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Localization of a Medial Temporal
Lobe—Precuneus Network for Time
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Objective: Time orientation is a fundamental cognitive process in which one’s personal sense of time is matched with a
universal reference. Time orientation is commonly assessed through mental status examination, yet its neural correlates
remain unclear. Large lesions have been associated with deficits in time orientation, but the regional anatomy impli-
cated in time disorientation is not well established. The current study investigates the anatomy of time disorientation
and its network correlates in patients with focal brain lesions.
Methods: Time orientation was assessed 3 months or more after lesion onset using the Benton Temporal Orientation
Test (BTOT) in 550 patients with acquired, focal brain lesions, 39 of whom were impaired. Multivariate lesion-symptom
mapping and lesion network mapping were used to evaluate the anatomy and networks associated with time disorien-
tation. Performance on a variety of neuropsychological tests was compared between the time oriented and time dis-
oriented group.
Results: Lesion-symptom mapping showed that lesions of the precuneus, medial temporal lobes (MTL), and occipito-
temporal cortex were associated with time disorientation (r = 0.264, p < 0.001). Lesion network mapping using norma-
tive connectome data demonstrated that these regional findings occurred along a network that includes white and
gray matter connecting the precuneus and MTL. There was a strong behavioral and anatomical association of time dis-
orientation with memory impairment, such that the 2 processes could not be fully disentangled.
Interpretation: We interpret these findings as novel evidence for a network involving the precuneus and the medial
temporal lobe in supporting time orientation.
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H umans perceive time as flowing continuously from
past through present to future. Time orientation
describes the ability to match one’s internal representation
of time to a universal reference system, or “clock time”,
on the order of hours to years."” Time disorientation can
occur in a wide variety of neurological and psychiatric dis-
orders.” Identifying this impairment is useful in under-
standing a patient’s overall cognitive status as it is often

associated with other aspects of cognition including

planning,4 decision rnaking,S and memory.6’7 Time orien-
tation is frequently assessed, yet little is known about the
underlying neural substrates. This study investigates time
disorientation following focal, acquired brain lesions.
Elucidating the anatomy most critical to rep-
resenting the passage of time and associating it with clock
time has proven challenging. Unlike many basic percep-
tual systems, there is no clear sensory receptor for time:

the source of information the brain uses to estimate time
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is unclear but presumed to be multimodal. Previous
research has indicated there is a robust association of time
disorientation and amnesia, which highlights a potential
role for medial temporal lobe (MTL) structures.”'” Yet
other studies suggest time disorientation may also have
features that are separable from amnesia.''™"®  Other
regional anatomy that has been implicated in time orienta-
tion includes the mediodorsal nucleus of the

1415 the right  cerebral hemisphere,](’ the

thalamus,
precuneus,'” and the prefrontal cortex."” The extent to
which these regional associations are correlational or causal
is unclear, as is the relative contribution of each region.

Studying patients with focal, acquired brain lesions
who are impaired in time orientation has the potential to
aid in the elucidation of brain regions most critical for
supporting time orientation. To date most lesion studies
of time disorientation have been limited by small sample
sizes."">1®19 Time disorientation after brain injury is rel-
atively common in the acute epoch, but spontaneously
resolves in ~95% of patients within about 6 weeks, leav-
ing only a small percentage with a chronic impairment.*’
To date, a large-scale lesion-symptom mapping study of
chronic time disorientation has not been performed. In
addition to investigating lesion location, lesions and asso-
ciated symptoms can also be interpreted in the context of
disrupting a broader network that extends beyond the
anatomical boundaries of the lesion.”’ Lesion network
mapping is an approach that combines traditional lesion-
symptom mapping approaches with structural and/or
functional connectivity information derived from large
normative “connectome” datasets to evaluate lesion associ-
ated networks.”"** These approaches have not yet been
applied to time orientation.

Here, we utilize a large registry of 550 patients with
focal, acquired brain lesions, who have standardized time
orientation assessments performed more than 3 months
after the lesion onset. Our goals were to perform a data-
driven analysis evaluating the regional anatomy and
networks associated with time disorientation along with
evaluating the cognitive profile of individuals with time

disorientation relative to a brain-damaged comparison

group.

Methods

We used neuropsychological test data and neuroimaging
data available through the Iowa Neurological Patient Reg-
istry to perform our analyses. Patients in the Registry gave
informed, written consent prior to participation in this
study, and the study was approved by the Institutional
Review Board of the University of Iowa. Data were col-
lected >3 months after lesion onset in adult patients 18 or
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older. Patients with focal, acquired brain lesions with visi-
ble borders were included regardless of etiology. Patients
were screened and excluded if pre-existing psychiatric and
neurological conditions were present. Following enrollment,
patients underwent comprehensive neuropsychological evalu-
ation in accordance with Benton Neuropsychology Labora-
tory protocols,”> which included an extensive battery of
neuropsychological tests designed to assess major domains of
cognition and behavior. For the current analysis, in order to
ensure that measured time disorientation was not con-
founded by receptive language deficits, patients were
excluded from this study if they had impaired scores on the
Boston Diagnostic Aphasia Examination (BDAE) Complex
Ideational Material Test, the Multilingual Aphasia Examina-
tion (MAE) Token Test, or the MAE Aural Comprehension
Test (defined as raw scores <8, <30, or <14, respectively).
We used the Benton Temporal Orientation Test
(BTOT) to measure time orientation.”*?> In this test, the
examiner verbally asks the patient 5 questions about where
they are in time (Table 1). A total of 625 patients were
given a score on a scale from 0 to —113 with 0 being con-
sidered unimpaired performance. The BTOT score
obtained most contemporaneously with the date of the
patient’s research brain scan was used if a patient had been
administered the BTOT more than once. Patients with a
score of 0 constitute the brain-damaged comparison group
(n=511). Following the normative standards for the
BTOT,* patients in our study with a score of —3 or worse
were considered impaired; there were 39 such patients (mean
score = —15.10, standard deviation = —22.33, range = —3

Table 1. The Benton Temporal Orientation Test
(BTOT) Asks 5 Questions about Where a Person Is
in Time

Benton Temporal Orientation Test

Maximum
Time Interval ~ Scoring Criteria Error

Month —5 Points per month off —30 Points
Day of the —1 Points per day off —15 Points
month
Year —10 Points per year off —60 Points
Day of the —1 Points per day off —3 Points
week

Time of day ~ —1 Points per half hour off —5 Points

Note: 1If an incorrect response is provided, a specified number of
points is deducted from a starting score of 0 according to the nature
of their error. Each time interval has a maximum deduction for

that item.
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to —102). Since the degree of temporal disorientation does
not scale with BTOT score (e.g., a patient being off by
1 year receiving a score of —10 is not thought to be “twice
as disoriented” as a patient being off by 1 month and receiv-
ing a score of —5), binarized scores for time oriented and
time disoriented patients were used as the behavioral
variable for all analyses. We excluded 75 patients with a
score of —1 or —2 from the main analyses, which cre-
ated a greater contrast between the impaired and unim-
paired groups; these scores correspond to common
errors healthy adults make in self-referential timing
(e.g., being 30 min off for the current time or being a
day off for the day of the week) and are not “impaired”
according to the normative standards for the BTOT.
Five hundred fifty participants met the criteria for this
study (Table 2). We used a rtest to compare the age,
education, and lesion volume between time oriented
and time disoriented patients.

Structural neuroimaging was obtained 3 months or
more after the lesion onset and the boundaries of the
lesions were manually segmented for all 550 scans using
standard procedures.”® Lesion masks for neuroimaging
data acquired prior to 2006 were generated using the
MAP-3 method®®*” wherein the boundaries of the lesion
are traced onto a template brain. Data acquired in 2006
and after were manually traced onto the patient’s T1
native scan in FSL*® and then subsequently transformed
into MNI152 space using Advanced Normalization Tools
(ANTs). The anatomical accuracy of the native trace and
the transformed lesion mask were confirmed and edited as
needed by a neurologist (A.D.B.) who was blind to all
demographic and cognitive data.

Lesion-symptom mapping was used to identify
regions of damage associated with time disorientation.
LESYMAP, a multivariate lesion-symptom mapping tech-
nique that uses sparse canonical correlation analysis for
neuroimaging (SCCAN), was employed using binary
BTOT data.”’ The LESYMAP algorithm identifies multi-
variate correlations of lesion anatomy and behavioral data
and then performs a within-cohort fourfold cross valida-
tion analysis to assess the statistical significance of the sta-
tistical map based on its ability to make accurate
predictions in the left out sample. This within-cohort vali-
dation step performs optimally if impaired and unim-
paired groups are relatively matched in sample size. For
this analysis, each time disoriented patient was matched
with 3 time-oriented patients that were selected from the
cohort with unimpaired BTOT performance based on
having the closest lesion volume (7 = 156). This compari-
son group simultaneously improved the ratio of impaired
to unimpaired subjects for the within-cohort validation
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and controlled for lesion volume. Functional lesion net-
work mapping was performed using 2 complimentary
approaches, one that derives networks from regional peaks

30 and the other that uses each

of a lesion-symptom map”*
individual lesion volume as a seed region to generate a
network, with subsequent application of a linear model to
identify network correlates of behavior.’’>* For both
approaches the same resting state functional connectivity
MRI (rs-fcMRI) data from a normative database were
used, as in previous work (7 = 98 healthy right-handed
subjects; 48 male subjects, age 22 +/— 3.2 years).””> The
rs-fcMRI data were processed in accordance with previ-
ously described methods.*® Briefly, participants completed
2 6.2-min rs-fcMRI scans during which they were
asked to rest in the scanner (3T, Siemens) with their eyes
open (repetition time [ITR] = 3,000 ms, echo time
[TE] = 30 ms, flip angle [FA] =85°, 3 mm voxel size
[27 mm?’], field of view [FOV] = 216, 47 axial slices with
interleaved acquisition and no gap). Functional data
were acquired at 3 mm voxel size and spatially
smoothed using a Gaussian kernel of 4 mm full-width
at half-maximum. The data were temporally filtered
(0.009 Hz < f < 0.08 Hz) and several nuisance variables
were removed by regression. Inclusion of the first tem-
poral derivatives of the regressors within the linear
model accounted for the time-shifted versions of spuri-
ous variance. The time course of the average blood-oxy-
gen-level-dependent (BOLD) signal within each seed
ROI was compared with the BOLD signal time course
of other brain voxels to identify regions with positive
and negative correlations. Pearson correlation coeffi-
cients were converted to normally distributed z-scores
using the Fisher transformation. To incorporate the
98 individual z-score maps a group mean z-test was per-
formed separately for the positive and negative maps of
z-scores using FSL FLAMEO using ordinary least-
squares.

In the first approach, networks are derived from
brain areas representing the strongest brain-behavior asso-
ciations identified from the lesion-symptom map. This
allows visualization of the network associated with the
brain region(s) most implicated in the behavioral impair-
ment while avoiding some of the problems associated with
BOLD signal averaging from large lesion “seeds”.” > For
this approach 4 6 mm diameter spherical regions of inter-
est (ROIs) were placed at grey matter regional peaks from
the LESYMAP analysis. The other 2 ROIs from the
lesion-symptom map were predominantly in white matter
and they were not included in the functional lesion net-
work mapping. To identify the functional network that
best represents these individual rs-fcMRI maps, we
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Table 2. Demographic Information for Patients in This Study

Lesion volume in mm?>
Mean (std)

Lesion laterality
Right
Left
Bilateral

Etiology
Ischemic stroke
Hemorrhage
Benign tumor resection
Other resection
Focal contusion
Herpes simplex or limbic encephalitis

Multiple etiologies

37,800 (5650)

205
228
117

287
119
78
29
17
12

Demographics
All Patients Time Disoriented Time Oriented
Characteristic (N = 550) (n = 39) (n = 511)

Age in years

Mean (std) 52.4 (14.5) 59.7 (14.9) 51.9 (14.3)
Education in years

Mean (std) 13.4 (2.75) 13.2 (3.15) 13.4 (2.72)
Gender

Female 268 19 249

Male 282 20 262
Handedness

Right 493 34 459

Left 41 4 37

Mixed 16 1 15
Race

African American 4 0 4

American Indian 3 0 3

Caucasian 541 39 502

Other/unknown 2 0 2
Ethnicity

Hispanic 2 0 2

Non-Hispanic 547 39 508

Unknown 1 0 1

64,500 (76,700)

13

19

W W N

35,700 (54,200)

192
221
98

270
112
74
26
14
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employed a weighted principal component analysis in
MATLAB, as performed previously.*”

For the second approach, each lesion mask was
entered as a “seed” ROI to generate a brain-wide network
map of z-scores representing the voxel-wise positive and neg-
ative correlations with the average BOLD signal time course
within the lesion volume. All 550 resulting network maps
and corresponding behavioral results were included in
a permutation-based voxel-wise 2-tail linear model
using 2000 permutations with tail approximation and
Threshold Free Cluster Enhancement employed via
FSL PALM as previously described®'?**¢ (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/Randomise/UserGuide).

Structural lesion network mapping was performed
using DSI Studio. Each lesion mask was used as a “seed”
ROI for a deterministic tractography analysis using nor-
mative diffusion MRI data. This produces a streamline
map of white matter tracts likely to be affected, or discon-
nected, by a lesion, as performed previously.”” The analy-
sis was performed using high quality DTT data included in
the Human Connectome Project’s MGH 32-fold group
connectome  (https://ida.loni.usc.edu/login.jsp).>”  As
described above for the fcMRI analysis, all 550 voxel-wise
streamline maps and corresponding behavioral data were
included in a permutation-based voxel-wise 2-tail linear
model via FSL PALM. Results from the latter 2 analyses
were corrected for multiple comparisons using false
discovery rate.

To evaluate whether cognitive impairments co-occur
with time disorientation, the distribution of scores for
neuropsychological tests was compared to the distribution
of scores in the brain-damaged comparison group. This
analysis focused on individual tests available for at least
75% of the time disoriented patients. Linear regression
was used to compare tests with continuous scores using
age and lesion volume as covariates and Pearson’s chi
squared test was used for categorical scores. Several of the
cognitive tests used in our analyses were subtests from the
Wechsler Adult Intelligence Scale (WAIS), the most
widely used measure of adult intelligence.”® If a partici-
pant was administered multiple versions of the WAIS, the

. 39
most recent version was LlSCd.

Post-Hoc Analyses

We performed a post-hoc analysis of lesion location for
time disoriented participants with relatively intact cogni-
tive performance, which we defined as being in the nor-
mal range (not more than 1 standard deviation below the
mean) on >75% of the neuropsychological tests included
in this study. Lesion location was evaluated in this sub-
group analysis using proportional subtraction as the sam-
ple size was underpowered for a LESYMAP analysis.
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Participants were divided into impaired (BTOT score of
—3 or worse) and unimpaired (BTOT score of 0) groups.
The proportional metric (PM) was calculated with FSL*
by creating a difference map between the proportion of
time disoriented patients and proportion of time oriented
patients at each voxel, such that voxels were weighted
from —1 to 1.7 Higher scores indicated a stronger rela-
tionship between damage at that voxel and time disorien-
tation. We performed a related post-hoc analysis with a
focus on memory performance rather than overall cogni-
tive performance. For this, Rey Auditory Verbal Learning
Test (AVLT) and Rey-Osterrieth Complex Figure Test
(CFT) recall scores were used to identify time disoriented
patients who had relatively intact memory, defined as a
score within 2 standard deviations of the age-corrected
normative mean on both tests for inclusion in a propor-
tional subtraction map.

In addition, we performed a retrospective chart
review of 16 patient records from surgical patients after re-
section of benign tumors that resulted in damage to the
precuneus to evaluate for potential subjective changes in
the perception of time.

Results

A total of 39 individuals with time disorientation were
identified. Relative to the lesion volume matched brain-
damaged comparison group, on average those with time
disorientation were older (Rime oriented = 48.0 & 15.4,
Reime disoriented = 09.7 £ 14.9; p < 0.001), adequately
matched for lesion size (Rime orienced = 01,485 + 66,854,
RKiime disoriented = 04,524 £ 76,717; p = 0.830), had a higher
rate of bilateral lesions (48.7 vs. 22.2%, X*(1, N = 156)
= 8.76, p = 0.00309), and had a higher rate of encephalitis
(30.8-2.56%, X*(1, N = 156) = 23.6, p < 0.001). In the
impaired group, 15 individuals had lesions involving post-
eromedial cortices and 9 patients had a stroke of the poste-
rior cerebral artery distribution (3 left hemisphere, 3 right
hemisphere, and 3 bilateral). Seven patients had lesions in
the frontal lobe, mostly involving the ventromedial prefrontal
cortex, 5 patients had encephalitis, 1 patient had a right
putamen lesion, and 2 lesions involved the thalamus that
intersected with the mediodorsal nucleus of the thalamus.
The distribution of lesion masks of all 550 participants in
this study, which spanned virtually the entire cortex, is
shown in Fig. 1. Of the 550 participants, a maximum over-
lap of 51 lesions was observed in the right frontal white
matter. Lesions of the 39 individuals with time disorienta-
tion are shown in Fig. 1B. The overlap map of the
75 patients with BTOT scores of —1 and —2 that were
not included in the main analysis showed a similar distribu-
tion to the brain-damaged comparison group (Fig. 1C).
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FIGURE 1: (A-D) Lesion masks of all 550 participants in this study were overlapped to show that we have lesion coverage across
a majority of the brain to assess brain-behavior relationships (axial slices —24, —10, 4, 18, 32, 46, 60; A). The maximum number
of overlapping lesions (51) was located in right frontal white matter. The lesion masks of the 39 time disoriented participants are
shown in B; the region of peak overlap in the left parahippocampal gyrus contained 9 lesions. Seventy-five individuals had a
score of 1 or 2 on the benton temporal orientation test and were excluded from this analysis. The distribution of these patients’
lesions is similar to the time oriented group and the voxel of peak lesion overlap (19 lesions) is also in right frontal white matter
(C). The lesion volume matched brain-damaged comparison group used for the lesion-symptom mapping analysis (n = 156), had
a peak lesion overlap of 24 lesions in right frontal white matter, and showed a similar distribution of lesions as the full cohort

(N = 550; D). [Color figure can be viewed at www.annalsofneurology.org]

The lesion-volume matched brain damage comparison
group used for the lesion-symptom map showed a similar
distribution (Fig. 1D).

Lesion-Symptom Mapping Results

The lesion-symptom mapping analysis of time was sig-
nificant at » = .264, p < 0.001 (Fig. 2). The strongest
peak regional findings occurred at right and left
precuneus (MNI coordinates 22-60 38; —21 —61 21;
and —18 —71 40), left parahippocampal gyrus (—25-
29 —20), right hippocampus (29 —25 —12), right and
left visual association cortex (19-71 —4 & —17 —66
—10, respectively), and deep right frontal white matter
(19 36 20).
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Lesion Network Mapping Results
A 6 mm diameter spherical ROI was placed over the
most significant local maxima within a grey matter mask
of the lesion-symptom map. Four regional gray matter
peaks were identified in the left parahippocampal gyrus
(—25-29 —20), right hippocampus (29 —25 —12), left
precuneus (—21-61 21), and left visual association cortex
(—17-66 —10). The principal component network
derived from these regions is shown in Fig. 3A,B, with the
most robust findings in the ventral precuneus, MTL, and
occipital lobe. This network overlapped with visual and
default mode networks.

The functional lesion network mapping produced
using FSL PALM appeared similar. This network also
included regions of the precuneus, MTL, and occipital

Volume 94, No. 3
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FIGURE 2: (A-C) The lesion-symptom mapping analysis showed the strongest regions of peak intensity in the precuneus, medial
temporal lobe, and visual association areas bilaterally in addition to the left straight gyrus (A; axial slices —20, —9, —3, 16, 20,
40). (B) The left posterior precuneus is more likely to be damaged in time disoriented patients without severe memory
impairment compared to those oriented to time (same axial slices as A, sagittal slice —13). Regions associated with memory
impairment as measured by the 30-min recall trials of the AVLT and CFT are shown in C in green. The time disorientation lesion-
symptom map was overlayed, showing no overlap between regions associated with memory and time orientation in the left
precuneus and little overlap in right visual association areas. [Color figure can be viewed at www.annalsofneurology.org]

lobe (Fig. 3C,D). The structural lesion network map rev-
ealed a white matter tract extending between the posterior
precuneus and parahippocampal gyrus associated with
time disorientation (Fig. 3E,F). All FSL PALM results dis-
played in Fig. 3C-F were significant at a false discovery
rate of 5%.

Evaluation of Co-occurring Cognitive and
Memory Impairment
To characterize cognitive impairments that co-occur with
time disorientation, we compared the distribution of
scores between the impaired (7 = 39) and brain-damaged
comparison (7 = 511) groups across a variety of neuropsy-
chological tests (Table 3). Age and lesion volume were
included as covariates in our linear regression given signifi-
cant between-group differences. After correcting for multi-
ple comparisons, the Bonferroni corrected o was 0.002.
The group with time disorientation performed worse on
most tests.

Based on the observation of differences in cognitive
performance in the individuals with impaired time orien-
tation, post-hoc analyses were performed. We aimed to
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address an alternative explanation that our neuroanatomi-
cal findings of the lesion-symptom maps may reflect global
cognitive impairment or memory impairment rather than
our primary function of interest, time orientation. We
identified 11 time disoriented patients with relatively pre-
served cognition (defined as impaired on fewer than 25%
of the neuropsychological tests in Table 3). A proportional
subtraction analysis was performed on this cohort with a
peak regional finding at the left precuneus (Fig. 4:). Next,
we did an analysis specifically looking at individuals with
time-disorientation without severe impairments in mem-
ory (performance within 2 standard deviations of norma-
tive performance). While this group was selected for
having relatively preserved memory it is notable memory
still differed between this cohort and the brain-damaged
comparison group (7 = 511) (AVLT 30-min recall # (9)
= 1.23, p = 0.25; Complex Figure 30-min recall z (9)
= 2.19, p = 0.055). The small sample size likely contrib-
uted to the lack of statistical significance in memory
between these samples. The proportional subtraction anal-
ysis demonstrated that time disoriented patients without
severe memory impairment (#z = 10) had proportionally
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FIGURE 3: (A, B) The principal component network derived using normative rs-fcMRI from peak regional findings in the time
orientation lesion-symptom map, showing network involvement of the precuneus, MTL, and occipital lobe (z-scores shown, axial
slices —12, 0, 12, 24, 36, 48). (C, D) show functional lesion network mapping results produced using FSL PALM which shows a
largely similar pattern of network involvement (t-scores shown) and anti-correlated regions. (E) The structural lesion network
mapping result from PALM in red and the functional lesion network map depicted in D, revealing a bilateral white matter tract
connecting the medial temporal lobes to the precuneus that largely overlaps with the functional lesion network map. (F) The
functional (in blue) and structural (in red) lesion network maps thresholded to t-scores >5, which highlights a white matter tract
connecting the precuneus to the MTL (sagittal slice —18, axial slices —12 and 28) that overlaps with peak regions from the
functional lesion network map. [Color figure can be viewed at www.annalsofneurology.org]
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Table 3. Distribution of Neuropsychological Test Scores between the Time Oriented and Time Disoriented

Groups with Linear Regression Using Age and Lesion Volume as Covariates

Comparing Neuropsychological Test Scores Between groups

Brain-Damaged
Time Disoriented Group Comparison Group
Neuropsychological Test Mean Score (std) Mean Score (std) p-Value
Arithmetic (WAIS)* 8.59 (2.24) 10.0 (2.98) <0.001
Rey Auditory-Verbal Learning Test
Trial 1* 4.43 (1.48) 5.66 (1.89) <0.001
Trial 2* 6.00 (2.00) 7.93 (2.27) < 0.001
Trial 3° 9.97 (2.19) 9.34 (2.56) < 0.001
Trial 4* 7.59 (3.04) 10.5 (2.58) < 0.001
Trial 5° 8.05 (3.18) 11.2 (2.59) < 0.001
30-min Delayed Recall® 3.92 (3.65) 8.87 (3.39) < 0.001
Recognition® 10.1 (4.38) 13.7 (1.84) <0.001
Benton Facial Recognition Test® 40.8 (6.17) 44.8 (4.60) <0.001
Benton Visual Retention Test (number of errors)* 9.91 (4.95) 5.31 (4.47) < 0.001
Block Design (WAIS)* 8.82 (2.99) 10.4 (4.74) < 0.001
Boston Naming Test* 46.1 (14.5) 54.3 (5.32) < 0.001
Clock Drawing Test” 2.14 (0.891) 1.42 (0.712) <0.001
Rey-Osterrieth Complex Figure
Copy* 25.3 (6.49) 30.4 (4.94) < 0.001
Recall® 8.15 (6.40) 17.1 (6.71) < 0.001
Time to Complete® 5.33 (2.45) 3.35 (1.58) < 0.001
Digit-Symbol Coding (WAILS)* 7.14 (2.75) 9.41 (2.89) <0.001
Judgment of Line Orientation® 22.8 (5.54) 25.2 (4.36) <0.001
Orientation to Personal Information® 3.79 (0.469) 3.98 (0.148) <0.001
Place Orientation® 1.77 (0.524) 2.00 (0.185) <0.001
Clinical Assessment of Articulation 1.13 (0.341) 1.16 (0.466) = 0.345
Clinical Assessment of Fluency 1.13 (0.341) 1.08 (0.345) =0.013
Clinical Assessment of Paraphasias 1.19 (0.543) 1.18 (0.508) =0.981
Clinical Assessment of Prosody 1.26 (0.575) 1.17 (0.497) = 0.426
Controlled Oral Word Association Test 31.6 (11.5) 36.5 (12.2) = 0.031
Digit Span (WAIS) 8.77 (3.01) 9.38 (2.78) = 0.354
Information (WAIS) 8.77 (2.33) 10.2 (2.92) = 0.006
Similarities (WAIS) 9.47 (3.14) 10.6 (2.83) =0.029
*Significant after Bonferroni correction.
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FIGURE 4: (A-C) A proportional subtraction analysis of
11 time disorientated patients with relatively unimpaired
cognitive performance in other domains was conducted
(PM = 0.96 in the precuneus at MNI coordinates —13, —61,
37) (A; axial slices 15, 25, 40). (B) (axial slices —18, 20, and
39) The lesion-symptom map of time orientation covarying
for memory performance. The strongest regional peaks are
in white matter deep to the right precuneus (22-59 39), the
left posterior precuneus (—21-60 20), white matter deep to
the superior part of the head of the caudate nucleus (21 9
20), and the right superior temporal sulcus (55-9 —18).
(C) The lesion location of 2 individuals with tumor
resection surgeries are shown (in blue and green, with
overlap of the 2 lesions in turquoise). Both individuals had
lesions that overlapped with our lesion-symptom mapping
results in the precuneus and spontaneously reported major
alterations in their experience of time following the lesion.
The lesion-symptom mapping result is just deep to the
cortical surface and a yellow marker is shown to denote the
location on this surface view. [Color figure can be viewed at
www.annalsofneurology.org]

more damage to the left precuneus compared to time ori-
ented patients (z = 511; Fig. 2B).

To further evaluate how lesion location relates to
memory impairment versus time disorientation, we also
performed multivariate lesion-symptom mapping of the
30-min delayed recall trial of the AVLT (n = 526) and
30-min delayed recall trial of the CFT (# =521) and
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qualitatively compared the resulting maps to that of time
disorientation (Fig. 2C). This revealed several highly over-
lapping regions of the medial temporal lobe and occipito-
temporal regions. Regional peaks associated with memory
impairment were in the right precuneus (22-60 39), left
parahippocampal gyrus (—25-29 —20), right hippocam-
pus (29 —25 —12), right visual association cortex (19-71
—4) and left visual association cortex (—17—66 —10), and
deep right frontal white matter (19 36 20). Notably, the
left precuneus region was present in the time disorienta-
tion lesion-symptom map but not present in the memory
maps. In addition, we repeated our main lesion-symptom
map of the BTOT while covarying for memory. We used
linear regression to covary for a composite z-score
reflecting memory performance. This was derived from
the 30-min delayed recall trials of the AVLT and CFT.
Not all individuals had memory tests, so the sample size
was reduced (z = 156). The time orientation scores after
regressing out memory were entered in a lesion-symptom
mapping analysis that produced a similar spatial distribu-
tion of findings with regional peaks in the precuneus
(Fig. 4:B), but this map did not reach statistical signifi-
cance (r = .139, p = 0.107).

Subjective Experience of Time Following
Precuneus Lesions

In light of our lesion-symptom mapping findings in the
precuneus, we performed a post-hoc review of medical
records of 16 individuals following tumor removal that
resulted in a focal lesion of the precuneus to evaluate if
there were any observations of altered time perception.
This cohort was described in detail previously.*? Time ori-
entation was not systematically assessed in this retrospec-
tively analyzed cohort, yet 2 individuals with left
precuneus lesions that overlap with the lesion-symptom
map findings spontaneously reported a notable change in
their experience of time. One patient reported that “time
did not run” and experienced subjective time dilation,
experiencing minutes as hours. Days felt long to him and
the time on his watch was systematically earlier than he
expected. The second patient also spontaneously reported
that “time did not run” and noted difficulties conceptual-
izing time, with his clinical notes also documenting trou-
ble remembering the current date. While these 2 reports
are anecdotal, they are aligned with the lesion-symptom
map in supporting a role of the precuneus in influencing
time perception and time orientation. The location of the
tumor resection cavity for each patient is shown in
Fig. 4C in relation to the lesion-symptom map results
(in yellow). Verbal episodic memory was formally
assessed in these 2 individuals using the Rappel libre/
Rappel indicé 4 16 items, (16-item Free and Cued Recall).
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One of the 2 patients demonstrated no memory impair-
ment (delayed free recall z-score of —0.71; >50th percen-
tile for total delayed recall after cueing). The other has a
pronounced memory impairment with a delayed free recall
z-score of —4.76 and was in the 1st percentile for total
delayed recall after cueing.

Discussion

The main findings of our analysis are that damage to the
MTL, precuneus, and regions of the ventromedial
occipital lobe is associated with chronic time disorienta-
tion. The lesion network mapping results show that this
pattern of results occur along a pathway connecting the
MTL and precuneus. Our results also support prior work
highlighting the role of the medial prefrontal cortex and
mediodorsal nucleus of the thalamus in time
orientation,'®'>!” but these findings were not represented
in the lesion-symptom map. Other notable findings of
interest include the observation of multiple risk factors for
time disorientation, including: bilateral lesions, larger
lesions (though we created a volume-matched comparison
group), older age, and lesions from encephalitis, as has
been reported previously.”> Notably, time disoriented
patients demonstrated overall higher levels of cognitive
impairment relative to time oriented patients. This was
especially true for co-occurring memory impairment,
which was present in the majority of time disoriented
patients (29 of 39 scored at least 2 standard deviations
below average) and memory impairment had overlapping
neuroanatomical correlates in the medial temporal lobes
and ventral occipito-temporal pathway when mapped
independently of time orientation.

The results in the precuneus are interesting in that
they are present in smaller analyses limited to subjects
without severe memory or cognitive impairment. Addi-
tional support for the possibility of precuneus involvement
in time orientation came from a post-hoc analysis that
identified 2 patients from an independent cohort with
lesions involving this left precuneus region that spontane-
ously reported major distortions in their perception of
time in the immediate days following the lesion onset,
both reporting a subjective prolongation of their subjective
experience relative to clock time. The functional connec-
tivity network associated with this precuneus site partially
overlaps with the default mode network, which includes
medial temporal regions that were also implicated in time
disorientation.

The precuneus has been implicated in time-related
cognition from functional imaging studies,'” but this asso-
ciation with time disorientation has not been observed in

lesions studies to our knowledge. The precuneus is a
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highly connected region associated with complex informa-
tion integration and has a high resting metabolic rate.**
The functional role of the precuneus has been difficult to
elucidate in part because focal lesions to the precuneus are
extremely uncommon.”” It is known to be involved in
self-referential processes broadly,” including autobio-
graphical memory.46 In terms of time-related processing,
an fMRI study showed activation in the precuneus in
longer-scale temporal ordering tasks®’ and time orienta-
tion in healthy humans.'” Differences in precuneus activ-
ity were observed in relation to a time reproduction task
in medicated and non-medicated patients with Parkinson’s
discase.*®

Regional findings in the parahippocampal gyrus and
surrounding medial temporal cortex are in line with prior
research suggesting that damage to and dysfunction of the
MTTL is associated with time disorientation across various eti-
ologies.ml’14 “Time cells” sensitive to duration have been
identified in the MTL in rodents and humans,®*"'® and
degeneration of this system is associated with worsening time
disorientation in patients with Alzheimer’s disease.”""

We also observed regional findings in the ventrome-
dial occipital lobe and extending anteriorly along the
temporo-occipital junction, with the peak findings in the
white matter. Our working interpretation of these findings
is they result from lesions that disrupt communication
between the other regional findings in the precuneus and
MTL, yet we cannot rule out the possibility that this
region is also important in time orientation independent
of these other sites. There are proposals that vision and
time-related processing may be interrelated, and our
results are consistent with this possibility.”*%4’

This study has limitations. First, while our overall
sample size was large, there were only 39 individuals with
time disorientation. This sample was even smaller in post-
hoc analyses of individuals with relatively preserved cogni-
tion or without severe memory impairments, such that
these analyses were underpowered. Second, we observed a
strong relationship between time disorientation and mem-
ory impairment, such that we cannot confidently disen-
tangle the neuroanatomical correlates of these 2 processes
here. We had significant lesion-symptom maps of time
disorientation and impaired memory that substantially
overlapped. In contrast, a lesion-symptom map of time
disorientation covarying for memory performance did not
reach statistical significance. This could be consistent with
time disorientation and memory sharing the same or par-
tially overlapping neuroanatomical substrates, or this sam-
ple lacking the anatomical or behavioral resolution to
disentangle these 2 constructs. A larger sample size with
chronic time disorientation will be useful in further
refining the underlying anatomy, ideally with additional
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assessments of memory and attention. Related to sample
size, we did not have sufficient lesion coverage of several
brain regions that may support time orientation. Other
studies have implicated the involvement of thalamic and
cerebellar regions in time orientation; we lacked sufficient
lesion coverage in these and potentially other regions to
idendfy them in the lesion-symptom map. Third, chronic
time disorientation can wax and wane over time. A patient
may be more or less disoriented at the time of testing, and
since test scores most contemporaneous with the scan date
were utilized, scores could vary. But, orientation to time typi-
cally does not oscillate between disoriented and oriented, just
in the degree of impairment.50 Next, different timescales
related to one’s mental timeline may be represented differ-
ently in the brain. Long-term memory required for remem-
bering the year may involve different brain regions compared
to those important for shorter timescales like knowing the
time on a clock. A future analysis of the neuroanatomical
correlates of time disorientation at varying timescales would
represent an improvement over the current binary categoriza-
tion of an impaired and unimpaired group.

This study begins to formulate a neuroanatomical
network important for time orientation. In doing so, it
aligns with prior work implicating lesions of the medial
temporal lobe, and we extend this work in also implicating
the precuneus and medial occipito-temporal regions. With
regard to how the human brain represents time, there are
many outstanding questions that await future studies,
including the neuroanatomy of other types of timing such
as sub- and supra-second interval timing. We are optimis-
tic a better understanding of these processes will continue
to inform how the brain creates a temporal context for
events and how these processes are utilized to support dif-
ferent domains of cognition.
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