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Abstract

This study investigates visuospatial memory in patients with unilateral lesions of the tempo-
ral lobe and the hippocampus resulting from surgery to treat drug-resistant epilepsy. To
detect impairments of visuospatial memory in these individuals, a memory test should be
specific to episodic memory, the type of memory in which the hippocampus is crucially
involved. However, most known visuospatial memory tests do not focus on episodic mem-
ory. We hypothesized that a new sequential visuospatial memory test, which has been pre-
viously developed and applied only in healthy subjects, might be suitable to fill this gap. The
test requires the subject to reproduce a memorized sequence of target locations in ordered
recall by typing on a blank graphics tablet. The length of the memorized sequence extended
successively after repeated presentation of a sequence of 20 target positions. The test was
done twice on day one and again after one week. Visual working memory was tested with
the Corsi block-tapping task. The performance in the new test was also related to the perfor-
mance of the patients in the standard test battery of the neuropsychological examination in
the clinical context. Thirteen patients and 14 controls participated. Patients showed reduced
learning speed in the new sequential visuospatial memory task. Right-sided lesions induced
stronger impairments than left-sided lesions. After one week, retention was reduced in the
patients with left-sided lesions. The performance of the patients in commonly used tests of
the neuropsychological standard battery did not differ compared to healthy subjects,
whereas the new test allowed discrimination between patients and controls at a high cor-
rect-decision rate of 0.89. The Corsi block-span of the patients was slightly shorter than that
of the controls. The results suggest that the new test provides a specific investigation of epi-
sodic visuospatial memory. Hemispheric asymmetries were consistent with the general
hypothesis of right hemispheric dominance in visuospatial processing.

Introduction

The hippocampus is known to play an essential role in the formation of episodic memory [1,
2]. Lesions of the hippocampus resulting from resection in temporal lobe epilepsy (TLE) are
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typically linked with impairments in the acquisition of episodic memory [3]. Lesions of the left
hippocampus are associated primarily with verbal memory [4] and lesions of the right hippo-
campus with visuospatial memory [5, 6]. These impairments concern the acquisition of a
long-term memory rather than working memory, because both verbal and visuospatial work-
ing memory span can be preserved even with bilateral lesions of the hippocampus [7]. Clinical
examinations of long-term memory usually focus on verbal memory tasks such as the Califor-
nia verbal learning test (CVLT) [8, 9] or the Word List task from the Consortium to Establish
a Registry for Alzheimer’s disease Neuropsychological Assessment Battery (CERADNAB)
which assess similar aspects of memory [10].

Two commonly used tests for visual memory are the Rey-Osterrieth Complex Figure Test
(ROCFT) [11, 12] and the “Diagnostikum fiir Cerebralschidigung” (DCS) [13, 14]. With the
DCS, nonresected TLE-patients show impaired learning capacity more so in right-sided TLE
than in left-sided TLE [15]. This impairment in the DCS does not seem to reflect a deficit of
long-term memory only because Helmstaedter, Pohl [15] observed a similar hemispheric
asymmetry of the relative impairments with respect to controls for both immediate and trained
recall. The performance of nonresected TLE-patients in the ROCFT seems more difficult to
interpret. Loring, Lee [16] reported that the ROCFT, “based solely on pass/fail performance is
unable to discriminate between left and right seizure onset subjects”. These visual memory
tests focus on the memory of visual gestalt and not on episodic, sequential memory. This focus
seems to be widespread in the literature on nonverbal memory. Moye [17] listed 32 different
nonverbal memory tests, only 11 of which tested for delayed recall and all these tests required
the subject to reproduce or to identify visual forms rather than sequences of spatial locations.

We found only a single study [18] that investigated sequential visuospatial memory. In this
study, the training stimulus consisted of a number (N;) of sequentially presented targets (one
at a time, and each for two seconds). The targets were red solid dots that appeared on a subset
of 2-N; open circles that were permanently present. After the presentation of all targets, sub-
jects were asked to place red wooden chips on those open circles where the targets had been
shown. A maximum of 15 such combined training/reproduction trials were performed with
the same target sequence. Tucker, Novelly [18] compared the reproduction performance in
their sequential presentation mode with a training where all N, targets were presented simulta-
neously for 5 seconds. Examining a group of 24 TLE-patients who underwent unilateral lobec-
tomy, Tucker, Novelly [18] found that patients with right-sided lesions were significantly
more impaired in the sequential as compared to the simultaneous training mode. This hemi-
spheric asymmetry of the impairment reached significance for the reproduction performance
after the 15th training trial but not for the immediate recall (after the first trial). Thus, in con-
trast to the memory impairment in the DCS reported by Helmstaedter, Pohl [15], the hemi-
spheric asymmetry of the patient’s impairment in the sequential presentation mode affected
the trained but not the immediate recall. Since the reproduction task of Tucker, Novelly [18]
did not explicitly ask for ordered recall, it is not clear whether their memory task actually led
to the successive buildup of sequential visuospatial memory. However, if so, the results would
suggest that the right temporal lobe plays a specific role for this buildup of sequential visuomo-
tor memory.

A sequential visuospatial memory is needed, for example, in landmark-based navigation,
when a long sequence of visual cues is used to reconstruct a spatial path without representing
its entire shape. Because of the apparent lack of sequential tasks on visuospatial memory, we
developed in previous studies [19-21] a test for deferred imitation of long spatial sequences
(DILSS) by either manual or ocular pointing movements. In this task, subjects acquire a very
long sequence of target positions in a repeated succession of presentation and reproduction. It
is described in more detail in the Methods section. Here we only briefly describe its
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characteristic features and the results we obtained with it in our previous studies: 1) the length
of the sequence (here 20) exceeds the capacity of the visuospatial working memory; 2) the spa-
tial locations are continuously distributed and not constrained to a limited set as in the task of
Tucker, Novelly [18]; 3) during sequence presentation, subjects are not allowed to move the
motor effector (eye or hand); 4) the recall which alternates with sequence presentation has to
be performed on a blank screen without intermediate feedback (a major difference from the
serial reaction-time task); 5) the timing of the recall is not accelerated or constrained by an
external trigger, but under the free control of the subject. Previous studies showed that the
recall of sequences learned in this task is independent of the motor effector (pointing with eye
or hand) and is retained for several days to weeks [20]. Compared to the serial reaction-time
task with accelerated responses [22], DILSS shows a general lack of memory interference [21]
and does not show typical features of implicit motor learning such as chunking [23] or error
propagation between subsequent elements [24]. These findings suggest that the DILSS-task is
suitable to examine the development of long-term visuospatial memory, which is explicit
because during the presentation, subjects deliberately focus on the few (two to three) targets
that are appended to the memorized sequence in the current trial. This awareness during
encoding is a major characteristic of explicit memory [25]. During recall, subjects had ample
time to imagine the target moving from one position to the next and to remember the spatio-
temporal sequence in its so-called autonoetic awareness, a feature which is a conceptual char-
acteristic of episodic memory [26]. Moreover, it seems difficult to verbally encode the memory
content in the DILSS-task because the target positions are continuously distributed across the
visual screen. Therefore, we hypothesize that the DILSS task tests a specific type of visuospatial
memory that is sequential, explicit, and episodic.

In the present study, we applied the DILSS-task in TLE-patients with unilateral surgical
resections of the hippocampus and the temporal lobe. The main motivation of the study is to
test our hypothesis that the DILSS-task provides a test procedure specific for episodic, sequen-
tial visuospatial memory. Because of the generally accepted role of the hippocampus and the
temporal lobe in episodic visuospatial memory [1, 2], this hypothesis predicts that learning
performance in DILSS should be critically impaired by lesions of the temporal lobe. Following
up on the study by Tucker, Novelly [18], the current study also further pursues the hemi-
spheric asymmetry of the temporal lobe with respect to its role in sequential visuospatial mem-
ory. To cover a larger range of retention periods than in the standard clinical tests, we adopted
a study design similar to that of Visser, Forn [27] with initial repetitive training and retention
tests after 30 min and after one week. All experiments were performed long time after surgery.

Methods
Subjects

14 healthy controls (6 males; 8 females; age = 29.5+9.7 yrs) and 13 resected and seizure-free
TLE-patients (8 males; 5 females, age = 40.2+11.1 yrs) participated in the study. Patients were
recruited from the regular follow-up examinations of surgically treated TLE patients at the
Department of Neurology of the University of Munich. All patients seen between 7/2018 and
7/2019 who were seizure free and agreed to participate in the study were included. The clinical
characteristics of the patients are shown in Table 1. The onset of epilepsy was in adolescence
or adulthood in all but one patient (Table 1, ID: 12; onset age: 8 yrs). Handedness was assessed
using the Edinburgh Inventory [28]. Of the 14 control subjects, 2 were left-handed and 12
were right-handed. All patients were right-handed. Language dominance was not determined
separately, since 96% of healthy right-handers are known to have left-hemispheric speech
dominance [29]. 6 patients were operated on the left side and 7 were operated on the right
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Table 1. Clinical characteristics of the patients.

ID* Gender Age First diagnosis =~ Surgery  AFS° Pathology © Surgery # of Engel ® Anti epileptic Employed
(yrs)" (yrs)© (yrs)d surgeries drugs

5 f 35 20 14 L hippo-campal amygdalo-hippocam- 1A no yes
sclerosis pectomy

m 32 13 12 R DNET degree I tumor resection 1A yes yes

m 33 11 10 R DNET degree I tumor resection 1A no yes

12 f 45 37 9 R gangli-oglioma amygdalo-hippocam- 1A yes yes
pectomy

14 f 63 48 18 L hippo-campal anterior temporal lobe 1A yes yes
sclerosis resection

18 m 40 21 19 R hippo-campal amygdalo-hippocam- 1A no no
sclerosis pectomy

20 f 54 17 8 R hippo-campal amygdalo-hippocam- 1A no yes
sclerosis pectomy

22 m 40 11 10 L limbic encephalitis amygdalo-hippocam- 1A yes yes
pectomy

24 m 32 8 7 L hippo-campal amygdalo-hippocam- 1A no yes
sclerosis pectomy

27 m 52 20 14 R hippo-campal anterior temporal lobe 1A yes yes
sclerosis resection

28 f 27 9 1 L oligoden-droglial anterior temporal lobe 1C yes yes
hyperplasia resection

29 m 44 4 3 R focal cortical amygdalo-hippocam- 1A no yes
dysplasia pectomy

30 m 26 4 1 R hippo-campal amygdalo-hippocam- 1A yes yes

“ID: subject identifier.
YGender: f: female, m: male.

“Age: age of the subject at the time of the experiment.

9First diagnosis: Time between first diagnosis and experiment.

“Surgery: Time between last surgery and experiment.
IAFS: affected side.

sclerosis

pectomy

$Engel: Engel Epilepsy Surgery Outcome Scale: 1A: Completely seizure-free since surgery, 1C: Free of disabling seizures for at least 2 years.

https://doi.org/10.1371/journal.pone.0272365.t001

side. The hippocampus was resected in all patients. All patients showed very good outcome of
the surgery, as shown by the good ranking in the Engel Epilepsy Surgery Outcome Scale (mini-
mally 1C) and by the observation that all but one able to cope with the demands of professional
life (see column Employed). Tomographic images (MRT/CT) of 11 of the 13 patients taken
post-operatively are shown in Fig 1. The study was approved by the ethics committee of the
medical faculty of the LMU (project number: 18-400) and all subjects gave their written
informed consent before the test.

Setup

Subjects were seated in front of a graphics tablet (Cintiq 22HD, 60 Hz; size: 47.9 x 27.1 cm; res-
olution: 1920 x 1080 pixel; Wacom; Kazo, Saitama, Japan). The recording of the position and
the pressure of a graphic stylus were event-triggered and reached sampling rates of more than
100 Hz during pen movements. The stylus was lifted between pointing movements, the loca-
tions of which were extracted offline by detecting the time points of the pressure peak. The sur-
face of the tablet was adjusted so that it was nearly orthogonal to the viewing direction. The
viewing distance was about 45 cm.
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Fig 1. MRI and CT slice images (axial) of 11 patients showing the temporal lobe resection. To illustrate the size of
the resections, the slices are centered on their largest extent, not on the hippocampus. The hippocampus was resected
in all patients. No imaging data was available from two patients. The MRI of patient 28 was taken after the second
surgery.

https://doi.org/10.1371/journal.pone.0272365.9001

DILSS-task

The DILSS-task [19-21] was performed in trials consisting of a presentation-phase during
which the subject only observed the target on the screen, followed by a reproduction-phase
during which the subject pointed with the graphic pen to the memorized target locations on
the blank screen. A full training session consisted of 25 repetitions of these presentation-repro-
duction pairs. All instructions were given by the same examiner.

Properties of the spatial sequence to be learned. The spatial sequence consisted of 20
target locations, the x- and y-coordinates of which were equally distributed within a square
with a width of 26 cm. The distribution of the targets was constrained in that no second target
was allowed within a circle of 3.7 cm around any target, and no more than two targets were
allowed within a circle of 5.6 cm around any target. The location of the last target of the
sequence was identical with that of the start-fixation target. All subjects had to learn the same
target sequence (Fig 2), which was generated once before the experiments.

Presentation phase. All targets were white crosses (width: 0.6 cm), presented on a homo-
geneous gray background. The presentation phase started with a fixation target, followed by
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Fig 2. Illustration of the target sequence to be learned. The start position (solid circle) was identical with the last of
the 20 target positions (crosses). In relation to the image size, the crosses are shown here twice as large as in reality.
Each target was shown alone on the homogeneous background at an inter-target interval of 1.2 s.

https://doi.org/10.1371/journal.pone.0272365.9002
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the 20 targets of the sequence, each with a presentation time of 1.2 s. Each target appeared
simultaneously with the disappearance of its predecessor. During the sequence presentation,
subjects placed their hand on the table next to the graphic tablet and were only allowed to fol-
low the target with their eyes.

Reproduction phase. The disappearance of the last target served as the go-signal for the
reproduction. For the reproduction, subjects were instructed to point on the homogenous
gray screen to the target locations in the same order as they were shown during the sequence
presentation. The pointing movements were triggered internally (without requiring fast move-
ments). The average pointing interval of the patients (1.85+0.46 s; N = 13) was only marginally
(T(25) =2.05; p = 0.051) longer than that of the controls (1.54+0.32 s; N = 14). Subjects were
not to guess and only to point to the locations they clearly remembered. Any noticed error or
omission was not to be corrected. A button had to be pressed when no further target locations
could be recalled. After the button press, the next training trial started with the presentation of
the very same sequence.

Study design

Three sessions with the same sequence were performed: initial training (Session 1) with 25 tri-
als, a second retraining (Session 2) with only 6 trials which started 30 min after the end of the
initial training, and a third one (Session 3) with 25 trials performed one week after the initial
training. Three subjects (one control, two patients) were not able to attend the third session.
Consequently, all analyses concerning the initial training were performed with the data of 27
participants (14 controls, 13 patients), and analyses concerning the retention after 30 min and
after one week only with 24 participants (13 controls, 11 patients).

The duration of Session 1 was 22.0+3.0 min (N = 27) and did not differ between patients
and controls. The patients performed the sessions with DILSS long time (10£6 yrs; see
Table 1) after surgery.

An important feature of the training is that the number of targets presented before each
recall clearly exceeds the capacity of the working memory. To extend the sequence stored in
the long-term memory, it is therefore most efficient to keep the few targets that follow the end
of the known sequence in the working memory as long as possible. This can only be achieved
if the working memory is protected against overflow by the following targets. In that way, the
task encourages explicit learning because it requires the subjects to actively select the targets
learned in the current trial from a large amount of available information.

Both patients and controls performed the Corsi block-tapping task [30] immediately before
the initial DILSS training. The Corsi task evaluates the capacity of spatial working memory.
Subjects reproduced in immediate recall a finger-tapping sequence presented by the examiner
at an inter-target interval of about 1 s. Pointing was performed on 9 cubes mounted on a rect-
angular support plate. Each tapping sequence was presented only once. Starting with a
sequence length of two, the sequence was extended by one target on the next attempt if suc-
cessful. After a failure, another tapping sequence with the same length was tested. The task ter-
minated after two successive failures. The task was performed twice, with forward and
backward ordered recall. The Corsi block span was defined as the mean of the length of longest
correctly reproduced sequence, averaged across the forward and the backward task.

Clinical testing

To relate the performance of the patients in our test to their memory performance assessed
clinically, the results of the CVLT and the ROCFT in the context of their neuropsychological
examination are also reported here. The CVLT was evaluated in 11, and the ROCFT in 10 of
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the 13 patients. In the CVLT, a sequence of 16 words is verbally presented to the subjects who
recall as many of these words as possible in any order (free recall) immediately after the pre-
sentation. During the training period, verbal presentation and recall are repeated 5 times.
After a period of 20 min, during which the subjects perform other neuropsychological tests,
the remembered words are again tested in free recall. From this test, we analyzed the number
of correctly recalled words in the last test before the 20 min retention interval (the so called
Short-delay free recall) and in the test after the 20 min retention (Long-delay free recall). In the
ROCFT, subjects are required to copy a complex line drawing (see e.g. [16]). Here, we report
only the score (range: 0-36) patients achieved in redrawing the figure from memory, immedi-
ately after completion of the copy.

The neuropsychological examinations were performed partly before (8 patients) and partly
after (3 patients) surgery. The average time between both was 54 days. Therefore, the conclu-
sions drawn from a comparison with our test, which was performed long time (10 yrs) after
surgery, are limited (see discussion).

Furthermore, all patients performed the Montreal Cognitive Assessment (MoCA) test and
the Beck-Depression-Inventory test.

Data analysis

Segregation between reproductions and erroneous pointing movements. Each pointing
position occurring between the lift of the stylus from the starting position and the button press
indicating the trial end was considered as a potential reproduction of one of the 20 target posi-
tions of the sequence. The start position (target and stylus) was excluded from the analysis.
Assigning reproductions to targets under the conditions of the present study is not trivial
because the random target path caused a dissociation between spatial distance and order dis-
tance. Moreover, in the absence of any visual reference except the frame of the monitor, point-
ing never reached high accuracy. In addition, omissions and erroneous pointing movements
which do not correspond to any remembered target position may occur (explorations). There-
fore, in this paradigm, the reproductions cannot simply be assigned to the targets with the
smallest spatial distance, but were submitted to an algorithm which was developed to assign
pointing positions to target locations under these specific conditions [19]. Basically, the algo-
rithm performs a recursive ordered assignment [31, 32] searching for the longest continuous
target sub-sequence that can be assigned in order and under consideration of potential inter-
mittent, explorative reproductions which were not assigned to any target. After removing the
assigned targets and reproductions from the original sequences, the algorithm restarts again
until no further assignments are possible. In this way, the algorithm can account for omissions,
explorations, and order errors.

Dependent variables and statistics. Because order errors and explorations occurred only
exceptionally in the present study (order errors: 2.5%; exploration errors: 2.7%), recall perfor-
mance was assessed by the number of targets assigned. The learning progress was evaluated as
the time course of the recall probability across trials, computed as the fraction of the number
of assigned targets with respect to the number of targets per trial (20). Since these recall proba-
bilities are subject to noise, its time course was approximated in each individual by a cumula-
tive normal distribution with mean and standard deviation as fitted by a generalized linear
regression with a probit link-function for the dependence of the recall probability on the trial
number and the assumption of a binomial distribution of each recall probability. Fig 3 shows
the resulting probit-fits (red line) which were used to define the dependent variables. The ini-
tial/final recall probability (p_i/ p_f) were defined as the value of the fit at the beginning/end of
the session and served as a performance measure. To evaluate how fast subjects extended the
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Fig 3. Learning progress for two individuals (Top: control; Bottom: patient) during the three learning blocks. Circles
show the recall probability, defined as the fraction of the number of recalled targets with respect to the number of presented
targets (i.e. the sequence length N = 20) for each reproduction (trial #). Red line: The approximation of the recall probability
by a generalized regression (probit-fit). Cyan: The line starting at the initial recall probability and the slope equal to the mean
learning progress (increment of the recall probability) averaged across the first 5 trials. The slope of this line is used to define
the initial learning speed. A) initial training, B) retention test starting 30 min after the end of the initial training, C) training
session one week after the initial training.

https://doi.org/10.1371/journal.pone.0272365.g003

length of the memorized sequence, the initial learning speed was defined as the difference in
the probit-fit between the sixth and the first trial of the session, divided by 5 and multiplied by
the sequence length (20) to express the learning speed in units of targets per trial.

For each subject, retention (p) after 30 min and after one week was defined as the initial
recall probability of Session 2 and Session 3, expressed as a fraction of the final recall probabil-
ity at the end of Session 1. In the CVLT, the retention (ocv.r) was defined as the Long-delay
free recall, expressed as a fraction of the Short-delay free recall.

Across subjects, the recall probabilities in DILSS were not distributed normally, especially
the final recall probabilities which were close to one. Therefore, the analysis of the group effect
(controls/patient right/patients left) was performed by applying parametric statistics
(ANOVA, t-tests) to the logit-transformed recall probabilities. The normality of the logit-
transformed probabilities was confirmed by the Lilliefors test. The parametric statistics (mean,
quartiles, 95% confidence interval of the mean) of the logit-transformed recall probabilities
were submitted to the inverse logit-transformation to compute the corresponding descriptive
statistics of the recall probabilities (median, quartiles, 95% confidence interval of the median).
These descriptive statistics are referred to by the bars and whiskers of Fig 4B, and by the group
median [interquartile range] recall probabilities reported in the text. To distinguish the stan-
dard t-test and the standard ANOVA from their application on the logit-transformed depen-
dent variables, the latter are referred to here as the ‘logit t-test’ and as the ‘logit ANOVA’.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272365  July 29, 2022 9/20


https://doi.org/10.1371/journal.pone.0272365.g003
https://doi.org/10.1371/journal.pone.0272365

PLOS ONE

A new test to detect impairments of sequential visuospatial memory due to lesions of the temporal lobe

initial learning speed

(targets/trial)

I controls
patients left
o atients right i
A) P B) [
3r o —
o £ 1} &
X -E-"'_
* = £ X
I T1e S £ <
g%
1 ] 53 o5 )
] [V
[O)
3 S o
. =
0 — 0 :

Fig 4. Learning progress during the initial training (Session 1) with DILSS. A) initial learning speed (targets/trial). Each
symbol indicates the slope of the cyan line in Fig 3A, multiplied by the total sequence length (20) for one subject. B) final recall
probability at the end of Session 1. Symbols show individual values. Bars: median; Whiskers: 95% confidence interval of the
median. Both learning speed and final recall probability were clearly impaired (solid double asterisk: p<0.001) in patients.

https://doi.org/10.1371/journal.pone.0272365.9004

The distribution of the DILSS-retention (p), the Short-delay free recall in the CVLT, the
CVLT-retention (gcyr1), as well as the distribution of the Corsi block span did not signifi-
cantly differ from a normal distribution. This was confirmed with the Lilliefors test. Therefore,
group effects on these dependent variables were tested using ANOVA and standard (paired or
unpaired) t-tests. In the text, their descriptive statistics are reported by meantstandard
deviation.

Pearson’s correlation coefficient (p) was calculated after eliminating outliers that fell outside
the 2D 95% confidence ellipse (see Fig 7). The false-positive probability of the empirical p was

calculated by the t-test applied to the Student distributed random variable t = p - , /2=%,

1-p?

Effects with false positive probabilities a:<0.01 are considered highly significant (**),
0.<0.05 as significant (*), and 0.<0.1 as a trend. All t-tests were two-tailed.

Whenever a dependent variable differed significantly (p<0.05) between controls and
patients, or between patients with right-sided and left-sided lesions, we evaluated the perfor-
mance of a binary classifier in correctly assigning subjects to one or the other group, based on
that dependent variable. This was done by means of an ROC-analysis [33] by computing the
false-positive rate (FPR) and the true positive rate (TPR) as a function of the decision threshold
(¢) in the dependent variable. The optimal threshold (t,,,) was defined as the one maximizing
the correct-decision rate (CDR) for equal probability of both classes:

1 — FPR(t) + TPR(t)
2

CDR(t) =

t,» = arg max CDR(t); CDR, = CDR(t,,)
t

Results

All individual test results are summarized in S1 Table. The MoCA-test showed normal values
(>26) for all participants. The Beck-depression Inventory showed in general low scores below
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8. In only four subjects (two patients as well as two controls) was the score 10 to 12, still well
below the cutoff of 14 for clinically symptomatic values [34]. None needed specific therapy.

Analysis of the initial training session with DILSS

Initial recall probability. The initial recall probability immediately after the very first pre-
sentation of the sequence did not differ (ANOVA: F(2,24) = 0.14; p = 0.87) between controls,
patients with left TLE, and patients with right TLE. The global mean was p_i = 0.21+0.14
(N =27). By multiplication with the number of targets (20) one obtains the corresponding
number of reproductions (4.24+2.87) achieved in immediate recall.

Initial learning speed. Fig 4A shows the initial learning speed in the first training with
DILSS (Session 1). On average, the initial learning speed of patients (0.41+0.27 targets/trial)
was significantly smaller (T(25) = 4.95; p<0.0001) and less than one third of that of the
controls (1.50+0.74 targets/trial). Using an optimal threshold of t,,, = 0.58 targets/trial
subjects could be classified as patients and controls with an optimal correct-decision rate of
CDR ;= 0.89.

The initial learning speed of patients with right-sided lesions (0.31+0.21 targets/trial) tended
only weakly (T(11) = 1.55; p = 0.15) to be slower than that of patients with left-sided lesions
(0.53+0.30 targets/trial).

Final recall probability. The impairment of the patients in spatial sequence learning was
also reflected by the final recall probability at the end of Session 1 (Fig 4B). The final recall
probability was smaller (logit t-test: T(25) = 4.89; p<0.0001) in patients (median [interquartile
range] = 0.81 [0.35]) than in controls (0.99 [0.03]). This reflects the fact that, even though
patients showed considerable learning progress, none of them could reproduce the entire
sequence at the end of the initial training session as most of the controls could (see column p_f
in S1 Table). The Spearman’s rank correlation coefficient between the final recall probability
and the initial learning speed was close to one (0.98). Consequently, CDR,,, = 0.893 of the final
recall probability was similar to that of the initial learning speed. The optimal decision thresh-
old was t,,; = 0.993.

The final recall probability tended (T(11) = 1.78; p = 0.10) to be more strongly impaired in
patients with right-sided lesions (0.68 [0.31]) than in those with left-sided lesions (0.90 [0.25]).
In summary, both initial learning speed and final recall probability quantify the ability to
acquire sequential visuospatial memory in DILSS. This ability was impaired in TLE-patients

with both left-sided and right sided lesions and the impairment tended to be stronger for
right-sided lesions.

Analysis of long-term retention in DILSS

Fig 5 shows the retention after 30 min and after one week, defined as the initial recall probability
in Sessions 2 and 3, expressed as a fraction of the final recall probability in Session 1. After 30min,
retention was almost perfect in all three groups (controls: 0.97+0.06; patients left: o = 0.95+0.09;
patients right: o = 0.87+0.14). The retentions after 30 min did not significantly differ from one (t-
tests: p>0.08) and also not from each other (ANOVA: F(2,21) = 2.61; p = 0.097). In contrast, the
long-term retention after one week differed significantly between groups (ANOVA: F(2,21) =
4.08; p = 0.031). It was significantly smaller than one for controls (¢ = 0.88+0.14, p<0.02) and for
patients with left-sided lesions (o = 0.55+0.28, p<<0.02) but not for patients with right-sided
lesions (0.84+0.38), due to large inter-subject differences. These results indicate that systematic
impairments of long-term retention of the sequential visuospatial memory were confined to the
TLE-patients with left-sided lesions. This side asymmetry was contrary to that of the final recall
probability at the end of Session 1, which was more strongly impaired in right-sided lesions. This
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Fig 5. Retention in DILSS. Bars and whiskers show the mean and the 95% confidence interval of the mean of the retention (o) after 30 min and after one
week; Symbols: retention of individuals. TLE-patients with lesions on the left side show smaller retention than the controls after one week but not after 30

min.

https://doi.org/10.1371/journal.pone.0272365.g005

is summarized in Table 2: Left-sided patients learned almost as well as the controls but forgot
more than the controls after 1 week, while right-sided patients show impaired initial learning
combined with good retention after one week.

Spatial memory span

Fig 6 shows that the Corsi block span was larger in controls (6.54+0.80) than in patients (5.77
+0.75; t-test: T(25) = 2.57; p = 0.017) and did not differ between patients with lesions on the
right and on the left side. However, all patients preserved considerable spatial working

Table 2. Performance summary of memory acquisition and retention in DILSS.

Group\Condition = Immediate recall probability® = Trained recall probability® = Retention ¢ (30 min) = Retention o © (1 week) = Retention loss Ap ¢
Controls 0.22+0.18 0.99 [0.03] 0.97+0.06 0.88+0.14 0.09+0.14
Patients left 0.18+0.10 0.90 [0.25] 0.95+0.09 0.55+0.28 0.40+£0.27
Patients right 0.21+0.10 0.68 [0.31] 0.87+0.14 0.84+0.38 0.03+£0.49
Patients all 0.20+0.10 0.81 [0.35] 0.91+0.12 0.68+0.35 0.23£0.41

The numbers printed in bold indicate the patient group with the strongest impairment of the trained recall and of the long-term retention.

* Mean + standard deviation of the initial recall probability (p_i) after the first sequence presentation in Session 1.

® Median [interquartile range] of the final recall probability (p_f) at the end of Session 1.

© Mean + standard deviation of the retention, defined as the initial recall probability (p_i) at the beginning of Session 2 (30 min) and Session 3 (1 week), expressed as a

fraction of p_f.

4 Mean + standard deviation of the paired difference of the retention between 30 min and one week.

https://doi.org/10.1371/journal.pone.0272365.t002
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Fig 6. Mean (bars) and the 95%-confidence interval of the mean (whiskers) of the working-memory span as
evaluated in the Corsi block-task. Symbols: individual subjects. The patients’ memory span was impaired (solid
asterisk: p = 0.012) with respect to controls.

https://doi.org/10.1371/journal.pone.0272365.g006

memory performance. The lowest Corsi block span was 4.5 (see S1 Table). For the controls,
the spatial memory span (min: 5.5; max: 7.5) was not critical for the memory acquisition in
DILSS as the Corsi block span did not correlate (Pearson’s p = -0.0436; T(12) = -0.1511,

p = 0.89) with the initial learning speed in Session 1. In the patients, these two variables showed
a moderate positive correlation Pearson’s rho = 0.57; T (11) = 2.27, p = 0.04). Classification
between TLE-patients and controls based on a lower limit of the Corsi span for the controls
(topt = 5.5) was relatively poor (CDR,,; = 0.70).

Word list learning

The patients’ performance in the CVLT (Short-delay free recall: 12.55+1.92, N = 11) was in the
range of or even better than the standard values reported in the literature [9] showing that our
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patients were not impaired in verbal learning. However, the Short-delay free recall of patients
with left-sided lesions (11.20+1.92, N = 5) was significantly (T(9) = -2.72; p = 0.023) smaller
than that of patients with right-sided lesions (13.67+1.03, N = 6). The Short-delay free recall
did not differ (T(9) = 0.92; p = 0.38) between patients tested before or after surgery. The ROC-
analysis showed that the Short-delay free recall could efficiently predict the lesion side. Classify-
ing all patients with a Short-delay free recall above t,,; = 13 as right-sided lesions and all those
below that threshold as left-sided lesions, resulted in a correct-decision rate of CDR,,; = 0.83.

The CVLT-retention twenty minutes after training (¢ocyrr = 1.03+0.13, N = 11) did not dif-
fer from one (T(10) = 0.76; p = 0.47) and did also not differ between right-sided and left-sided
lesions (T(9) = -0.98; p = 0.35). This shows that the verbal memory of the patients did not
show any retention loss across the 20 min delay period or a dependence of this retention loss
on the lesion side.

Comparison of verbal and visuospatial memory

The above analysis of right-left asymmetries of the recall in CVLT and DILSS revealed that
patients exhibited opposite trends. In the CVLT, patients with lesions on the left side per-
formed worse than those with lesions on the right, whereas the opposite happened in DILSS.
To investigate the relation between the performances in CVLT and DILSS in the TLE-patients
in more detail, we correlated the trained recall in both tasks with each other. To express recall
performance in both tasks as a relative measure with respect to optimal performance, we
divided the number of correctly recalled words in the CVLT by the total number of presented
words (16), thus obtaining an estimate of verbal recall probability. This normalization was per-
formed for both Short-delay free recall and Long-delay free recall. The results are shown in
Fig 7.

Immediately after the training phase (Fig 7A), the final recall probability in DILSS corre-
lated negatively with the normalized Short-delay free recall in CVLT (p = -0.71; T(8) = -2.83;
p = 0.02) indicating that patients with better performance in CVLT performed worse in DILSS
and vice versa. The retention (g, ocvr ) in the delayed recall (30 min after the end of the train-
ing in DILSS, and 20 min after training in the CVLT) did not correlate between the tasks (p =
-0.07; T(9) =-0.21; p = 0.84).

Immediate recall in the ROCFT

In the immediate recall of the ROCFT, patients obtained on average a score of 19.55+4.38

(N = 10) which did not differ significantly (T(125) = 0.26; p = 0.80) from that of a healthy pop-
ulation (20.08+6.35; N = 117 [35]). Discrimination between patients and controls based on
ROCFT was almost random, as the optimal rate of correct decisions for these distributions was
only CDR,,; = 0.56.

Discussion

The results of the current study reveal two main aspects. First, temporal lobe lesions in TLE
patients caused impaired learning speed and trained recall in the DILSS task. Second, these
impairments tended to be more pronounced in right-sided lesions than in left-sided lesions.
Both initial learning speed and the final recall probability after training with DILSS were infor-
mative parameters to classify subjects as patients or controls with an optimal correct-decision
rate of CDR,,; = 0.89. Thus, the DILSS-tasks shows high sensitivity and specificity in discrimi-
nating between controls and resected TLE-patients. This supports the motivating hypothesis
of the current study that DILSS provides an efficient and specific test procedure for the acqui-
sition of episodic, sequential visuospatial memory. The second aspect of the results, i.e., the
observed hemispheric asymmetry, had the same direction as observed by Tucker, Novelly [18]
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Fig 7. A) In TLE-patients, the initial recall probabilities of verbal memory in CVLT were negatively correlated with the recall probabilities of spatial
sequence learning in DILSS immediately after training. B) The retention (g, ocyy1), defined as the delayed recall expressed as a fraction of trained recall,
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corresponding patient ID (see Table 1 and S1 Table).

https://doi.org/10.1371/journal.pone.0272365.g007

after training with the sequential presentation mode. Both experiments are also consistent in
that no such asymmetry was observed in immediate recall (p_i in Session 1). Thus, in line with
the study of Tucker, Novelly [18], our study provides further evidence that the right temporal
lobe (and the right hippocampus) plays a specific role in the buildup of long visuospatial
sequences.

Neither in the verbal (CVLT), nor in the visual (ROCFT) memory test were our TLE-
patients generally impaired compared to healthy controls. The good performance of the
patients in these tests reflects a positive bias, since the patients recruited from the outpatient
seizure clinic were all highly motivated and showed a personal interest in the study. The overall
good performance of our patients is also reflected in their good post-operative outcome (Engel
Epilepsy Surgery Outcomes), their normal psychiatric status, and their fulltime employment.
In contrast, these patients showed a marked impairment in our episodic visuospatial memory
task. Even though the comparability between the tasks is limited because the DILSS was
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performed long after and the CVLT and ROCFT mainly before surgery, this difference does
not seem to explain the different results of the test procedures for two reasons. First, the long
recovery period of the patients before the DILSS test would explain a lower sensitivity and not
the higher one actually observed. Second, previous studies showed that the performance of
patients with epilepsy in verbal memory tests is not significantly affected by insulectomy [36]
or by temporal lobe resection [37]. The study of Lendt, Helmstaedter [37] showed even a small
trend of improvement after surgery. Similarly, the deficits of TLE-patients in a visual memory
test (DCS) were not affected by amgydalohippocampectomy [38]. This is compatible with the
hypothesis that the removed tissue is dysfunctional due its pathology. The impairment of the
DILSS in the patients of the current study therefore suggests that this test reveals permanent
deficits in episodic visuospatial memory to which the CVLT or the ROCFT were less sensitive.

The observation that the side asymmetries in DILSS were opposite to those of the CVLT
confirms the hypothesis that DILSS challenges primarily visuospatial memory differently to
the CVLT. However, initial learning speed was significantly impaired in both right and left
lesions (Fig 4A), pointing to an important contribution of both sides to this task. Further stud-
ies are necessary to investigate potential differences between DILSS and other non-sequential
visuospatial memory tests such as the ROCFT or the DCS. An obvious hypothesis is that the
inferotemporal cortex, which plays an essential role in object recognition [39], also plays a
greater role in visual gestalt-based memory, and thus in performance in the ROCFT, than in
sequential visual memory or in DILSS.

The interpretation of the retention observed in the current study is complicated by the fact
that our training design did not attempt to match the initial learning performance between
patients and controls [27, 40]. Under these conditions, recall performance after a given reten-
tion interval (30 min or one week) would not only reflect the stability of the acquired memory
but also the performance at the end of the training. Therefore, we defined our retention mea-
sure p as the recall performance after a retention interval, expressed as a fraction of the recall
performance at the end of the initial training (p_fin Session 1). Pearson’s coefficient of correla-
tion between the initial learning performance (p_fin Session 1) and the retention measure o
after one week was only r = 0.09 and did not significantly (T(22) = -0.43; p = 0.67) differ from
zero. This suggests that our normalization procedure was successful in that g, as intended, did
not show a linear dependence on the initial learning. However, the normalization cannot
exclude confounding of retention and learning as efficiently as matching can. With these cave-
ats, the results concerning the retention o suggest that long-term retention was impaired in
patients with left-sided lesions (Fig 5). Such an impairment of long-term retention resembles
the findings of Visser, Forn [27] who reported the same effect in long-term retention in the
Rey Auditory Verbal Learning Test [41]. On the group level in patients with right-sided lesions
the long-term retention (o = 0.84) in DILSS did not differ from one (Fig 4A). However,
because of the large inter-subject variance, this does not necessarily indicate that their reten-
tion was unimpaired. In the verbal memory task, Visser, Forn [27] did not observe a side
asymmetry in long-term retention of verbal information.

Obviously, performance in DILSS depends on working memory, since subjects must con-
centrate on the subsequence to be learned in the current trial. Nevertheless, the speed of the
extension of the memorized sequence did not correlate with the spatial working memory span
in healthy subjects. Thus, the specific ability to extend the memorized sequence in DILSS does
not just reflect working memory performance but can be used to measure the transfer of spa-
tial information to the long-term memory. The correlation of working memory span with the
DILSS speed in the patients may indicate that the lesioned temporal areas play a role in both
visuospatial working memory and visuospatial long-term memory.
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The clinical relevance of the presented test was shown by the high correct decision rate of
about 0.9 when classifying between controls and patients based on the DILSS speed. This is a
major advantage in comparison to the CVLT or the ROCFT, in which our patients were not
impaired compared to healthy controls. The data presented here suggest that the DILSS could
complement the CVLT.

Limitations

The results of the current study are not sufficient to validate the DILSS test presented here for
routine clinical use. The number of participants was too small for such a claim, and the match-
ing between controls and patients for other factors such as age was not well enough controlled.
Memory performance generally deteriorates with age as has been reported by many studies for
verbal memory [42, 43] and also for the Rey-Osterieth Complex Figure Test (ROCFT) [35].
These studies generally show a significant decline in performance above the age of 50 but rela-
tively stable performance between ages 20 and 40. Therefore, the age difference between our
patients (age 40.2+11.1) and controls (29.5+9.7 yrs) does not explain the highly significant
(p<0.0001) difference in learning speed we observed in DILSS. The current study, despite its
limitations in terms of group matching and sample size, suggests that DILSS is a promising
test to detect deficits in episodic visuospatial memory. To validate the test for clinical use,
more extensive studies are needed in which the new test is applied in a larger population and
under more stringent selection criteria.

Conclusion

In summary, DILSS offers a possibility to test the acquisition of episodic, sequential visuospa-
tial memory. In TLE-patients, the test proved to be more sensitive than the CVLT or the
ROCFT in distinguishing patients and controls. In DILSS, patients with right-sided lesions
were more strongly impaired than those with left-sided lesions, in agreement with the general
hypothesis of right-hemispheric dominance in visuospatial processing.

Supporting information

S$1 Table. Individual performances in DILSS, Corsi block-task, and neuropsychological
examination.
(PDF)

Acknowledgments

We thank J. Remi, and F. Filippopulos for technical assistance with patients and K. Géttlinger
for copyediting the manuscript.

Author Contributions

Conceptualization: Thomas Eggert, Andreas Straube.
Data curation: Phuong Van Nguyen.

Formal analysis: Thomas Eggert.

Investigation: Phuong Van Nguyen.

Methodology: Thomas Eggert.

Project administration: Andreas Straube.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272365  July 29, 2022 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272365.s001
https://doi.org/10.1371/journal.pone.0272365

PLOS ONE

A new test to detect impairments of sequential visuospatial memory due to lesions of the temporal lobe

Resources: Katharina Ernst, Sandra V. Loosli.

Software: Thomas Eggert.

Writing - original draft: Thomas Eggert.

Writing - review & editing: Thomas Eggert, Katharina Ernst, Sandra V. Loosli, Andreas

Straube.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

Moscovitch M, Cabeza R, Winocur G, Nadel L. Episodic memory and beyond: the hippocampus and
neocortex in transformation. Annual review of psychology. 2016; 67:105-34. https://doi.org/10.1146/
annurev-psych-113011-143733 PMID: 26726963

Burgess N, Maguire EA, O’Keefe J. The human hippocampus and spatial and episodic memory. Neu-
ron. 2002; 35(4):625—41. https://doi.org/10.1016/s0896-6273(02)00830-9 PMID: 12194864

Scoville WB, Milner B. Loss of recent memory after bilateral hippocampal lesions. Journal of neurology,
neurosurgery, and psychiatry. 1957; 20(1):11. https://doi.org/10.1136/jnnp.20.1.11 PMID: 13406589

Frisk V, Milner B. The role of the left hippocampal region in the acquisition and retention of story content.
Neuropsychologia. 1990; 28(4):349-59. https://doi.org/10.1016/0028-3932(90)90061-r PMID: 2111523

Smith ML, Leonard G, Crane J, Milner B. The effects of frontal-or temporal-lobe lesions on susceptibility
to interference in spatial memory. Neuropsychologia. 1995; 33(3):275-85. https://doi.org/10.1016/
0028-3932(94)00120-e PMID: 7791996

Ezzati A, Katz MJ, Zammit AR, Lipton ML, Zimmerman ME, Sliwinski MJ, et al. Differential association
of left and right hippocampal volumes with verbal episodic and spatial memory in older adults. Neurop-
sychologia. 2016; 93(Pt B):380-5. Epub 2016/08/16. https://doi.org/10.1016/j.neuropsychologia.2016.
08.016 PMID: 27542320.

Baddeley A, Jarrold C, Vargha-Khadem F. Working memory and the hippocampus. Journal of cognitive
neuroscience. 2011; 23(12):3855-61. https://doi.org/10.1162/jocn_a_00066 PMID: 21671734

Elwood RW. The California Verbal Learning Test: psychometric characteristics and clinical application.
Neuropsychology review. 1995; 5(3):173—201. https://doi.org/10.1007/BF02214761 PMID: 8653108

Woods SP, Delis DC, Scott JC, Kramer JH, Holdnack JA. The California Verbal Learning Test—second
edition: Test-retest reliability, practice effects, and reliable change indices for the standard and alternate
forms. Archives of clinical neuropsychology. 2006; 21(5):413-20.

Beck IR, Gagneux-Zurbriggen A, Berres M, Taylor KI, Monsch AU. Comparison of verbal episodic
memory measures: consortium to establish a registry for Alzheimer’s disease—Neuropsychological
Assessment Battery (CERAD-NAB) versus California Verbal Learning Test (CVLT). Archives of Clinical
Neuropsychology. 2012; 27(5):510-9. https://doi.org/10.1093/arclin/acs056 PMID: 22718104

Osterrieth PA. Le test de copie d’une figure complexe; contribution a I'etude de la perception et de la
memoire. Archives de psychologie. 1944.

Shin M-S, Park S-Y, Park S-R, Seol S-H, Kwon JS. Clinical and empirical applications of the Rey—Oster-
rieth complex figure test. Nature protocols. 2006; 1(2):892. https://doi.org/10.1038/nprot.2006.115
PMID: 17406322

Lamberti G. Modifikation und Verbesserung des Diagnostikum fiir Cerebralschadigung (DCS) fiir den
klinischen Gebrauchm. Archiv fiir Psychiatrie und Nervenkrankheiten. 1978; 225(2):143-57. https://doi.
org/10.1007/BF00343398 PMID: 678080

Weidlich S, Lamberti G. Diagnosticum fiir Cerebralschadigung: DCS; ein visueller Lern-und Gedéacht-
nistest; nach F. Hillers: Huber; 2001.

Helmstaedter C, Pohl C, Hufnagel A, Elger CE. Visual learning deficits in nonresected patients with
right temporal lobe epilepsy. Cortex. 1991; 27(4):547-55. https://doi.org/10.1016/s0010-9452(13)
80004-4 PMID: 1782789.

Loring DW, Lee GP, Martin RC, Meador KJ. Material-specific learning in patients with partial complex
seizures of temporal lobe origin: Convergent validation of memory constructs. Journal of Epilepsy.
1988; 1(2):53-9.

Moye J. Nonverbal memory assessment with designs: construct validity and clinical utility. Neuropsy-
chol Rev. 1997; 7(4):157-70. https://doi.org/10.1023/b:nerv.0000005907.34499.43 PMID: 9471111

Tucker DM, Novelly RA, Isaac W, Spencer D. Effects of simultaneous vs sequential stimulus presenta-
tion on memory performance following temporal lobe resection in humans. Neuropsychologia. 1986; 24
(2):277-81. https://doi.org/10.1016/0028-3932(86)90061-8 PMID: 3714033.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272365  July 29, 2022 18/20


https://doi.org/10.1146/annurev-psych-113011-143733
https://doi.org/10.1146/annurev-psych-113011-143733
http://www.ncbi.nlm.nih.gov/pubmed/26726963
https://doi.org/10.1016/s0896-6273%2802%2900830-9
http://www.ncbi.nlm.nih.gov/pubmed/12194864
https://doi.org/10.1136/jnnp.20.1.11
http://www.ncbi.nlm.nih.gov/pubmed/13406589
https://doi.org/10.1016/0028-3932%2890%2990061-r
http://www.ncbi.nlm.nih.gov/pubmed/2111523
https://doi.org/10.1016/0028-3932%2894%2900120-e
https://doi.org/10.1016/0028-3932%2894%2900120-e
http://www.ncbi.nlm.nih.gov/pubmed/7791996
https://doi.org/10.1016/j.neuropsychologia.2016.08.016
https://doi.org/10.1016/j.neuropsychologia.2016.08.016
http://www.ncbi.nlm.nih.gov/pubmed/27542320
https://doi.org/10.1162/jocn%5Fa%5F00066
http://www.ncbi.nlm.nih.gov/pubmed/21671734
https://doi.org/10.1007/BF02214761
http://www.ncbi.nlm.nih.gov/pubmed/8653108
https://doi.org/10.1093/arclin/acs056
http://www.ncbi.nlm.nih.gov/pubmed/22718104
https://doi.org/10.1038/nprot.2006.115
http://www.ncbi.nlm.nih.gov/pubmed/17406322
https://doi.org/10.1007/BF00343398
https://doi.org/10.1007/BF00343398
http://www.ncbi.nlm.nih.gov/pubmed/678080
https://doi.org/10.1016/s0010-9452%2813%2980004-4
https://doi.org/10.1016/s0010-9452%2813%2980004-4
http://www.ncbi.nlm.nih.gov/pubmed/1782789
https://doi.org/10.1023/b%3Anerv.0000005907.34499.43
http://www.ncbi.nlm.nih.gov/pubmed/9471111
https://doi.org/10.1016/0028-3932%2886%2990061-8
http://www.ncbi.nlm.nih.gov/pubmed/3714033
https://doi.org/10.1371/journal.pone.0272365

PLOS ONE

A new test to detect impairments of sequential visuospatial memory due to lesions of the temporal lobe

19.

20.

21.

22,

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Drever J, Straube A, Eggert T. A new method to evaluate order and accuracy of inaccurately and incom-
pletely reproduced movement sequences. BehavResMethods. 2011; 43(1):269-77. https://doi.org/10.
3758/s13428-010-0025-0 PMID: 21287122

Drever J, Straube A, Eggert T. Learning deferred imitation of long spatial sequences. Behavioural brain
research. 2011; 220(1):74-82. Epub 2011/01/26. https://doi.org/10.1016/j.bbr.2011.01.027 PMID:
21262269.

Eggert T, Drever J, Straube A. Interference-free acquisition of overlapping sequences in explicit spatial
memory. Behavioural brain research. 2014; 262:21-30. https://doi.org/10.1016/j.bbr.2013.12.047
PMID: 24406717

Ghilardi MF, Moisello C, Silvestri G, Ghez C, Krakauer JW. Learning of a sequential motor skill com-
prises explicit and implicit components that consolidate differently. Journal of neurophysiology. 2009;
101(5):2218-29. https://doi.org/10.1152/jn.01138.2007 PMID: 19073794

Sakai K, Kitaguchi K, Hikosaka O. Chunking during human visuomotor sequence learning. Experimen-
tal Brain Research. 2003; 152(2):229-42. https://doi.org/10.1007/s00221-003-1548-8 PMID: 12879170

Bock O, Arnold K. Error accumulation and error correction in sequential pointing movements. Experi-
mental Brain Research. 1993; 95(1):111-7. https://doi.org/10.1007/BF00229660 PMID: 8405243

Tulving E, Kapur S, Craik F, Moscovitch M, Houle S. Hemispheric encoding/retrieval asymmetry in epi-
sodic memory: positron emission tomography findings. Proceedings of the National Academy of Sci-
ences. 1994; 91(6):2016—-20. https://doi.org/10.1073/pnas.91.6.2016 PMID: 8134342

Tulving E. What is episodic memory? Current directions in psychological science. 1993; 2(3):67-70.

Visser M, Forn C, Gomez-Ibafez A, Rosell-Negre P, Villanueva V, Avila C. Accelerated long-term for-
getting in resected and seizure-free temporal lobe epilepsy patients. Cortex. 2019; 110:80-91. https:/
doi.org/10.1016/j.cortex.2018.02.017 PMID: 29606346

Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia.
1971; 9(1):97-113. https://doi.org/10.1016/0028-3932(71)90067-4 PMID: 5146491

Knecht S, Drager B, Deppe M, Bobe L, Lohmann H, Fléel A, et al. Handedness and hemispheric lan-
guage dominance in healthy humans. Brain. 2000; 123(12):2512-8. https://doi.org/10.1093/brain/123.
12.2512 PMID: 11099452.

Kessels RP, Van Zandvoort MJ, Postma A, Kappelle LJ, De Haan EH. The Corsi block-tapping task:
standardization and normative data. Applied neuropsychology. 2000; 7(4):252-8. https://doi.org/10.
1207/S15324826AN0704_8 PMID: 11296689

Levenshtein VI, editor Binary codes capable of correcting deletions, insertions, and reversals. Soviet
physics doklady; 1966.

Scott C, Nowak R. Robust contour matching via the order-preserving assignment problem. IEEE Trans-
actions on Image Processing. 2006; 15(7):1831-8. https://doi.org/10.1109/tip.2006.877038 PMID:
16830905

Stanislaw H, Todorov N. Calculation of signal detection theory measures. Behavior research methods,
instruments, & computers. 1999; 31(1):137—49. https://doi.org/10.3758/bf03207704 PMID: 10495845

Seggar LB, Lambert MJ, Hansen NB. Assessing clinical significance: Application to the Beck depres-
sion inventory. Behavior Therapy. 2002; 33(2):253-69. https://doi.org/10.1016/S0005-7894(02)80028-
4 WOS:000175895100005.

Gallagher C, Burke T. Age, gender and IQ effects on the Rey-Osterrieth Complex Figure Test. BrJ Clin
Psychol. 2007; 46(Pt 1):35—45. https://doi.org/10.1348/014466506x106047 PMID: 17472200.

Boucher O, Rouleau |, Escudier F, Malenfant A, Denault C, Charbonneau S, et al. Neuropsychological
performance before and after partial or complete insulectomy in patients with epilepsy. Epilepsy &
Behavior. 2015; 43:53—60. https://doi.org/10.1016/j.yebeh.2014.11.016 PMID: 25561378

Lendt M, Helmstaedter C, Elger CE. Pre-and postoperative neuropsychological profiles in children and
adolescents with temporal lobe epilepsy. Epilepsia. 1999; 40(11):1543-50. https://doi.org/10.1111/j.
1528-1157.1999.tb02038.x PMID: 10565581

GleiBner U, Helmstaedter C, Elger C. Right hippocampal contribution to visual memory: a presurgical
and postsurgical study in patients with temporal lobe epilepsy. Journal of Neurology, Neurosurgery &
Psychiatry. 1998; 65(5):665-9.

Logothetis NK, Sheinberg DL. Visual object recognition. Annual review of neuroscience. 1996; 19
(1):577-621. https://doi.org/10.1146/annurev.ne.19.030196.003045 PMID: 8833455

Elliott G, Isaac CL, Muhlert N. Measuring forgetting: a critical review of accelerated long-term forgetting
studies. Cortex. 2014; 54:16-32. Epub 20140213. https://doi.org/10.1016/j.cortex.2014.02.001 PMID:
24631847; PubMed Central PMCID: PMC4007031.

Rey A. L’examen clinique en psychologie. 1958.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272365  July 29, 2022 19/20


https://doi.org/10.3758/s13428-010-0025-0
https://doi.org/10.3758/s13428-010-0025-0
http://www.ncbi.nlm.nih.gov/pubmed/21287122
https://doi.org/10.1016/j.bbr.2011.01.027
http://www.ncbi.nlm.nih.gov/pubmed/21262269
https://doi.org/10.1016/j.bbr.2013.12.047
http://www.ncbi.nlm.nih.gov/pubmed/24406717
https://doi.org/10.1152/jn.01138.2007
http://www.ncbi.nlm.nih.gov/pubmed/19073794
https://doi.org/10.1007/s00221-003-1548-8
http://www.ncbi.nlm.nih.gov/pubmed/12879170
https://doi.org/10.1007/BF00229660
http://www.ncbi.nlm.nih.gov/pubmed/8405243
https://doi.org/10.1073/pnas.91.6.2016
http://www.ncbi.nlm.nih.gov/pubmed/8134342
https://doi.org/10.1016/j.cortex.2018.02.017
https://doi.org/10.1016/j.cortex.2018.02.017
http://www.ncbi.nlm.nih.gov/pubmed/29606346
https://doi.org/10.1016/0028-3932%2871%2990067-4
http://www.ncbi.nlm.nih.gov/pubmed/5146491
https://doi.org/10.1093/brain/123.12.2512
https://doi.org/10.1093/brain/123.12.2512
http://www.ncbi.nlm.nih.gov/pubmed/11099452
https://doi.org/10.1207/S15324826AN0704%5F8
https://doi.org/10.1207/S15324826AN0704%5F8
http://www.ncbi.nlm.nih.gov/pubmed/11296689
https://doi.org/10.1109/tip.2006.877038
http://www.ncbi.nlm.nih.gov/pubmed/16830905
https://doi.org/10.3758/bf03207704
http://www.ncbi.nlm.nih.gov/pubmed/10495845
https://doi.org/10.1016/S0005-7894%2802%2980028-4
https://doi.org/10.1016/S0005-7894%2802%2980028-4
https://doi.org/10.1348/014466506x106047
http://www.ncbi.nlm.nih.gov/pubmed/17472200
https://doi.org/10.1016/j.yebeh.2014.11.016
http://www.ncbi.nlm.nih.gov/pubmed/25561378
https://doi.org/10.1111/j.1528-1157.1999.tb02038.x
https://doi.org/10.1111/j.1528-1157.1999.tb02038.x
http://www.ncbi.nlm.nih.gov/pubmed/10565581
https://doi.org/10.1146/annurev.ne.19.030196.003045
http://www.ncbi.nlm.nih.gov/pubmed/8833455
https://doi.org/10.1016/j.cortex.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24631847
https://doi.org/10.1371/journal.pone.0272365

PLOS ONE A new test to detect impairments of sequential visuospatial memory due to lesions of the temporal lobe

42. Baltes PB, Lindenberger U. Emergence of a powerful connection between sensory and cognitive func-
tions across the adult life span: a new window to the study of cognitive aging? Psychology and aging.
1997; 12(1):12. https://doi.org/10.1037//0882-7974.12.1.12 PMID: 9100264

43. KramerJH, Yaffe K, Lengenfelder J, Delis DC. Age and gender interactions on verbal memory perfor-
mance. Journal of the International Neuropsychological Society. 2003; 9(1):97—102. https://doi.org/10.
1017/s1355617703910113 PMID: 12570363.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272365  July 29, 2022 20/20


https://doi.org/10.1037//0882-7974.12.1.12
http://www.ncbi.nlm.nih.gov/pubmed/9100264
https://doi.org/10.1017/s1355617703910113
https://doi.org/10.1017/s1355617703910113
http://www.ncbi.nlm.nih.gov/pubmed/12570363
https://doi.org/10.1371/journal.pone.0272365

