced in LPFC patients, following intentional encoding
of pictures. In contrast, Duarte et al. [34] found that LPFC patients
were impaired in familiarity, but not recollection, and the deficit
was restricted to pictures presented to the lesioned hemisphere.
Left LPFC patients were additionally impaired at remembering the
context which items were encoded, suggesting that an objective
measure of recollection was impaired in these patients, although
self-reports of recollection were intact. Finally, an earlier study
found that LPFC patients were not impaired at ‘remembering’ or
‘knowing’, although ‘know’ responses were slightly reduced [35].
Familiarity estimates, however, were not reported.

Another way of estimating the contributions of recollection and
familiarity to recognition memory is to use receiver operating char-
acteristics (ROCs), and fit the dual process signal detection model
to the data [36,37]. This method allows one to estimate recollec-
tion and familiarity without relying on the subjective reports of the
remember/know technique. The only ROC study with frontal lobe
patients found that LPFC patients were impaired at familiarity, but
not recollection, for incidentally encoded pictures [38].

Thus, there are some studies suggesting that recollection and
familiarity are both intact in LPFC patients [35], other studies indi-
cating that familiarity is impaired but recollection is not [34,38],
and yet other studies suggesting that both recollection and familiar-
ity are impaired [[33,34] left PFC patients]. The lack of a consensus
among these studies might arise from a number of factors. First,
reliance on subjective reports of recollection and familiarity may be
complicated by the metamemory deficits in frontal patients [39]. Of
note, different measures of familiarity were used in different stud-
ies (i.e., ‘know’ responses versus independence remember/know
estimates of familiarity, see Ref. [40]), complicating comparison
across studies. Second, the use of intentional encoding conditions
[33,34] may lead to different results than incidental encoding [[38];
see also Ref. [35]]. In the former, recognition impairments may be
the result of impairments at strategic encoding as well as impair-
ments at retrieval, whereas in the latter case, deficits are likely to
be primarily at retrieval. Memory deficits in frontal patients are
reduced when encoding conditions are incidental or constrained
[e.g., Refs. [41,42]], so it is possible that this contributes to the dis-
crepancies between studies. Finally, high levels of performance in
the ROC study [38] complicate the interpretation of those results,
because ceiling effects can reduce the reliability of the estimates of
recollection and familiarity [15].

The aim of the current study was to use receiver operating char-
acteristics to investigate whether recollection, familiarity, or both
are impaired in patients with lesions to the lateral prefrontal cor-
tex. Incidental encoding was used to reduce demands on strategic
processing at encoding, and memory was examined at two levels
of performance (following shallow and deep encoding) to deter-
mine if the memory deficit generalizes across memories of different
strength.

1. Method
1.1. Participants

Thirteen patients with unilateral prefrontal cortex lesions (7 left, 6 right)
(mean age=63.4 years, SD=12.1) and 26 age-matched control participants (mean
age=62.9 years, SD=11.2) took part in the experiment. Patient characteristics and
neuropsychological test scores are shown in Table 1. Each patient was yoked to two
age-matched controls. The average age of patients and controls was not different,
t<1. However, left LPFC patients (M=57.7 years, SD=11.0, n=7) were younger on
average than right LPFC patients (M =70.0 years, SD=10.5, n=6), and this difference
approached significance, t(11)=2.06, p =.06. The control groups for the left and right
patients also differed in age (left control group M =57.5 years, SD=11.0, n=14; right
control group M=69.1 years, SD=9.2, n=12), and this difference was significant,
t(24)=3.04, p=.006. For this reason, age was used as a covariate in initial analy-
ses, but follow-up tests did not use age as a covariate if there were neither main
effects of age nor any interactions. The education levels of the patients (M=15.7
years, SD=3.6) did not differ from that of the controls (M=14.7 years, SD=1.84;
t(32)=1.07, p=.29). Left and right hemisphere patients also did not differ in educa-
tion, t<1.

Patients were recruited from the Veteran’s Administration Northern California
Health Care System (VANCHCS) in Martinez, CA and other participating hospitals
and clinics. Patients were included if they were at least 6 months post-cerebral vas-
cular accident and had no history of any other medical, neurological or psychiatric
disorder. None of the patients were aphasic. The lesions for all patients were the
result of middle cerebral artery infarcts. The lesions were centered in the lateral
PFC encompassing both dorsolateral PFC (DLPFC; Brodmann's areas (BA) 9 and 46)
and ventrolateral PFC (VLPFC; BA 44, 45 and 47) sub-regions with varying degrees
of damage in BA 6, 8, and 10. Note that every patient had damage to at least one
DLPFC region (BA 9 and 46) and only four patients had damage that did not include
at least one VLPFC region (BA 44, 45, and 47). Group lesion overlaps are shown in
Fig. 1a for the left LPFC group and Fig. 1b for the right LPFC group. The control par-
ticipants were recruited from the Davis, Sacramento, and San Francisco Bay Area
communities, and they had no history of neurological or psychiatric disorders. Par-
ticipants were paid for participation and signed consent statements approved by
the Institutional Review Boards of the University of California, Davis, the University
of California, Berkeley, and the Veterans Administration Research Service.

1.2. Materials

Four-hundred and eighty nouns, adjectives, and verbs were selected from the
Toronto word pool. The words ranged from 3 to 7 letters in length (M=5.4,SD=1.3)
and from 1 to 3 syllables. Kucera-Francis frequency [43] ranged from 11 to 39
(M=20.7,SD =8.3). The words were randomly divided into two sets to serve in ses-
sions 1 and 2. Each set was randomly divided into three lists. List 1 served as the
first study list, list 2 served as the second study list, and list 3 served as non-studied
lure items. The test list consisted of a random mixture of all the items from the three
lists.

1.3. Design and procedure

Four PFC patients were tested in two 1-h sessions, and the remaining nine
patients participated in one 1-h session. Controls yoked to the patients were
matched to the patients for number of trials. Participants heard one list of words
under deep encoding conditions (i.e., make an abstract/concrete judgment about
each word), and then a second list of words under shallow encoding conditions
(i.e., count the number of syllables in each word). For participants who took part
in two sessions, the order of the encoding conditions was reversed for the second
session. Participants were then read a test list and were required to make recogni-
tion memory judgments using a 6-point confidence scale from ‘certain it was new’
(1) to ‘certain it was old’ (6). The study and test phases were participant-paced. The
participants responded verbally and the experimenter recorded their responses.
Participants were instructed to spread their responses across the whole range from
1 to 6, and were reminded of this after they made their first few responses. Pilot
studies with healthy controls suggested that these instructions were necessary
in order to avoid having participants use only high-confidence or low-confidence
responses. Failure to use the entire range of response confidence would lead to ROCs
in which the points were closely clustered together, thus making the assessment of
the function difficult.

2. Results

The mean proportion of responses in each confidence bin are
shown separately for each of the patient and control groups in
Table 2. In order to estimate the contributions of recollection and
familiarity to recognition performance, confidence responses were
used to plot receiver operating characteristics for each patient and
control. The proportion of correct recognitions (hits) was plotted
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Patient characteristics and neuropsychological test scores. WAIS-R scores are for the digit symbol subtest, number correct and incorrect in 90s. Trail making test scores are
times in seconds for Part A (numbers) and part B (switching). The Stroop test was a modified version from the Delis-Kaplan executive function system (D-KEFS, [74]). Patients
had 60 s for each of the color naming and interference conditions. Stroop scores are color correct/color errors/interference correct/interference errors.

Patient ~ Hemisphere of lesion Sex Education Age attest ~ WAIS-R: digit symbol  Trail making test ~ Stroop WRAT-4: word reading
L1 Left M Unknown 70 N/A N/A N/A N/A
L2 Left M Unknown 67 N/A N/A N/A N/A
L3 Left M Ph.D. 46 56/0 27/83 44/0/42/0 44
L4 Left M 11 63 15/0 54/193 38/5/22/0 21
L5 Left F 14 65 27/0 45/172 27/0/17/0 36
L6 Left F DO (MD equivalent) 49 45/0 38/81 43/0/28/0 49
L7 Left M MBA 44 43/0 23/96 25/0/21/0 41
R1 Right F Unknown 79 N/A N/A N/A N/A
R2 Right F Unknown 82 N/A N/A N/A N/A
R3 Right M 13 72 19/1 93/260 60/0/22/2 43
R4 Right M 12 72 24/0 59/265 42/0/17/0 44
R5 Right M HS, 2.5 yrs college 59 411 35/139 115/2/53/2 36
R6 Right F Master's Degree 56 36/0 31/53 83/0/56/0 49

a Left prefrontal

-
N

Fig. 1. Overlay of lesion reconstructions for the seven left (a) and six right (b) lateral prefrontal patients.

against the proportion of incorrect recognitions (false alarms) as

a function of confidence, with the left-most point indicating the
most confidently recognized items. The dual-process signal detec-
tion (DPSD) model was then fit to the observed ROCs to derive

a 1.00

estimates of recollection and familiarity [36,37]. Recollection was

measured as the y-intercept of the ROC, and familiarity as the
degree of curvilinearity of the ROC. Aggregate ROCs and mean
parameter estimates of recollection and familiarity for patients and
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Fig. 2. Aggregate ROCs for the deep and shallow encoding conditions, for patients and controls (a). Average estimates of recollection and familiarity from the ROC analysis
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@ Table 3
2 T TS Recollection and familiarity estimates in the shallow and deep encoding conditions
S NN for the left and right LPFC patients and their respective control groups.
L [2 0
; o NN Shallow encoding Deep encoding
]
-,% ’g? ’g ’g = Recollection Familiarity Recollection Familiarity
‘f- TNYn LControls  0.26(0.04) 1.02(0.08) 0.50(0.05) 1.28(0.11)
& n|m T L LPFC 0.36(0.08) 0.71(0.21) 0.50(0.07) 0.95(0.18)
g o R Controls  0.14(0.04) 0.82(0.06) 0.47(0.04) 0.94(0.08)
5 3838 R LPFC 0.22(0.05) 0.59(0.21) 0.37(0.10) 0.78(0.23)
= D w —
S +|223
é saeo controls are shown in Fig. 2 and in Table 3. In order to characterize
g eeee the patients’ performance, separate analyses of variance were con-
3 nl 888 = ducted for recollection and familiarity, using the recollection and
}:E familiarity estimates for each patient and control.
S Soxa
= S
E N 2.1. Familiarity
= ~ Qe
=
2 a
3 g‘j IEEQ In order to determine if left LPFC and right LPFC patients differed
9 =t oI significantly in estimates of familiarity, patients were compared
% Sle|em=2 in the shallow and deep encoding conditions. Age was used as a
Eo PR covariate because of the age difference between the patient groups.
2 E E E§ The main effects of age and hemisphere were not significant, all
& o889 ps>.22. Thus, left and right LPFC groups were collapsed in subse-
- quent analyses and treated as a single patient group.
= RSN Familiarity estimates for each patient and control were entered
b (=N =i llw]
i EEET intoa2 (group: patient or control) by 2 (levels of processing: deep or
S SN A shallow) mixed model analysis of variance, with repeated measures
o . .
g saeam on levels of processing. The ANOVA led to a main effect of group,
8 ceeee F(1,37)=4.67, p=.037, and a main effect of levels of processing,
g +|RE8C8 F(1,37)=13.16, p=.001. The group by levels of processing interac-
% tion was not significant, F< 1. Follow-up planned t-tests confirmed
8 83883 that the patients were impaired at familiarity relative to controls
§ ot § =~ in both the shallow, t(37)=2.22, p=.016, and deep, t(37)=1.73,
; s C p=.046 encoding conditions.
g N To see if there was a trend for a difference in the magnitude of
s § % E % impairment for the left and right LPFC patients, descriptive statis-
E Tla|mm tics for the left and right patient groups were compared to their
=] (=] . . oy . .
5 = PR respective control group. Estimates of familiarity in the shallow
g ) =S2=8 encoding condition were reduced by 30% and 28% in the left and
% g _lzego right LPFC groups, respectively, compared to each of their age-
g o matched control groups. In the deep encoding condition, estimates
§ Sgge of familiarity were reduced by 25% for the left LPFC group and 17%
; I3aS for the right LPFC group. Thus, there was a slightly larger numerical
2 ©| 22 impairment for the left LPFC group in the deep encoding condition,
= ccea but there was no difference in impairments for the different patient
< gecc groups in the shallow encoding condition, and no statistically sig-
;. n 8888 nificant difference between the left and right LPFC groups.
@ In order to further investigate the impairments, z-scores were
5 SEY® calculated for each left- and right- patient relative to the
8 INYTR lculated fi h left d right-LPFC patient relative to th
.E’ > oo S respective left or right control group. The familiarity impairments

v|eee= f ; : ;
Y or left- and right-LPFC patients were then compared with the
@ seao non-parametric Mann-Whitney U test. The impairments were not
‘g 222z different for the left and right LPFC patients (U= 19, p =.84 for shal-
S w2288 low encoding and U=21, p=.99 for deep encoding).
3 o We are cautious about interpreting the lack of a difference
8 2= between the left and right patient groups, due to the small sam-
8 NS e ple sizes. With larger sample sizes, it is possible that differences
N 1N = . . . .

§ would arise. Nevertheless, in the current experiment, the patients
8 Foox were impaired relative to controls on estimates of familiarity, and
S|z oSS there was no evidence for differences in the degree of impairment.
J1EIBEREE
s o
St 2 2 2.2. Recollection
o = = =

~ & & ‘g LEY

= g 5 o5 E In order to determine if left and right LPFC patients could again

€= & be treated as a single patient group, estimates of recollection were
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compared in the shallow and deep conditions, using age as a covari-
ate. The main effects of age and hemisphere were not significant,
all ps>.21. Left and right LPFC groups were therefore collapsed in
subsequent analyses as a single patient group.

A 2 (group: patient or control) by 2 (levels of processing:
deep or shallow) mixed model analysis of variance on estimates
of recollection resulted in a main effect of levels of processing,
F(1,37)=57.00, p<.0001, and a group by levels of processing inter-
action, F(1,37)=6.47, p=.015. There was no main effect of group,
F<1. The group by levels of processing interaction arose because
the patients were numerically higher than controls for estimates
of recollection following shallow encoding, but the controls were
numerically higher than the patients for estimates of recollec-
tion following deep encoding. Neither of these differences was
significant, however, ps>.11. Additionally, the higher recollection
estimate for patients compared to controls in the shallow encoding
condition was driven by a left LPFC patient who had a recollec-
tion estimate greater than 0.7, which is more than 3 standard
deviations greater than the mean for controls. Given this, and
the non-significant pair-wise comparisons, we are cautious about
interpreting the interaction in the recollection estimates.

Thus, the patients were not impaired at recollection compared
to controls, and left and right lesion patients were not significantly
different.

2.3. Comparison of recollection and familiarity

To confirm that the LPFC patients were impaired at familiar-
ity but not recollection, a 2 (process: recollection or familiarity)
by 2 (group: patient or control) by 2 (levels of processing: shallow
or deep) mixed-model analysis of variance was conducted on the
parameter estimates from the ROC analyses, using age as a covari-
ate. Since familiarity is measured in d’ and recollection is measured
as a probability, familiarity estimates were first converted into
probabilities to eliminate the difference in scale. Although other
methods are available to facilitate comparison of scores (e.g., con-
version to z-scores or converting recollection to a d’ value), this
method was used for consistency with previous patient studies
[e.g., Ref. [44]] as well as reviews of the recognition memory lit-
erature [15]. To obtain familiarity as a probability, the hit rate was
found for each participant that would yield that participant’s d’ for
familiarity, using the average false alarm rate for controls as the
false alarm rate. The average false alarm rate was then subtracted
from the participant’s obtained hit rate to yield an estimate of famil-
iarity as a probability. Note that the use of the average false alarm
rate for controls is arbitrary and does not affect any group differ-
ences, since the same false alarm rate is used for all individuals, and
it is subtracted out at the end to yield the familiarity estimates.

There was a main effect of levels of processing, F(1,36)=7.26,
p=.011, and no levels of processing by process interaction, p=.18,
indicating that deeper processing had similar beneficial effects on
recollection and familiarity. Most importantly, there was a sig-
nificant group by process interaction, F(1,36)=4.30, p=.045. This
interaction arose because patients were significantly impaired
relative to controls on familiarity, t(37)=2.21, p=.021, but not
recollection, t< 1. No other main effects or interactions were signif-
icant. These results therefore converge with the preceding analyses
and confirm that LPFC patients were impaired at familiarity but not
recollection.

2.4. Analyses based on d’

The ROC data could also be analysed using an equal variance
signal detection approach, which characterizes performance based
on a single parameter, d’. The ROC data was analysed using this
approach to determine if similar conclusions would result. For each

confidence point, d’ was calculated, based on the hit and false
alarm rate at that confidence level. In the deep encoding condi-
tion, patients were not significantly different from controls at the
‘6’, ‘'5’, or ‘4’ confidence levels, all ps>.12. They were significantly
impaired, however, at the ‘3’ and ‘2’ confidence levels, t(37)=2.05
and £(37)=2.02 for the ‘3’ and ‘2’ points respectively, both ps<.05.
A similar trend was observed in the shallow condition, but this
did not reach significance (p=.07 and p=.08 for the ‘3’ and ‘2’
points, respectively, one-tailed). Inasmuch as both recollection and
familiarity can lead to high confidence responses, while the lower
confidence responses are based on familiarity [30] these analyses
are consistent with the dual-process interpretation that familiarity,
but not recollection, is impaired in frontal patients.

3. Discussion

In the past few decades, an extensive body of research has shown
that the frontal lobes have important mnemonic functions that are
distinct from the contributions of the medial temporal lobes. Specif-
ically, the frontal lobes are important for organizing, evaluating,
and monitoring the encoding and retrieval operations of the medial
temporal lobes [see Ref. [45] for review]. As a result, damage to the
frontal lobes leads to deficits on a variety of memory tasks that put
demands on effortful or strategic encoding and/or retrieval [see
Refs. [2,6,9] for review]. It was initially thought that performance
on a non-strategic memory task, item recognition, was preserved in
patients with PFC lesions. However, it became apparent that there
was in fact a reliable recognition deficit in PFC patients [10]. What
was unknown was whether the recognition impairment resulted
from impaired recollection, impaired familiarity, or both.

Given the memory deficits in these patients on tasks that require
controlled and effortful retrieval, a reasonable prediction is that
recollection would be impaired. Further, inasmuch as familiarity
assessments depend on one’s ability to judge memory strength
and set decision criteria for old/new decisions, it is also reasonable
to predict that the frontal lobes play a role in familiarity. Indeed,
neuroimaging evidence supports a role of the PFC in both recollec-
tion and familiarity [[17-20,22], see Refs. [21,23] for reviews]. With
respect to familiarity, neuroimaging studies have found lateral PFC
activation at both encoding [e.g., Ref. [20]] and retrieval [e.g., Ref.
[22]] which tracks recognition confidence, suggesting this region is
sensitive to familiarity. The handful of patient studies that investi-
gated this issue, however, led to mixed results [33-35,38], and were
complicated by a variety of factors, such as reliance on subjective
reports [33-35], high levels of performance [38], or demands on
effortful or strategic encoding [33-35]. In the current study, these
issues were addressed by using an incidental encoding task, and
analysing receiver operating characteristics to estimate the con-
tributions of recollection and familiarity to recognition memory at
two levels of performance. We found that LPFC patients’ recognition
memory was characterized by preserved recollection but impaired
familiarity [see also Refs. [34,38]].

3.1. Assessing reasons for discrepant findings

Why has the prior literature been inconsistent with regard
to recollection and familiarity impairments in frontal patients?
A number of factors seem to contribute. First, to the extent that
encoding conditions are demanding or intentional, leading control
participants to utilize strategic processes at encoding to optimize
performance, LPFC patients may exhibit deficits in both recollec-
tion and familiarity (e.g., intentional encoding, [33]; rapid visual
presentations and intentional encoding, [34]). The role of the PFC
in demanding encoding conditions is supported by two stud-
ies reporting reduced recollection and familiarity following rTMS
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to the LPFC during encoding [46,47]. When experiments include
demanding encoding conditions, the impairment in recollection
may not be due to impaired retrieval of contextual information;
instead, the impairment may be due to less effective encoding of
information that can support recollection. When encoding con-
ditions for patients and controls are incidental, however, deficits
are found in familiarity, but not recollection (|38], and the current
study).

Another factor that may affect the assessment of recollection
and familiarity deficits is how one measures recollection and famil-
iarity. A number of studies have relied on subjective reports using
the remember/know procedure [33-35]. Although the remem-
ber/know procedure leads to converging results with other process
estimation methods used to estimate recollection and familiarity
[48] some evidence suggests that the remember/know distinction
can be difficult for patients with memory deficits to understand
[e.g., Ref. [49]]. Confidence judgments, and the ROC method, may
therefore be a useful alternative for deriving recollection and famil-
iarity estimates in patient populations.

A final consideration is that lesion location within the PFC is
likely to be critical in determining whether recognition deficits are
due to recollection impairments, familiarity impairments, or both.
For example, the current results may seem at odds with a study
which used ROCs to investigate recollection and familiarity in rats
with prefrontal lesions [50] and found impaired recollection and
spared familiarity. Importantly, the lesions in the rat study were
to the medial PFC, not the lateral PFC as in the current study. The
findings from the rat study are consistent with the Wheeler and
Stuss[35] finding that patients with medial and polar frontal lesions
showed only recollection impairments. Although it is possible that
there are differences between the medial frontal regions in the rat
and in humans, the results so far suggest that the medial and lateral
regions may play different roles in recognition memory. The PFC is
known to be a heterogeneous structure, and damage to different
subregions of the PFC result in distinct profiles of deficits in atten-
tion, memory, and other cognitive functions [see Refs. [51-56]]. It
would be surprising if damage to different subregions of the PFC had
exactly the same effect on recognition memory. Even if the mag-
nitude of recognition impairments was similar, the impairments
may be due to qualitatively different reasons following damage to
distinct subregions [see Ref. [52]].

Additionally, neuroimaging evidence suggests that distinct
regions of PFC play roles in recollection and familiarity-based
recognition [e.g., Refs. [20,22]]. In a review of the neuroimaging
data, Skinner and Fernandes [21] proposed that the right dorso-
lateral PFC is involved in both recollection and familiarity, but
recollection additionally involves bilateral anterior and superior
frontal regions. Although we did not find that the memory deficits
we observed differed for left compared to right hemisphere lesion
patients, future studies with larger samples will be useful in assess-
ing this possibility. In addition, future research will be necessary to
elucidate whether lesions to distinct PFC subregions have differen-
tial effects on recollection and familiarity. For example, as discussed
earlier, some evidence suggests that lesions to the frontal poles may
impair recollection [35].

Recognition also appears to be disrupted in diseases that affect
frontal lobe function, such as Parkinson’s disease (PD). PD patients
show cognitive deficits arising from fronto-striatal dysfunction. As
with PFC patients, the findings with respect to recognition mem-
ory impairments in PD have been inconsistent, with some studies
reporting sparing and others impairment of recognition memory
[see Ref.[57] for a meta-analysis). It has become apparent that there
is in fact a recognition deficit in PD, but subsequent research has
yielded conflicting findings with respect to whether recollection
[58] or familiarity [59,60] is impaired. A recent study found that dif-
ferent encoding tasks lead to either selective familiarity or selective

recollection deficits in PD [61]. Thus, as with frontal patients with
damage to different regions of the PFC, there may be heterogeneity
in recognition memory impairments in PD.

How would the current results be interpreted if examined using
a single-process strength model of recognition [e.g., [62], see Ref.
[63]]? Single-process models propose that recognition memory is
based on a continuous strength signal, as opposed to independent
processes of recollection and familiarity. In order to determine how
the current findings are accounted for by such a model, we fit
the aggregate data to the unequal-variance signal-detection model
[62]. This model assumes that recognition memory performance is
based on an assessment of overall memory strength, and includes
two functionally dissociable parameters: strength (d’) and the vari-
ance of old items (V,). We found that V, was unaffected in the PFC
patients (V,=1.49 and 1.52 for the patients and controls, respec-
tively), but d’ was reduced (d’'=1.42 and 1.67 for the patients and
controls, respectively). Thus, both in terms of the dual-process
approach and the UVSD single-process approach, one memory pro-
cess or parameter (recollection, or variance) was unaffected in PFC
patients, but the other memory process or parameter (familiarity,
or strength) was reduced. So the main conclusions of the current
study are not fundamentally different from these two theoretical
perspectives.

Frontal lobe lesions often lead to abnormally high false alarms
to new items, while hit rates are not necessarily affected [64-68].
Similar to these results in humans, the rat ROC study mentioned
previously [50] found that frontal lesions increased false alarms
but not hit rates. In the current study, patients consistently showed
increased false alarms relative to controls (evidenced by ROCs that
are shifted to the right, see Fig. 2a), but they also had lower hit
rates for the deep encoding condition relative to controls (evi-
denced by ROCs that were shifted down), particularly at the higher
confidence levels. Thus, while the current study provides addi-
tional evidence that false alarm rates are increased in frontal
patients, the impairment was not due only to increased false
alarms.

Note that the difference in high-confidence responses in
patients and controls does not imply that recollection is poorer in
patients than controls. Recollection estimates depend on the shape
of the entire ROC, not just the hit and false alarm rates at the high-
confidence responses. High-confidence responses may include
some high-confidence familiarity as well as recollection [30], and
familiarity may increase false alarms at the high-confidence points
compared to when only recollection contributes to high-confidence
responses. Increased false alarm rates at the high-confidence points
is therefore consistent with a familiarity impairment in patients,
but the raw proportions are less diagnostic than familiarity esti-
mates since they can be influenced by differences in response
bias.

Our findings of spared recollection in LPFC patients appears to
be inconsistent with the literature demonstrating that PFC patients
are impaired at source memory, which relies heavily on recol-
lection. One possible account of these results is that the source
memory impairments may arise because of the increased moni-
toring demands in source memory tests. That is, in a standard item
recognition task, individuals must make binary old/new judgments
attest. In contrast, in a typical source memory test, individuals must
first discriminate between old and new items and then discrim-
inate between items from two different encoding sources. These
additional monitoring demands may exceed the strategic abilities
of patients with frontal lobe damage. The familiarity deficits in the
current study may arise because of the more complex monitoring
demands placed in the item recognition task used here, in which
individuals were required to set criteria to respond at different
levels of confidence, and thus must make careful discriminations
between items of different levels of familiarity.
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3.2. Familiarity and PFC-mediated control

Cognitive neuroscience research on the PFC has shown that this
region isinvolved in many aspects of cognitive control [see Ref. [69]
for review]. Since recollection is often characterized as a controlled
or strategic retrieval process, whereas familiarity is thought to be
a more automatic process [see Ref. [15] for review], the current
results suggest that recollection and familiarity cannot be cleanly
fractionated along lines of controlled versus automatic processes.
Recollection involves both controlled (e.g., strategic search of mem-
ory) and automatic (e.g., irrelevant or noncriterial recollection, see
Ref. [70]) processes. Similarly, familiarity involves both controlled
(e.g., setting response criteria, evaluating weak memories, see Ref.
[29,30]) and automatic (e.g., processing fluency, see Ref. [71]) pro-
cesses.

Familiarity may be particularly impaired in frontal patients in
item recognition tasks because the familiarity signal is inherently
more ambiguous and thus requires more careful retrieval moni-
toring than does recollection. Retrieval of qualitative information
about the study event is unambiguous in the sense that any rec-
ollected detail about the study episode is diagnostic of the item
having been studied. In contrast, an item may be familiar because
it has been studied or it may be familiar from pre-experimental
exposure to that item or some aspect of that item (this is particu-
larly the case for words, which have been encountered frequently
and/or recently before the experiment). Moreover, the frontal lobes
may be particularly important in evaluating weaker familiarity sig-
nals (i.e., this item is familiar because it was studied, or this item is
familiar but not from the study phase). In line with this hypothesis,
the DLPFC is more active for correct low-confidence recognition
judgments than correct high-confidence judgments, suggesting a
role of this region in monitoring retrieval of weaker memories [18].

Alternatively, the familiarity impairment might arise from a dif-
ficulty in assessing the strength of memories for which detailed
information is not available, or an impairment in the decision
process involved in setting the criteria to respond at different con-
fidence levels. Both of these interpretations suggest that some
degree of monitoring and evaluation is necessary for accurate
familiarity-based discrimination, processes known to be impaired
in PFC patients.

In support of this idea, one account of medial tempo-
ral/prefrontal lobe interactions in memory proposes that hip-
pocampal retrieval is obligatory in the sense that it is automatic
and reflexive once an environmental cue is apprehended, but the
prefrontal cortex is needed to organize or strategically work with
the hippocampal output [3,72]. In item recognition, environmental
cues to memory are present and readily apparent, and there are few
demands on strategic retrieval or organization. In this case, LPFC
patients might show preserved recollection because the hippocam-
pal output is intact, and there is little need for strategic retrieval
processes.

This raises the point that deficits in recollection on strategic
memory tasks may not necessarily be associated with recollection
deficits on non-strategic memory tasks such as item recognition for
incidentally encoded stimuli. On the other hand, the monitoring or
evaluation of weaker or ambiguous memory signals may depend
on intact frontal function, and have an impact on performance on
familiarity-based item recognition. The critical point is that recol-
lection in general or familiarity in general may not be impaired in
frontal patients, but that different types of deficits may emerge on
different types of memory tests.

Finally, the current findings have implications for the interpre-
tation of recollection and familiarity deficits in medial temporal
lobe amnesia. It has been proposed [e.g., Ref. [26]] that recollec-
tion deficits in amnesia are not a result of selective MTL damage,
butarise from additional prefrontal dysfunction. The current results

suggest that the recollection deficits in MTL amnesia are more likely
due to the MTL damage (particularly the hippocampus, see Ref.
[73] for review) than prefrontal damage, as at least lateral pre-
frontal dysfunction would be expected to reduce familiarity, and
not recollection.

4. Conclusions

Decades of research have established the critical role of the pre-
frontal cortex in memory, and the impairments following frontal
lesions have been better characterized in recent years. The focus
has been on the role of the PFC in strategic and effortful control
of encoding and retrieval, leading many to propose that the PFC is
critical for recollection. It is now apparent that this is not always
the case. At least for item recognition, the lateral prefrontal cortex
is necessary for familiarity, but not recollection.

Acknowledgments

NIH grant MH59352 to A.P. Yonelinas.

NINDS grant NS21135 to R.T. Knight.

We thank Donatella Scabini for patient recruitment, Jessica
Black for help with the patient neuropsychological tests and Clay
Clayworth for help with the patient scans and the lesion overlay
figure.

References

[1] Scoville WB, Milner B. Loss of recent memory after bilateral Hippocam-
pal lesions. Journal of Neurology, Neurosurgery, and Neuropsychiatry
1957;20:11-21.

[2] Baldo JV, Shimamura AP. Frontal lobes and memory. In: Baddeley A, Wilson B,
Kopelman M, editors. Handbook of memory disorders. 2nd ed. London: John
Wiley & Co; 2002.

[3] Moscovitch M. Memory and working-with-memory: a component process
model based on modules and central systems. Journal of Cognitive Neuro-
science 1992;4:257-67.

[4] Moscovitch M, Winocur G. The neuropsychology of memory and aging. In: Salt-
house TA, Craik FIM, editors. The handbook of aging and cognition. Hillsdale,
NJ: Erlbaum; 1992. p. 315-72.

[5] Moscovitch M, Winocur G. The frontal cortex and working with memory. In:
Stuss DT, Knight RT, editors. Principles of frontal lobe function. New York:
Oxford University Press; 2002. p. 188-209.

[6] Ranganath C, Knight RT. Prefrontal cortex and episodic memory: integrating
findings from neuropsychology and event-related functional neuroimaging. In:
Parker A, Wildng E, Bussey T, editors. The cognitive neuroscience of memory
encoding and retrieval. Philadelphia: Psychology Press; 2003. p. 83-99.

[7] Shimamura AP. Memory retrieval and executive control processes. In: Stuss
DT, Knight RT, editors. Principles of frontal lobe function. New York: Oxford
University Press; 2002. p. 210-20.

[8] Davidson PS, Troyer AK, Moscovitch M. Frontal lobe contributions to recogni-
tion and recall: linking basic research with clinical evaluation and remediation.
Journal of the International Neuropsychological Society 2006;12:210-23.

[9] Shimamura AP, Janowsky ]S, Squire LR. What is the role of frontal lobe damage
in memory disorders? In: Levin HD, Eisenberg HM, Benton AL, editors. Frontal
lobe functioning and dysfunction. New York: Oxford University Press; 1991. p.
173-96.

[10] Wheeler MA, Stuss DT, Tulving E. Frontal lobe damage produces episodic
memory impairment. Journal of the International Neuropsychological Society
1995;1:525-36.

[11] Shimamura AP, Jurica P], Mangels JA, Gershberg FB, Knight RT. Susceptibility to
memory interference effects following frontal lobe damage: findings from tests
of paired-associate learning. Journal of Cognitive Neuroscience 1995;7:144-52.

[12] Mangels JA, Gershberg FB, Shimamura AP, Knight RT. Impaired retrieval
from remote memory in patients with frontal lobe damage. Neuropsychology
1996;10:32-41.

[13] Moscovitch M. Confabulation and the frontal system: strategic vs. associative
retrieval in neuropsychological theories of memory. In: Roediger HL, Craik
FIM, editors. Varieties of memory and consciousness: essays in honor of Endel
Tulving. Hillsdale, NJ: Lawrence Erlbaum; 1989. p. 133-60.

[14] Janowsky JS, Shimamura AP, Squire LR. Source memory impairment in patients
with frontal lobe lesions. Neuropsychologia 1989;27:1043-56.

[15] Yonelinas AP. The nature of recollection and familiarity: a review of 30 years
of research. Journal of Memory and Language 2002;46:441-517.

[16] Eichenbaum H, Yonelinas AP, Ranganath C. The medial temporal lobe and recog-
nition memory. Annual Review of Neuroscience 2007;30:123-52.



304 M. Aly et al. / Behavioural Brain Research 225 (2011) 297-304

[17] Dobbins IG, Simons JS, Schacter DL. fMRI evidence for separable and lateralized
prefrontal memory monitoring processes. Journal of Cognitive Neuroscience
2004;16:908-20.

[18] Henson RNA, Rugg MD, Shallice T, Dolan R]. Confidence in recognition memory
for words: dissociating right prefrontal roles in episodic retrieval. Journal of
Cognitive Neuroscience 2000;12:913-23.

[19] Henson RN, Rugg MD, Shallice T, Josephs O, Dolan R]. Recollection and famil-
iarity in recognition memory: an event-related functional magnetic resonance
imaging study. The Journal of Neuroscience 1999;19:3962-72.

[20] Ranganath C, Yonelinas AP, Cohen MX, Dy CJ, Tom SM, D’Esposito M. Dissocia-
ble correlates of recollection and familiarity within the medial temporal lobes.
Neuropsychologia 2003;42:2-13.

[21] Skinner EI, Fernandes MA. Neural correlates of recollection and familiarity: a
review of neuroimaging and patient data. Neuropsychologia 2007;45:2163-79.

[22] Yonelinas AP, Otten LJ, Shaw KN, Rugg MD. Separating the brain regions
involved in recollection and familiarity in recognition memory. Journal of Neu-
roscience 2005;25:3002-8.

[23] Ranganath C, Blumenfeld RS. Prefrontal cortex and memory. In: Byrne ], editor.
Concise learning and memory. London: Elsevier; 2008. p. 169-88, 1999.

[24] Davidson PSR, Glisky EL. Neuropsychological correlates of recollection and
familiarity in normal aging. Cognitive, Affective, and Behavioral Neuroscience
2002;2:174-86.

[25] Gold JJ, Smith CN, Bayley PJ, Shrager Y, Brewer ]B, Stark CEL, et al. [tem mem-
ory, source memory, and the medial temporal lobe: concordant findings from
fMRI and memory-impaired patients. Proceedings of the National Academy of
Sciences of the United States of America 2006;103:9351-6.

[26] Knowlton BJ, Squire LR. Remembering and knowing: two different expressions
of declarative memory. Journal of Experimental Psychology Learning, Memory,
and Cognition 1995;21:699-710.

[27] Tulving E. Remembering and knowing the past. American Scientist
1989;77:361-7.

[28] Wheeler MA, Stuss DT, Tulving E. Toward a theory of episodic mem-
ory: the frontal lobes and autonoetic consciousness. Psychological Bulletin
1997;121:331-54.

[29] Atkinson RC, Juola JF. Search and decision processes in recognition. In: Krantz
DH, Atkinson RC, Luce RD, Suppes R, editors. Contemporary developments in
mathematical psychology, vol 1: learning, memory, and thinking. San Francisco,
CA: Freeman; 1974. p. 243-93.

[30] Yonelinas AP. Components of episodic memory: the contribution of recollection
and familiarity. Philosophical Transactions of the Royal Society of London Series
B: Biological Sciences 2001;356:1363-74.

[31] Goldman-Rakic PS. Circuitry of primate prefrontal cortex and the regulation
of behavior by representational memory. In: Plum F, editor. Handbook of
physiology, section 1: the nervous system, vol. 5. Bethesda, MD: American
Physiological Association; 1987. p. 373-417.

[32] Tulving E. Memory and consciousness. Canadian Psychology 1985;26:1-12.

[33] Kishiyama MM, Yonelinas AP, Knight RT. Novelty enhancements in mem-
ory are dependent on lateral prefrontal cortex. Journal of Neuroscience
2009;29:8114-8.

[34] Duarte A, Ranganath C, Knight RT. Effects of unilateral prefrontal lesions on
familiarity, recollection, and source memory. The Journal of Neuroscience
2005;25:8333-7.

[35] Wheeler MA, Stuss DT. Remembering and knowing in patients with frontal lobe
injuries. Cortex 2003;39:827-46.

[36] Yonelinas AP. Receiver operating characteristics in recognition memory: evi-
dence for a dual process model. Journal of Experimental Psychology Learning,
Memory, and Cognition 1994;20:1341-54.

[37] Yonelinas AP. The contribution of recollection and familiarity to recognition and
source memory: an analysis of receiver operating characteristic and a formal
model. Journal of Experimental Psychology Learning, Memory, and Cognition
1999;25:1415-34.

[38] MacPherson SE, Bozzali M, Cipolotti L, Dolan R], Rees JH, Shallice T. Effects of
frontal lobe lesions on the recollection and familiarity components of recogni-
tion memory. Neuropsychologia 2008;46:3124-32.

[39] Pannu JK, Kaszniak AW. Metamemory experiments in neurological popula-
tions: a review. Neuropsychology Review 2005;15:105-30.

[40] Yonelinas AP, Jacoby LL. The relation between remembering and knowing as
bases for recognition: effects of size congruency. Journal of Memory and Lan-
guage 1995;34:622-43.

[41] Mangels]. Strategic processing and memory for temporal order in patients with
frontal lobe lesions. Neuropsychology 1997;11:207-21.

[42] McAndrews MP, Milner B. The frontal cortex and memory for temporal order.
Neuropsychologia 1991;29:849-59.

[43] Kucera H, Francis W. Computational analysis of present-day American English.
Providence, RI: Brown University Press; 1967.

[44] Yonelinas AP, Kroll NEA, Quamme ], Lazzara M, Sauvé M], Widaman KF, et al.
Effects of extensive temporal lobe damage or mild hypoxia on recollection and
familiarity. Nature Neuroscience 2002;5:1236-41.

[45] Simons ]S, Spiers HJ. Prefrontal and medial temporal lobe interactions in long-
term memory. Nature Reviews Neuroscience 2003:637-48.

[46] Turriziani P, Smirni D, Oliveri M, Semenza C, Cipolotti L. The role of the
prefrontal cortex in familiarity and recollection processes during verbal and
non-verbal recognition memory: an rTMS study. Neurolmage 2010;52:348-57.

[47] Turriziani P, Oliveri M, Salerno S, Costanzo F, Koch G, Caltagirone C, et al. Recog-
nition memory and prefrontal cortex: dissociating recollection and familiarity
processes using rTMS. Behavioural Neurology 2008;19:23-7.

[48] Yonelinas AP. Consciousness, control, and confidence: the three Cs of recogni-
tion memory. Journal of Experimental Psychology General 2001;130:361-79.

[49] Baddeley A, Vargha-Khadem F, Mishkin M. Preserved recognition in a case of
developmental amnesia: implications for the acquisitions of semantic mem-
ory? Journal of Cognitive Neuroscience 2001;13:357-69.

[50] Farovik A, Dupont LM, Arce M, Eichenbaum H. Medial prefrontal cortex sup-
ports recollection, but not familiarity, in the rat. Journal of Neuroscience
2008;28:13428-34.

[51] Alexander MP, Stuss DT, Fansabedian N. California verbal learning test:
performance by patients with focal frontal and non-frontal lesions. Brain
2003;126:1493-503.

[52] Stuss DT, Alexander MP. Does damage to the frontal lobes produce impairment
in memory? Current Directions in Psychological Science 2005;14:84-8.

[53] Stuss DT, Alexander MP. Is there a dysexecutive syndrome? Philosophical
Transactions of the Royal Society of London Series B: Biological Sciences
2007;362:901-15.

[54] Stuss DT, Alexander MP, Floden DT, Binns MA, Levine B, McIntosh AR, et al.
Fractionation and localization of distinct frontal lobe processes: evidence from
focal lesions in humans. In: Stuss DT, Knight RT, editors. Principles of frontal
lobe function. New York, NY: Oxford University Press; 2002. p. 392-407.

[55] Stuss DT, Shallice T, Alexander MP, Picton TW. A multidisciplinary approach
to anterior attentional functions. Annals of the New York Academy of Sciences
1995;769:191-211.

[56] Turner MS, Cipolotti L, Yousry T, Shallice T. Qualitatively different
memory impairments across frontal lobe subgroups. Neuropsychologia
2007;45:1540-52.

[57] Whittington CJ, Podd J, Kan MM. Recognition memory impairment in Parkin-
son’s disease: power and meta-analyses. Neuropsychology 2000;14:233-46.

[58] Edelstyn NM]J, Mayes AR, Condon L, Tunnicliffe M, Ellis S]. Recognition,
recollection, familiarity and executive function in medicated patients with
moderate Parkinson’s disease. Journal of Neuropsychology 2007;1(2):131-47,
doi:10.1348/174866407X182565.

[59] Davidson PSR, Anaki D, Saint-Cyr JA, Chow TW, Moscovitch M. Exploring the
recognition memory deficit in Parkinson’s disease: estimates of recollection
versus familiarity. Brain 2006;129:1768-79.

[60] Weiermann B, Stephan MA, Kaelin-Lang A, Meier B. Is there a recognition mem-
ory deficit in Parkinson’s disease? evidence from estimates of recollection and
familiarity. The International Journal of Neuroscience 2010;120:211-6.

[61] Cohn M, Moscovitch M, Davidson PSR. Double dissociation between famil-
iarity and recollection in Parkinson’s disease as a function of encoding tasks.
Neuropsychologia 2010;48:4142-7.

[62] Wixted JT. Dual-process theory and signal-detection theory of recognition
memory. Psychological Review 2007;114:152-76.

[63] Yonelinas AP, Parks CM. Receiver operating characteristics (ROCs) in recogni-
tion memory: a review. Psychological Bulletin 2007;133:800-32.

[64] Baldo ]V, Delis D, Kramer ], Shimamura AP. Memory performance on the Cali-
fornia verbal learning test II: findings from patients with focal frontal lesions.
Journal of the International Neuropsychological Society 2002;8:539-46.

[65] Curran T, Schacter DL, Norman KA, Galluccio L. False recognition after a right
frontal lobe infarction: memory for general and specific information. Neuropsy-
chologia 1997;35:1035-49.

[66] Parkin AJ, Bindschaedler C, Harsent L, Metzler C. Pathological false alarm
rates following damage to the left frontal cortex. Brain & Cognition 1996;32:
14-27.

[67] Schacter DL, Curran T, Galluccio L, Milberg WP, Bates JF. False recognition and
the right frontal lobe: a case study. Neuropsychologia 1996;34:793-808.

[68] Swick D, Knight RT. Contributions of prefrontal cortex to recognition
memory: electrophysiological and behavioral evidence. Neuropsychology
1999;13:155-70.

[69] Miller EK. The prefrontal cortex and cognitive control. Nature Reviews Neuro-
science 2000;1:59-65.

[70] Yonelinas AP, Jacoby LL. Noncriterial recollection: familiarity as automatic,
irrelevant recollection. Consciousness and Cognition 1996;5:131-41.

[71] Jacoby LL, Dallas M. On the relationship between autobiographical mem-
ory and perceptual learning. Journal of Experimental Psychology General
1981;110:306-40.

[72] Moscovitch M. The hippocampus as a “stupid”, domain-specific module: impli-
cations for theories of recent and remote memory, and of imagination. Canadian
Journal of Experimental Psychology 2008;62:62-79.

[73] Yonelinas AP, Aly M, Wang WC, Koen ]D. Recollection and familiarity:
examining controversial assumptions and new directions. Hippocampus
2010;20:1178-94.

[74] Delis D, Kaplan E, Kramer J. The Delis-Kaplan executive function system. San
Antonio, TX: The Psychological Corporation; 2001.




	Damage to the lateral prefrontal cortex impairs familiarity but not recollection
	1 Method
	1.1 Participants
	1.2 Materials
	1.3 Design and procedure

	2 Results
	2.1 Familiarity
	2.2 Recollection
	2.3 Comparison of recollection and familiarity
	2.4 Analyses based on d′

	3 Discussion
	3.1 Assessing reasons for discrepant findings
	3.2 Familiarity and PFC-mediated control

	4 Conclusions
	Acknowledgments
	References


