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How do we think about time?
Converging lesion and neuroimaging
evidence indicates that orbitofrontal
cortex (OFC) supports the encoding and
retrieval of temporal context in long-
term memory’, which may contribute to
confabulation in individuals with OFC
damage’. Here, we reveal that OFC
damage diminishes working memory
for temporal order, that is, the ability
to disentangle the relative recency of
events as they unfold. OFC lesions
reduced working memory for temporal
order but not spatial position, and
individual deficits were commensurate
with lesion size. Comparable effects
were absent in patients with lesions
restricted to lateral prefrontal cortex
(PFC). Based on these findings,

we propose that OFC supports
understanding of the order of events.
Well-documented behavioral changes
in individuals with OFC damage? may
relate to impaired temporal-order
understanding.

Examining patients with brain lesions
permits inference about the necessity of
a brain region for a particular function,
and lesion studies play an essential
role in neuroscience?®®. In this study,

56 adults performed a spatiotemporal
working memory task, nine with lesions
to OFC (Figures 1A and S1, and Table
S1, the latter two in the Supplemental
information). We hypothesized that
OFC lesions would disrupt working
memory for temporal order. To test this
hypothesis, we included both a within-
subjects control condition (spatial)

and two control groups, patients with
lateral PFC lesions not involving OFC
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(n = 14) and non-lesioned controls (NL;
n = 33). Motivating the spatial control,
extant literature reports that OFC lesions
diminish long-term memory for temporal
context, but not spatial context' or
standardized spatial working memory*.
Motivating the PFC lesion control, we
previously found that lateral PFC lesions
underpinned domain-general deficits
across identity, spatial, and temporal
working memory trials on the same
task®. Use of a PFC lesion control is also
consistent with other research groups*®.

The task required subjects to
memorize pairs of shapes in a specific
spatiotemporal orientation in preparation
for an immediate test (Figure 1B)°.

On spatiotemporal relation trials, the
retro-cue directed subjects to identify
which shape had been presented in
the top/bottom spatial or first/second
temporal position. On identity trials, the
retro-cue directed subjects to maintain
a representation of the identity of both
shapes regardless of spatiotemporal
orientation. We normalized individual
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Figure 1. OFC lesions specifically reduce working memory for temporal order.

(A) Lesion overlap for OFC (top; n = 9) and lateral PFC (bottom; n = 14) patients. PFC lesions are
normalized to the left hemisphere®. Color scale, percentage of overlap across patients. (B) On
each trial, subjects encoded a pair of stimuli in a specific spatiotemporal orientation and work-
ing memory was assessed in a two-alternative forced choice test (0.5 chance). The pre-cue and
retro-cue designated trial type. On spatiotemporal relation trials (left), subjects indicated (by left or
right keypress) which of two stimuli was in the top/bottom spatial or first/second temporal posi-
tion. On identity trials (right), subjects indicated (by up/‘yes’ or down/‘no’ keypress) whether the
pair was the same pair they just studied. Encoding stimuli were presented for 200 ms each, sepa-
rated by 200 ms inter-stimulus fixation. The retro-cue was presented mid-delay, with 900-1,150
ms fixation before and after (not shown). The subsequent test was self-paced. Spatial, temporal,
and identity trials were interspersed in random order. (C) OFC patients showed reduced accuracy
for temporal order (red) but not spatial position (orange), compared to both PFC patients and NL
controls. Points represent individual data and bars represent group median data (solid) +1 quartile
spread (shaded). *, p < 0.001. (D) OFC lesion size predicted reduced accuracy for temporal order
(red) but not spatial position (orange; left). PFC lesion size did not relate to individual accuracy
(right). *, p < 0.001. (E) Data in (C) and (D) shown without normalization. Raw accuracy (proportion
correct) for all trial types. Lines represent individual data and bars represent group median data.
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spatial and temporal data against the
identity control for analysis. Normalized
accuracy indicates the relative benefit
or cost of associating an item with

its spatial or temporal context in
working memory, holding item identity
performance constant. This procedure
also addresses systematic confounds of
inter-individual and inter-group variability
(e.g. in lesion etiology; Table S1)°. To
further control for inherent limitations

of variability not related to lesion focus,
we performed all analyses using linear
mixed-effects models with individual age
included as a fixed effect and subjects
as random intercepts (see Supplemental
experimental procedures).

Normalized accuracy data from
all subjects were submitted to a
model with fixed factors of condition
(temporal, spatial) and group (OFC,
PFC, NL). There was a significant main
effect of condition (temporal < spatial,
F(1,105) = 28.89, p =5 x 107) and
a condition by group interaction
(F(2,105) =9.03, p =2 x 10™). The
interaction was driven by condition
differences in OFC patients (t(105) =
-3.52, p =6 x 10 Cohen’s d = -1.31),
who showed a selective deficit in
temporal working memory (Figure 1C).
No other effects reached significance
(p’s > 0.51).

Planned post-hoc analysis
investigated whether OFC patients’
deficits in temporal working memory
were related to lesion size. OFC patient
and NL control data were submitted to
a model with fixed factors of condition
and lesion size. There was a significant
condition by lesion size interaction
(F(1,79) = 41.63, p = 8 x 10°% Figure
1D, left). Larger OFC lesions were
associated with decreased temporal
accuracy. No other effects reached
significance (age p = 0.35, other
p’s > 0.05). PFC lesion size, in contrast,
was not significantly related to individual
accuracy (interaction F(1,89) = 1.21,

p = 0.27; other p’s>0.11; Figure 1D,
right).

Our findings demonstrate that OFC
damage diminishes working memory
for temporal order. Comparable deficits
were not observed in working memory
for spatial position or with lateral PFC
damage not involving OFC. Indeed, the
opposite pattern in OFC patients’ spatial
working memory confirms a temporal-
specific deficit that cannot be attributed
to generalized context performance

deficits from larger lesions. We propose
that OFC supports temporal-order
understanding.

First, unlike lateral PFC?°, OFC
supports working memory for temporal
order independent of working memory
in general. Whereas deficits have
been detected on the n-back task,
which assesses memory for the item
which appeared 2- or 3-back in a
sequence, extant literature reports
intact performance on tasks of pure
maintenance and manipulation®.
Second, OFC supports temporal
processing independent of long-
term memory. Whereas our results
corroborate evidence that OFC lesions
diminish memory for temporal context,
our task had no long-term component.
Third, OFC may support processing of
the past, present, and future. Indeed,
OFC supports ‘reality filtering’, the
ability to relate past and present’.
Other influential theories link OFC to
prediction, forming abstract cognitive
maps, and signaling value®, all of which
implicate representations of the future.
OFC has also been shown to support
judgments of temporal duration®.

Finally, behavioral changes in
individuals with OFC damage may
relate to impaired temporal-order
understanding. Exemplified by patient
Phineas Gage, whose personality
changed dramatically after a penetrating
head injury to bilateral OFC (note
additional medial frontal pole, anterior
cingulate, and white matter damage?),
OFC damage is associated with
newfound inflexibility, impulsivity,
confabulation, and problems with
emotional and social control’. Perhaps,
as confabulation reflects diminished
filtering of past and present’, impulsivity
reflects diminished representations of
what could come next, contributing
to a myopic discounting of future
reward. Although impaired temporal-
order understanding is not the only
explanation for such changes (cf.
confabulation and impaired strategic
retrieval'®), it is a parsimonious one that
links otherwise disparate behaviors to
a common neurocognitive substrate.
Future research should consider OFC in
the framework of temporal cognition.

SUPPLEMENTAL INFORMATION

Supplemental information contains one figure,
one table and experimental procedures, which
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can be found with this article online at https://
doi.org/10.1016/j.cub.2022.03.074.
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