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Abstract

W Although living and nonliving stimuli are known to rely on
distinct brain regions during perception, it is largely unknown
if their episodic memory encoding mechanisms differ as well.
To investigate this issue, we asked participants to encode object
pictures (e.g., a picture of a tiger) and to retrieve them later in
response to their names (e.g., word “tiger”). For each of four
semantic classes (living-animate, living-inanimate, nonliving-
large, and nonliving-small), we examined differences in the sim-
ilarity in activation patterns (neural pattern similarity [NPS]) for
subsequently remembered versus forgotten items. Higher NPS
for remembered items suggests an advantage of within-class item
similarity, whereas lower NPS for remembered items indicates an
advantage for item distinctiveness. We expect NPS within class-
specific regions to be higher for remembered than for forgotten
items. For example, the parahippocampal cortex has a well-
known role in scene processing [Aminoff, E. M., Kveraga, K., &

INTRODUCTION

Episodic memory studies have often investigated the
extent to which semantic features enhance encoding
and retrieval operations. For example, behavioral studies
suggest better episodic memory for items that are seman-
tically congruent, rather than incongruent, with preexis-
tent semantic schemas (for schema effect, see Gilboa &
Marlatte, 2017; Bartlett, 1932 review) and, for items that
are processed semantically, rather than perceptually (for
level of processing effect, see Craik & Lockhart, 1972),
episodic memory tend to be better encoded and remem-
bered. However, these types of interactions between
episodic and semantic memory are typically considered
uniformly across a divergent range of semantic memory
categories. For example, episodic memory studies have
rarely examined differences in semantic—episodic mem-
ory interactions between different semantic classes,
such as living versus nonliving items. This is in striking
contrast with semantic memory studies, where dissimi-
larities between living and nonliving are a fundamental
topic of research and discussion (Nastase & Haxby,
2017; Konkle & Caramazza, 2013). The overarching goal
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Bar, M. The role of the parahippocampal cortex in cognition.
Trends in Cognitive Sciences, 17, 379-390, 2013], and the ante-
rior temporal and inferior frontal gyrus have well-known roles in
object processing [Clarke, A., & Tyler, L. K. Object-specific
semantic coding in human perirhinal cortex. Journal of Neuro-
science, 34, 4766-4775, 2014]. As such, we expect to see higher
NPS for remembered items in these regions pertaining to scenes
and objects, respectively. Consistent with this hypothesis, in fusi-
form, parahippocampal, and retrosplenial regions, higher NPS
predicted memory for subclasses of nonliving objects, whereas
in the left inferior frontal and left retrosplenial regions, lower
NPS predicted memory for subclasses of living objects. Taken
together, the results support the idea that subsequent memory
depends on a balance of similarity and distinctiveness and dem-
onstrate that the neural mechanisms of episodic encoding differ
across semantic categories. [l

of the current fMRI study was to bridge episodic and
semantic memory domains by comparing the encoding
of episodic memory representations for living versus
nonliving stimuli.

Establishing a rigorous cortical hierarchy for object
representation has been the target of decades of neuroim-
aging research. One of the most reliable categorical
distinctions in the human cortex is between living and
nonliving items, which show differential univariate acti-
vation (Martin, 2007; Taylor, Moss, Stamatakis, & Tyler,
2006) and multivariate activation patterns across several
subregions of the ventral occipito-temporal pathway
(Mahon, Anzellotti, Schwarzbach, Zampini, & Caramazza,
2009). Category effects in the ventral stream have also
been observed in studies of neuropsychological patients
who show category-selective deficits (Moss, Rodd,
Stamatakis, Bright, & Tyler, 2005; Tyler et al., 2004;
Humphreys & Forde, 2001; Warrington & Shallice,
1984). Other researchers have argued that the living—
nonliving distinction does not capture the complexity of
the organization of semantic classes, and have proposed
additional distinctions, such as nonliving-small versus
nonliving-large objects (Konkle & Caramazza, 2013) and
living-animate (e.g., mammals) versus living-inanimate
(e.g., fruits) items (Caramazza & Mahon, 2003).
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Although initially explored largely using univariate acti-
vation approaches, the cortical organization for episodic
memory function has been increasingly explored with
the use of techniques focused on multivariate activation
patterns. Foundational to such approaches is the neural
pattern similarity (NPS) measure, which describes the sim-
ilarity in activation patterns across stimuli and forms the
basis for most multivoxel pattern analysis and representa-
tional similarity analyses approaches. By and large, NPS
between subsequently remembered items is higher than
NPS between subsequently forgotten items (Wagner,
Van Buuren, Bovy, & Ferniandez, 2016; Lu, Wang, Chen,
& Xue, 2015; Davis, Xue, Love, Preston, & Poldrack,
2014; LaRocque et al., 2013). This reliable NPS finding
may be explained by the fact that NPS may capture regu-
larities in stimulus features across items that contribute to
the familiarity signal elicited by same items at retrieval
(Davis et al., 2014; LaRocque et al., 2013). Alternatively,
greater NPS for remembered items, especially in the
medial temporal lobes, may reflect the successful involve-
ment of pattern separation processes focused on assessing
the similarity of visual inputs with extant representations
(Yassa & Stark, 2011). Nonetheless, it is generally
accepted that cohesion of representation across stimulus
classes has positive effects for memory, and this uniformity
of positive findings prompts a reasonable question: If
greater NPS reflects how items within a conceptual cate-
gory are more similarly coded and less NPS reflects more
distinctive an item is coded within a category, what
explains the dearth of evidence that lower NPS for remem-
bered versus forgotten items in a category (thus, reflecting
distinctive neural representations), given substantial evi-
dence that distinctiveness can be beneficial for memory
(Delhaye, Coco, Bahri, & Raposo, 2023; Sommer &
Sander, 2022; Konkle, Brady, Alvarez, & Oliva, 2010)?
Under what conditions would lower categorical NPS
enhance later memory, and if so, why is sometimes higher
NPS and other times lower categorical NPS beneficial? One
possibility is that higher NPS among a category or class of
items benefits the encoding of items that are naturally dis-
tinctive within their class, enhancing their match with
retrieval cues and their test familiarity, whereas greater dis-
tinctiveness for lower NPS benefits later memory of items
from classes in which items are similar to each other,
boosting their distinctiveness.

Different classes of items are often defined and grouped
by the distinctiveness of their constituent properties or
semantic features that set them apart from items in other
classes (Tyler et al., 2013; Taylor, Devereux, & Tyler, 2011;
Tyler & Moss, 2001). The amalgamation of these proper-
ties are what clusters these disparate categories as, for
example, living and nonliving. Nonliving items, regardless
of size, have less features overall but have more distinctive
item features that are more heavily correlated with one
another (Tyler et al., 2013). Living items, on the other
hand, have more features but fewer distinct features that
are less correlated with one another (Tyler et al., 2013).
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Thus, item distinctiveness is a crucial factor in successful
subsequent memory. For example, participants are less
likely to falsely recognize stimuli when they encoded dis-
tinctive features of that particular stimuli as opposed to
broader semantic associations, a phenomenon coined as
“distinctiveness heuristics” (Schacter, Cendan, Dodson,
& Clifford, 2001). Hovhannisyan and colleagues (2021)
demonstrated that the mean distinctiveness of real-world
items was a strong predictor of successful memory, dem-
onstrating that feature interrelatedness plays a pivotal role,
and that the relatedness of features of a particular item and
their respective memorability have strong implications for
perceptual and conceptual memory.

The current study seeks to address these complimen-
tary roles of stimulus class cohesion and distinctiveness
by considering how the underlying NPS varies as a func-
tion of both semantic class and memory success. We
selected our stimulus classes to integrate the broader ani-
mate versus inanimate distinction with finer subdivisions
relevant for object representation: nonliving-large,
nonliving-small, living-animate, and living-inanimate.
Although broader animate versus inanimate distinction
has certainly been more commonly applied (Bi, Wang, &
Caramazza, 2016; Caramazza & Mahon, 2003; Caramazza
& Shelton, 1998), the current approach separates catego-
ries within a domain that share few overlapping character-
istics (e.g., fruits and mammals are both living; buildings
and scissors are both nonliving). We then tested a range
of items in a simple object encoding task and examined
NPS in a range of brain regions in the ventral and dorsal
stream for effects of both stimulus class and memory suc-
cess. Integrating the foregoing semantic and episodic
memory theories, we hypothesized that nonliving items
would show a memory benefit from greater similarity pro-
cessing during encoding and be associated with higher
NPS for items in a nonliving class, whereas memory for liv-
ing items would benefit from representational distinctive-
ness, that is, lower NPS within living classes of real-world
items.

METHODS
Participants

fMRI analyses are based on data from 19 participants (all
native English speakers; 14 female participants; age:
mean = 20.4 [SD = 2.4] years; range = 18-26 years)
who participated in the study for monetary compensa-
tion. All participants were right-handed, neurologically
healthy, and eligible for MRI studies. They all provided
informed consent before the study under protocols
approved by Duke Medical School institutional review board.
We performed a statistical power analysis using simr (Green
& MacLeod, 2016), a software for the estimation of linear
mixed-effects models. We used this package to estimate the
minimum number of observations to observe a two-level
effect (memory success and class, see below) on NPS. Given
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an alpha level of .05, ~14,000 observations, and a small-to-
medium effect size of d = 0.4, the model used in the
study was sufficiently powered to observe these effects.

Stimuli

The stimuli for this study included 360 object images,
which included items from categories of: mammals, birds,
fruits, vegetables, tools, clothing items, foods, musical
instruments, vehicles, furniture items, buildings, and
other objects. Three hundred of these 360 objects were
used as the target stimuli set, and the remaining 60 were
used as catch-trial items, to ensure participants were pay-
ing attention to the stimuli as well as ensuring that they
were encoding the correct names of the presented
objects. The 300 target and 60 catch-trial items were
evenly distributed between the 12 object categories. Dur-
ing the study, each object was presented alone on white
background in the center of the screen with a size of
7.5°. The 300 target stimuli shown during the study, but
not the 60 catch trials, were included in the subsequent
analyses. The 300 encoding items were categorized into
four class categories: living-animate, living-inanimate,
nonliving-large, and nonliving-small, each with 30 items,
that we used in our analysis. The living-animate class con-
sisted of birds and mammals; living-inanimate consisted of
fruits and vegetables; nonliving-large consisted of build-
ings, vehicles, street items, and furniture; and nonliving-
small consisted of clothing, food, musical instruments,
and tools, as seen in Figure 1B. These distinctions were
based on animacy for distinguishing living versus nonliv-
ing, and size was based on object category (as well as
adopting the general heuristic, “bigger than a chair”).

Behavioral Paradigm

The behavioral paradigm for this study consisted of one
day for encoding (Day 1) and the following day for retrieval
(Day 2), which was divided into two phases, conceptual
and perceptual, for subsequent memory tests. The current
analysis focuses on the conceptual retrieval phase. Partic-
ipants were unaware they were going to be asked to
perform a subsequent memory test until scanning was
complete during Day 1. During the encoding task, partic-
ipants were instructed to covertly name each object shown
on the screen (e.g., “cardinal,” “pizza”); objects were pre-
sented for 500 msec. By covertly naming the items, it was
possible to ensure that all participants were paying atten-
tion to the encoding stimuli being presented as well as
encoding the correct names of the stimuli, which is crucial
for conceptual memory retrieval. To covertly name the
items, participants were shown a single letter on a separate
screen for 250 msec immediately before each object was
presented. If the letter matched the first letter of the
object presented immediately afterward, the participants
were instructed to press a button. If the letter did not
match the items, which were called “catch trials” (60 of
360 total items), participants were instructed not to press
anything. In trials where participants were not able to
remember the objects’ name, they pressed a “do not
know” key, and these trials were removed from subse-
quent analysis. During the conceptual memory task com-
pleted on Day 2, participants were shown a single word in
the middle of a white screen for 3 sec. They were asked to
make recognition memory judgments for these words by
using a 4-point memory judgment: “definitely old,” “prob-
ably old,” “probably new,” or “definitely new.” In the per-
ceptual task, participants were shown an image on a blank

Figure 1. Visualization of how
(A) NPS is calculated and (B) A
NPS classified by subsequent
memory and class. The darker
colored bars indicate trials
where items in a pair were both
subsequently remembered, and
the lighter colored bars indicate
trials where they were both
subsequently forgotten.
Mismatched trials for both class
and memory, indicated by the
dashed box, were not included

NPS calculation

in our calculation.

B NPS Classified by Subsequent Memory and Class
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Figure 2. Illustration of the behavioral paradigm. The original study included a retrieval task for perceptual memory, but our study only used the

conceptual memory test for our analysis.

white screen for 3 sec and asked to make recognition judg-
ments (Figure 2). For more details concerning the percep-
tual retrieval task, see Davis and colleagues (2021), as well
as additional information about the timing of the probe
and item presentation.

MRI Acquisition

Day 1 (encoding) and the conceptual portion of Day 2
(retrieval) were scanned using a GE MR 750 3-Tesla scanner
with an eight-channel head coil. The perceptual retrieval
task for these data, although also performed on Day 2,
was not scanned. Preprocessing of the functional data and
subsequent neuroimaging analysis was performed using
SPM12 and custom MATLAB scripts. Acquired images were
first corrected for slice acquisition timing using the first slice
as reference, and then motion was corrected for. These
images were then temporally smoothed utilizing a 190-sec
high-pass filter and normalized to standard Montreal Neuro-
logical Institute stereotaxic space. For additional informa-
tion about the timing of the probe, item presentation,
and specifics about preprocessing criterion, please refer
to Davis and colleagues (2021).

Behavioral Methods

For behavioral data analyses, we used the 4-point memory
judgment to adjust the definition of hits and misses based

158  Journal of Cognitive Neuroscience

on each participant’s response bias. Variability in the pro-
portion of false alarms suggested that some participants
responded “old” even when their confidence was rela-
tively low, whereas some participants responded “old”
only when their confidence was relatively high. To address
this issue, we computed the average of each participant’s
response to new items during the retrieval task and sub-
tracted this value from the participants’ response to each
old item. For example, if a participant’s average oldness
(1-4) response to new items was 2.5 and they responded
toa particular old item with a 4, their adjusted response for
the old item was adjusted to 1.5 (4-2.5). Using these
adjusted responses, group-level averages were computed
using all 19 participants, which would quantify how accu-
rately the subject group was able to differentiate between
old and new items during retrieval. This was 0.87 for the
memory retrieval task. As such, for our behavioral measure
used in this analysis, individual trials for memory perfor-
mance were binarized as “hits” or “misses” based on these
calculated thresholds: Trials that were above the 0.87
threshold were calculated as “hits (subsequently remem-
bered),” and trials that were below the 0.87 threshold were
calculated as “misses (subsequently forgotten).”

NPS

NPS quantifies the similarity in brain activation patterns as
assessed by Pearson’s r correlations performed on pairs of
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vectors of voxel-level activity across item pairs to create a
similarity matrix. Here, this similarity matrix was used to
examine how similar or distinct neural patterns for an item
compared with all of the other items during the subse-
quent memory task. NPS matrices reflected the neural sim-
ilarity for all 300 item pairs in the encoding stimuli set, with
each cell in the matrix represented the correlation coeffi-
cient value for a particular item pair, where higher values
represented higher neural similarity. The NPS values were
then extracted by taking the activation value row for a par-
ticular item and all of its possible pairings, resulting in a
vector of NPS values for all item X item combinations
for the 22 ROIs (see Figure 3). Although temporal autocor-
relation is a reason for concern regarding within-run com-
parisons, it is difficult to avoid because of the current study
only having two runs included in the analysis. To address
this issue, we used temporal autocorrelation of the differ-
ent trials and used the resulting values for the NPS mea-
sure. Figure 1A depicts how NPS was calculated for our
22 ROIs, and Figure 1B depicts the types of trials included
in our calculation, as well as which categories make up
each of our four classes. For item pairs matched in class
and subsequent memory, a singular NPS value would rep-
resent the correlation coefficient for a specific item pair in
the stimuli set, resulting in a value representing one of the
NPS values used to fit in our model. A matrix aggregate of
these NPS values for matched stimuli item pairs would
result in matrices values used to input in our model. By
using this NPS method, we are deciphering the rela-
tionship between memory representation and semantic
categories and probing whether high NPS correlation ulti-
mately leads to higher memory success.

ROIs

Twenty-two ROIs were used in the present analysis and are
shown in Figure 3. These were chosen based on a priori
regions from the Tripartite classification study (Konkle &
Caramazza, 2013) and as well as ventral stream regions that
were shown to be crucial for semantic classification in
visual processing regions (Clarke & Tyler, 2014). We used
bilateral ROIs for all 11 regions (making 22) and were
defined using the Brainnetome Atlas.

Nested Hierarchical Modeling

Our analysis of NPS and subsequent memory focused on
fMRI data from Day 1 (encoding), which we matched with
behavioral data from Day 2 (retrieval). Here, we examined
how these features of animacy and size within living and
nonliving categories are reflected through NPS, and their
resulting subsequent memory success. We were inter-
ested in deciphering the effects of subsequent memory
and stimulus class as it relates to neural coding. A nested
hierarchical mixed model was implemented to investigate
the contribution of memory success and class to NPS as
well as consider the nested effect of the item comparisons
used in NPS calculation. Hierarchical models are especially
appropriate for our approach because we hope to capture
both stimulus-level variance, as well as the unique variance
associated with each stimulus pair. Our model as such:

NPS ~ SubMem  class + (1|Subject) + (1|STIM1ID)
+ (1|STIM2ID) + (1|STIM1ID: STIM2ID)

To do so, a separate nested multilevel model was
applied to the NPS measure in each ROI, calculated in
the previous section, as our dependent variable. Single
trial models for our analysis were computed by taking
the beta averages across all voxels within a given ROI based
on the Brainnetome atlas for a singular item on a singular
trial. These were then subsequently collapsed into one
regressor. Analyses were performed using the /me and
emmeans packages in RStudio Version 1.3.1093. Here,
we used two levels of subsequent memory—subsequently
remembered and subsequently forgotten—as a measure
of memory success. Because the nature of NPS and our
model takes item pairs instead of individual items into
account, subsequently remembered was coded only when
both items were correctly remembered, and subsequently
forgotten was coded only when both items were forgot-
ten. All other pairs (one remembered and one forgotten)
were excluded from our analysis. A similar logic was used
to categorize the four different classes used: living-animate,
living-inanimate, nonliving big, and nonliving-small. As
such, each of the four classes were coded and included
in the analysis if the item pairs were in the same category
(e.g., tiger—moose, tower—fire-station). All other pairs
that had different class categories (e.g., tiger—tower)

Figure 3. ROIs examined in the
current study. pSTS = posterior
superior temporal sulcus;

ATL = anterior temporal lobe;
Hipp = hippocampus.
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were excluded from the analysis. This left around 14 k
observations per 19 participants. NPS item pair correlation
values were Fisher-z transformed for each individual
before performing the mixed-effects models.

Our model also included three random effects: individ-
ual participants, individual items within a pair, as well as
the nested relationship between the two items within a
given stimulus pair for a given NPS measure. The nested
effect will allow to consider the item order pair and con-
sider the random effects caused by such time order pairing
orders in the model.

RESULTS

Our main objective was to evaluate evidence for different
memory representations for different semantic classes,
namely, living and nonliving objects, divided by animacy
and size, respectively. We also were interested in investi-
gating how greater neural coding (e.g., higher NPS) can
lead to different levels of representation for objects in
these distinct semantic classes.

Behavioral Results

After the data were adjusted for response bias (see
Methods section), this analysis revealed a significant main
effect of Class in regard to hit rates, F(3,5073) = 15.23,p <
.0001 (Figure 4). Tukey’s Honestly Significant Difference
test was subsequently performed for multiple compari-
sons. This post hoc analysis revealed the mean hit rate
was significantly higher in living-animate compared with
the living-inanimate class (p < .0001, 95% CI [—0.210,
—0.08830]), living-animate and nonliving-small (p = 0.005,
95% CI [—0.115, —0.015], nonliving-large and living-
inanimate (p < .0001, 95% CI [0.0657, 0.177]), and
nonliving-small and living-inanimate (p < .001, 95% CI
[0.03, 0.14]). There was no statistical difference between
the nonliving-large and living-animate classes and nonliving-
large and nonliving-small classes. A one-way ANOVA revealed
no significant difference for false alarm rates between the
four classes, F(3, 1836) = 0.246, p = .885 (Table 1).

NPS and Subsequent Memory

In a first analysis of NPS data, we investigated a mixed-
effects model examining the main effects of class and sub-
sequent memory, as well as the corresponding interaction

Table 1. Mean Hit and False Alarm Rates

1.0

W Hit Rate

0.8 # False Alarm

Hit Rate

Figure 4. Hit and false alarm rates for all participants for each semantic
class. Error bars represent the standard error of the mean (SEM).

effects in each of the 22 ROIs. These models were
performed at each ROI on 106,626 observations for
living-animate, living-inanimate, nonliving-large, and
nonliving-small, including approximately 11,463/3834/
31,018/29,398 hit-hit trials, 1394/3421/10,697/13,601
miss—miss trials, for each class, respectively, suggesting
both hits and misses were adequately sampled in the final
model. Bonferroni corrections were applied to all main
effects and interactions to correct for 176 pairwise com-
parisons. This correction accounted for the two levels of
subsequent memory and four levels of classes in our
model, which was run for the 22 ROIs. The results, which
are displayed in Table 2, Figure 5, and Figure 6, revealed
greater NPS for subsequently remembered than forgotten
items (main effects of Subsequent Memory) in bilateral
fusiform gyrus (FuG), right inferior frontal gyrus (IFG),
and bilateral lateral occipital cortex (LOC). Greater NPS
for specific classes (main effect of Class) were found in
bilateral FuG, LOC, medioventral occipital cortex (MVOC),

False Alarm

Class Hit Rate = SEM Rate *+ SEM
Living-animate 0.67 = 0.015 0.46 = 0.028
Living-inanimate 0.52 = 0.019 0.37 = 0.028
Nonliving-large 0.64 = 0.012 0.36 = 0.020
Nonliving-small 0.60 = 0.012 0.32 = 0.016
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Table 2. Main and Interaction Effects Based on a Hierarchical Mixed Model

w10 ng

191

ROI Main Effect SubMem Main Effect Class SubMem X Class
L fusiform 1879 (p < .0001)** 9.17 (p < .0001)%* 223 (08)

R fusiform 11.47 (p < .001)** 12.88 (p < .0001)%* 0.3 (083)

L IFG 7.39 (007)* 4.61 (003)* 10.76 (p < .0001)##*
R IFG 1574 (p < .0001)%*** 4.27 (005)* 3.38 (02)%

L hippocampus 3.07 (08) 3.61 (0D 2.64 (048)

R hippocampus 0.003 (.95) 202 (11) 0.43 (.73)

L LOC 16.91 (p < .0001)#+x 5.25 (001)* 6.038 (p < .001)#+x
R LOC 21.87 (p < .0001)*** 818 (p < .0001)*** 3.5 (0157
LITG 24 (12) 1.48 (22) 3.55 (014)7
RITG 0.2 (65) 0.46 (.71) 212 (09)

L medial ventral occipital cortex 0.55 (.46) 12.02 (p < .0001)%s*:* 3.61 (013)7
R medial ventral occipital cortex 533 (02)7 11.79 (p < .00071 )% 1.03 (-18)

L parahippocampal cortex 3.76 (.05) 11.01 (p < .0001)#** 9.04 (p < .0001)%**
R parabippocampal cortex 0.60 (44) 14.83 (p < .0001)#*** 17.9 (p < .0001)%**
L posterior superior temporal sulcus 5.72 (02)7 4.5 (004)* 1.18 (32)

R posterior superior temporal sulcus 1.05 (3D 0.3 (83) 1.36 (:25)

L retrosplenial cortex 0.52 (47) 3.58 (014)F 5.05 (002)%*

R retrosplenial cortex 0.13 (72) 1.09 (17) 3.98 (008)*

L rhinal cortex 0.029 (.87) 1.04 (37) 0.89 (45)

R rhinal cortex 1.62 (20) 2.88 (04)t 0.72 (54)

L anterior temporal lobe 0.02 (.88) 0.53 (.66) 211 (1)

R anterior temporal lobe 0.45 (.50) 0.43 (73) 0.84 (47)

Values represent F-statistics (and p values), before Bonferroni correction.

Tp < .05

*p < .0l
*E <001,
##% p < .0001.
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Main Effect of Class Main Effect of Subsequent Memory

PHC Right IFG

0.100] Left i
0.075 | ’ ‘
0.050 ' { l \ | {
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w
2 o000 f :
§ LA LIA NLL NLS LA LIA NLL NLS
= Class
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0.060 | |
0.030 | ' '
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LA LIA NLL NLS Sub. Remembered *Darker bars indicate
. . i Subsequently Remembered trials
Class Sub. Forgotten and lighter bars indicate

Subsequently Forgotten trials

Figure 5. Brain representations of ROIs with main effects of Subsequent Memory and main effect of Class. LA = living-animate; LIA = living-
inanimate; NLL = nonliving-large; NLS = nonliving-small.
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Figure 6. Brain representations of ROIs with Subsequent Memory and Class interaction effects. The different significant interaction effects are
grouped by the four different classes. Solid gray bars indicate interaction effects for the different classes where mean NPS was higher for subsequently
remembered than subsequently forgotten item pairs. Dashed gray bars indicate interaction effects for item pairs that showed higher mean NPS for
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and parahippocampal cortex (PHC) ROIs. Reliable inter-
actions between class and subsequent memory success
(Figure 5) were found in left IFG, left LOC, left retrosple-
nial cortex (RSC), left PHC, and right PHC.

Finally, we performed post hoc analyses to investigate
our hypothesis that optimal memory depends on a bal-
ance of similarity and distinctiveness so that semantic
classes with low feature overlap, such as nonliving items,
benefit by higher NPS during encoding, whereas classes
with high feature overlap, such as living items, benefit by
lower NPS during encoding. Consistent with our hypothe-
sis, higher NPS predicted subsequent memory for nonliving
objects in several regions (specifically for nonliving-large
objects in IFG, left RSC, left LOC, left PHC, and right pFC,
and for nonliving-small objects in left IFG and left RSC—see
gray highlights in Figure 6: nonliving). Conversely, lower
NPS predicted subsequent memory for living objects in
multiple areas (specifically living-animate objects in
left IFG and living-inanimate objects in left RSC—see
oblique-line highlights in Figure 6). Figure 6 shows that
despite the general trend of most semantic classes show-
ing higher mean NPS for subsequently remembered items
relative to subsequently forgotten items, two ROIs, left
IFG and left RSC, show a unique pattern of mean NPS
being higher for subsequently forgotten items relative to
subsequently remembered items in living-animate and
living-inanimate classes, respectively. This is a rather unex-
pected finding, given that higher NPS similarity between
item pairs would intuitively lead to higher recollection of
these items later on. This may be because of different
semantic classes relying on differing neural representa-
tions (e.g., distinctiveness) for successful retrieval,
depending on the nature of their semantic feature catego-
rization and organization.

Taken together, our NPS results suggest subsequent
memory is enhanced by encoding processes that promote
intra-class item similarity in the case of nonliving items,
which naturally have more distinctive features and thereby
are easier to recall. This pattern of results is consistent with
our hypothesis that subsequent memory is enhanced by a
balance of similarity and distinctiveness. This hypothesis is
consistent with episodic memory models that assume that
similarity among encoded items boosts a familiarity signal,
but this familiarity needs to be counteracted by the
retrieval of item-specific distinctive information.

DISCUSSION

Although there has been abundant research and interest
on using fMRI data to study how we process, represent,
and remember concepts, the role of memory representa-
tion and distinctiveness to support these processes is still
unknown. In our study, we examined how our brain differ-
entially represents concepts within the living and nonliv-
ing categories divided by animacy and size, respectively,
as well as examined which brain regions contribute to
information successfully retrieved later on, showing

subsequent memory effects. The four subcategories (living-
animate, living-inanimate, nonliving-small, and nonliving-
large) within the larger living versus nonliving divide follow
the same feature-related hypothesis in which the different
trends in patterns are true across animacy divisions inde-
pendent of the semantic classes. By doing so, we strove to
determine what kinds of information are being encoded in
successful memory formation in relation to the tripartite
object organizational structure, as posited by Konkle and
Caramazza (2013).

To first understand how different classes and memory
success may be differentially represented in the ventral
stream, main effects for Semantic Class and Memory were
calculated for 22 ROIs. A handful of regions showed main
effects of successful Memory Recall, including the FuG,
LOC, and IFG. These findings are consistent with previous
literature implicating the role of these regions for recog-
nition memory and recall (Cai et al., 2015; Karanian &
Slotnick, 2015; Tops & Boksem, 2011). These regions
show that overall, there was higher NPS for subsequently
remembered item pairs than subsequently forgotten
pairs, indicating that higher brain similarity led to success-
ful retrieval of those pairs later on. We then investigated
how these NPS effects were driven by certain classes,
and evaluated which regions showed disparate effects
for the four different semantic categories: living-animate,
living-inanimate, nonliving-large, and nonliving-small. We
found that FuG, left IFG, LOC, MVOC, and PHC all showed
significant effects of Class, representing that different clas-
ses in different semantic categories have significantly dif-
ferent NPS values. This distinction is in accordance with
the Tripartite distinction, where there were disparate acti-
vations in PHC, FuG, inferior temporal gyrus (ITG), LOC,
and transverse occipital sulcus depending on the animate
and size class (Konkle & Caramazza, 2013). These findings
are also in line with past literature implicating these regions
in semantic processing, including IFG (Carota, Kriegeskorte,
Nili, & Pulvermiiller, 2017), ventral stream (Devereux, Clarke,
& Tyler, 2018), and PHC (Aminoff et al., 2013).

Crucially, to further investigate the unique interaction
effects of the four semantic classes on subsequent mem-
ory, and whether different classes have different subse-
quent memory effects, we probed the interaction between
Subsequent Memory and Class. We found that the LOC,
left IFG, left RSC, and PHC regions showed higher NPS
for items that were subsequently remembered relative to
subsequently forgotten items in the nonliving categories,
suggesting that memory representation, as quantified by
NPS, is what supports successful memory formation and
retrieval in the nonliving category. These results are in line
with what is known about the role of these regions in sub-
sequent memory.

The PHC has continuously been implicated to play a cru-
cial role in spatial and episodic memory, which supports
our finding of higher brain similarity (higher NPS) for non-
living categories that are contextually more spatially rele-
vant than animate objects (Aminoff et al., 2013; Aminoff,
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Gronau, & Bar, 2007). This is also the case for the MVOC
and LOC, occipital cortex regions that have been shown to
play a pivotal role in visual memory and perceptual infor-
mation (Yin et al., 2020), and for the FuG for its role in
object recognition (Weiner & Zilles, 2016). Notably, the
memory effects for these early visual regions were only
present in nonliving-large and nonliving-small classes of
items, because nonliving items focus more heavily on
visuospatial features of an item; no living classes demon-
strated a memory effect in early visual cortex. Neverthe-
less, these regions align with previous literature and their
roles in successful semantic memory formation in spatial
and visual object recognition.

The left IFG and left RSC showed a contrasting pattern,
such that NPS was significantly lower for subsequently
remembered items in the living categories (living-animate
and living-inanimate, respectively); perhaps, these results
are because of the difference in distinctiveness in item fea-
tures for the different semantic classes. Because living
items have more features overall but less distinct features
(i.e., they share more common features overall) and non-
living items have less features overall and more distinct
features, the difference in distinctiveness and item corre-
lation may be what is driving the differences in subsequent
memory effects for these two regions. These findings sug-
gest that different semantic categories may rely on differ-
ent degrees of distinctiveness for successful subsequent
memory retrieval and future studies should investigate
the different memory processes that may be at play. It is
interesting to note, however, that no regions out of the
22 ROIs showed subsequent memory effect for all four
semantic classes. This finding suggests that although
semantic categories may display similarity in brain pattern,
successful and positive effects on memory may be based
on disparate neural properties unique to each semantic
class or category. Future studies should investigate the
differing ways in which semantic classes differ in neural
representation (e.g., similarity or distinctiveness) for suc-
cessful memory retrieval. At the pattern similarity level,
NPS, everything is unique as different item pairs and differ-
ent brain regions contribute to this brain similarity in differ-
ent magnitudes. However, semantics unite different items
and classes into a shared representational space, which
results in different regions showing main effects of differ-
ent classes for successful subsequent memory. By measur-
ing and understanding these neural patterns, researchers
can gain insights into how the brain processes information
and how different cognitive processes are related.

This study provides a set of unique findings comprising
evidence for different memory representations for differ-
ent semantic classes, suggesting these different stimulus
classes may at least in part rely on disparate memory
processes. Additional measures are required to fully
understand the relationship between similarity and repre-
sentation in different semantic classes. For example,
future studies may include probing pattern similarity mea-
sures or other forms of distinctiveness quantifiers to
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analyze how semantic classes differ in deciphering neural
and cognitive processes.
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