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Effects of thalamic nuclei damage and related white matter tracts on memory performance
are still debated. This is particularly evident for the medio-dorsal thalamus which has
been less clear in predicting amnesia than anterior thalamus changes. The current
study addresses this issue by assessing 7 thalamic stroke patients with consistent
unilateral lesions focal to the left medio-dorsal nuclei for immediate and delayed memory
performance on standard visual and verbal tests of anterograde memory, and over
the long-term (>24h) on an object-location associative memory task. Thalamic patients
showed selective impairment to delayed recall, but intact recognition memory. Patients
also showed accelerated forgetting of contextual details after a 24 h delay, compared to
controls. Importantly, the mammillothalamic tract was intact in all patients, which suggests
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INTRODUCTION

The thalamus is one of the major relay centers of the brain,
and part of the limbic memory circuit, comprising hippocampus,
fornix, mammillary bodies, mammillothalamic tract, thalamus,
and cingulate cortex (Aggleton and Brown, 1999). Numerous
direct and indirect projections connect mesial temporal lobe
structures central for memory with the thalamus (Aggleton et al.,
2011; Carlesimo et al., 2011; Preston and Eichenbaum, 2013).
A well-established connection is between the hippocampus and
anterior thalamic nucleus (AT), via the mammillothalamic tract
(MTT). Another connection exists between the perirhinal cor-
tex and the medio-dorsal nucleus (MD) via the inferior thalamic
peduncle (Saunders et al., 2005). While amnesia is often observed
in patients who have sustained a stroke involving AT or MD and
the MTT (for a review see, Carlesimo et al., 2011), the unique
contribution of thalamic nuclei to amnesia is still not very well
understood.

With a couple of exceptions (Van der Werf et al., 2003; Perren
et al., 2005), reports of memory impairment in patients with
focal thalamic lesions have been mostly confined to case studies
(Kishiyama et al., 2005; Edelstyn et al., 2006; Carlesimo et al.,
2007; Cipolotti et al., 2008; Hampstead and Koffler, 2009). This
is partly attributed to the low patient incidence, and variability
in the size and location of lesions (i.e. uni- vs bi-lateral nuclei
involved). Recruitment of a homogeneous sample is therefore dif-
ficult given that many patients exhibit lesions that affect multiple
thalamic nuclei, namely AT and MD (Van der Werf et al., 2003;
Perren et al., 2005; Cipolotti et al., 2008). Studies investigating
the involvement of a single nucleus are rare and have been mostly
confined to patients with damage to the AT, with a strong evi-
dence of memory disturbance in these patients (Carlesimo et al.,

a role for the medio-dorsal nuclei in recall and early consolidation memory processes.
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2011). The impact of focal MD damage on memory is, however,
virtually unexplored at the group level.

The MD is part of the “extended hippocampal system”
(Aggleton and Brown, 1999). The contribution of MD damage
to anterograde memory impairment following thalamic stroke
is, however, less clear. A meta-analysis by Carlesimo and col-
leagues (2011) highlighted that only half the patients with MD
lesions showed clinically diagnosed memory impairment. In con-
trast, all patients with lesions involving the AT were affected.
Importantly, the patients with MD lesions who were amnesic
showed additional damage to the MTT. Lesion to the MTT has
been long known to be a strong predictor of anterograde amne-
sia (Vann, 2010; Carlesimo et al., 2011). While a strong relation
exists between MTT damage and anterograde memory impair-
ment (Cipolotti et al., 2008), no study has directly contrasted
MTT and thalamic integrity with regard to episodic memory
performance. This is of particular relevance, given the debate sur-
rounding the contribution of the MD to anterograde memory
impairment.

Characterization of the memory deficits shown in patients
with focal thalamic lesions is also limited. Indeed, most studies
have employed standard memory tests, which generally measure
retrieval of information post encoding after a short period of time
(30-60 min). In these patients, performance across memory mea-
sures indicated a prevalent deficit to delayed memory retrieval
components, which has been suggested to reflect long-term
anterograde memory impairment with intact short-term mem-
ory acquisition and retrieval (Carlesimo et al., 2011). Anterograde
memory over the long-term (i.e., >24 h) has, however, been vir-
tually unexplored. As such, the rate of long-term forgetting for
newly acquired information has yet to be examined in thalamic
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stroke patients. Indeed, contrasting short vs. long-term reten-
tion would be of particular interest due to the strong structural
and functional connectivity (Parker and Gaffan, 1997; Warburton
et al., 2001) of the hippocampus to the thalamus, which suggests
that these regions are likely to be involved in long-term memory
processes. While robust evidence implicating the hippocampus
in long-term memory retrieval exists from human lesion (e.g.,
Moscovitch et al., 2006; Bartsch et al., 2011) and functional imag-
ing studies (Bonnici et al., 2013), the role of the thalamus in these
processes is still unclear.

This study addresses these unresolved questions directly by
investigating the impact of focal MD damage in a group of
7 thalamic stroke patients. More specifically, we aimed to (i)
quantify MD and MTT structural integrity in these patients
using voxel-based lesion mapping and diffusion tensor tractog-
raphy; and (ii) relate the structural integrity to episodic memory
deficits on a long-term contextual detail memory test over a 4-
week period. We predicted that MD patients would show normal
episodic memory deficits at short retention interval, if the MTT

were intact. We also hypothesized that, even with intact MTT,
MD patients would show anterograde memory impairment over
the long-term in the form of accelerated forgetting due to the
disruption of the limbic memory circuitry.

METHODS
PARTICIPANTS
Seven individuals who had sustained a focal unilateral left thala-
mic stroke and self-reported memory complaints were recruited
retrospectively for this study. Fifteen age- and education-matched
healthy controls with no reported cognitive disturbances were
also recruited. Demographics and clinical characteristics are pro-
vided in Table1. All patients were assessed at least 3 years
post-stroke. Study approval was provided by the South Eastern
Sydney Local Health District Human Research Ethics Committee.
All participants provided signed consent for neuropsychological
assessment and neuroimaging prior to testing.

All participants were native English speakers and were
administered a battery of cognitive tests to assess overall

Table 1 | Thalamic patient and healthy control demographics, lesion localization, and performance on standardized neuropsychological

assessments.

Thalamic patients

Group average

1 2 3 4 5 6 7 Patients (n = 7) Control (n = 15)
Mean (SD) Mean (SD)

DEMOGRAPHICS
Age (y.o) 64 60 71 21 59 42 40 51 (17.4) 52.2 (21.2)
Sex (M/F) M M F M M 6M,1F 7M,8F
Handedness (L/R) R R R R R L L 5R, 2L 13R, 2L
Education (years) 9 7 9 16 10 24 17 13.1 (6.1) 13.4 (3)
Lesion-Test Interval (years) 9 4 13 3 5 8 5 6.7 (3.5) -
LEFT THALAMIC NUCLEI AFFECTED
Anterior thalamic - Vv - v Vv - - - -
Medio-dorsal Vv Vv v v Vv J J - -
Ventrolateral - - v - - - J - -
Normalized lesion volume (mm3) 90 26 166 120 206 58 298 - -
TESTS
MMSE (/30) 30 29 30 30 27 30 29 29.3 (1.1) 29.6 (0.5)
ACE-R

Total (/100) 87 94 92 95 77 97 96 91.7 (71) 94.7 (5.2)

Memory (/26) 22 26 25 25 14 26 25 23.3 (4.3) 24 (2)
Doors of D&PT

Part A (/12) il il 12 M 10 12 M 11.1 (0.7) 11.3(0.8)

Part B (/12) 8 12 9 10 4 1" 8 8.9 (2.6) 9.3(2.4)
RAVLT

T1-5 Results (/75) 36 46 31 58 22 54 49 42.3 (13)* 56.5 (5.9)

30 min Delay (/15) 0 8 5 13 1" 10 6.7 (5.2)* 12.7 (2.1)

Recognition Correct Hits (/15) 13 13 15 14 2 15 14 12.3 (4.6) 14.1 (0.9)
RCFT

Copy (/36) 34 28 23.5 36 35 33 28 31.1 (4.6) 31.2 (4.1)

Delayed (/36) 14 45 1.5 33 0.5 225 5 13 (11.4) 18.5 (6.8)

MMSE, Mini-mental state examination, ACE-R, Addenbrooke’s cognitive examination revised; D&PT, Doors and People Test; RAVLT, Rey auditory verbal learning
test; RCFT, Rey complex figure test. *Denotes significant group difference, p < 0.05. Identification of thalamic lesions was based on visual clinical ratings.
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cognitive function as well as verbal and visual memory. This
assessment included: Mini-Mental State Examination (MMSE),
Addenbrooke’s Cognitive Examination-Revised (ACE-R), doors
subtest of the Doors & People Test (D&PT), Rey Auditory Verbal
Learning Test (RAVLT), and Rey Complex Figure Test (RCFT).
For a brief description of cognitive tasks see Supplementary Table
1. Differences in patient and control demographics and perfor-
mance on standard cognitive tests were assessed using two-tailed
independent samples ¢-test in SPSS 21.0 (IBM Corp.). P-value <
0.05 was considered statistically significant.

Each participant also underwent a brain MRI scan. All scans
were examined by a radiologist for structural abnormalities.
None were reported for control participants. All thalamic stroke
patients showed infarctions isolated to the thalamus. Assessment
of affected thalamic nuclei was performed by LM based on
clinical visual rating (Table1). In two cases additional atro-
phy was present in the cerebellum (patient 2) and brain stem
(patient 3).

LONG-TERM MEMORY TASK

Episodic long-term memory was assessed using an object-based
visual recognition and recall memory retrieval task. A database
of 325 images depicting everyday objects on a white background
was created. The word frequency of each object was calculated
using the MRC Psycholinguistic Database (http://www.psych.rl.
ac.uk) and images were allocated into 13 stimuli sets, each con-
taining 25 images. Stimulus sets were matched for total word
frequency, as a proxy measure of object familiarity, so that each
set had a similar level of difficulty. Each participant was assigned
one stimulus set to encode as target stimuli during training,
with remaining sets used as novel distractors across assess-
ments. Sets assigned as target stimuli were counterbalanced across
participants.

During training, 25 target objects were presented one at a
time on either the left or right hand side of a computer mon-
itor. Participants were explicitly asked to remember the object
shown as well as the side of presentation. Each target stimulus was
shown for 3-s, followed by a 1-s fixation cross. This was followed
immediately by a test phase. At test, stimuli consisting of the pre-
viously encoded items randomly intermixed with 25 novel items
were presented centrally on the computer screen. Participants
were asked to make an old/new recognition decision followed by
a left/right recall decision (i.e., “Was this object shown on the left
or right side of the screen?”). Responses did not have a time limit
and no feedback was provided. This procedure was repeated until
participants achieved at least 90% correct recognition and recall
memory retrieval of the target stimuli on two consecutive train-
ing runs. All participants reached criterion within 3 training runs.
For each new test run, target stimuli images were mixed with a
previously unseen set of novel images, such that each set of novel
stimuli was only used once throughout all assessments. Training
was carried out using E-Prime 2.0 software (Psychology Software
Tools, Pittsburgh, PA).

Post-training assessments were carried out via the internet by
adapting the task for online assessment using WebExp (http://
groups.inf.ed.ac.uk/webexp/). The test component of the task
was reproduced as a java-based application accessible through

any internet browser. Assessments were carried out after the fol-
lowing encoding delays: 1h, 24 h, 1 week, 2 weeks, and 4 weeks.
The user interface was designed to be simple and clear and each
participant was provided a list of unique URL links correspond-
ing to each online assessment. After completing each assessment
a number corresponding to that session’s result was generated,
which participants were required to provide the examiner for
data classification. The first post-training assessment was com-
pleted 1h after the final test phase of training and under the
experimenter’s supervision to ensure the correct delay was fol-
lowed and instructions for completing online testing was clearly
understood. Scores of interest were item recognition (i.e., cor-
rect identification of whether the image was a target/novel object)
and recall of contextual detail (i.e., whether the item was origi-
nally presented on the left or the right of the screen). Recognition
performance was scored by the “two-high threshold model”; per-
formance index: P, (hit rate — false alarm rate); bias index: B;
(false alarm rate/[1-(hit rate — false alarm rate)]), values greater
than 0 indicate conservative bias, values less than 0 indicate lib-
eral bias (Snodgrass and Corwin, 1988; Soei et al., 2008; Pergola
et al., 2012). Separate repeated-measures ANOVAs were car-
ried out across all post-encoding assessments for (i) recognition
(Py and By, independently) and (ii) recall across all partici-
pants to test for significant within and between group effects,
as well as interaction effect with increasing memory retrieval
delay. Post-hoc ANOVA contrast examined the change between
each subsequent pair of time-points. Independent means com-
parison t-tests were also conducted between patients and controls
for all delayed assessments. Analyses were performed using SPSS
21.0 (IBM Corp.). P-value < 0.05 was considered statistically
significant.

IMAGING ACQUISITION

Whole-brain T1 and diffusion weighted images were acquired
for all participants using a 3T Philips MRI scanner with stan-
dard quadrature head coil (eight channels). Structural T1 scans
were acquired as follows: coronal orientation, matrix 256 x 256,
180 slices, 1 mm isotropic, TE/TR = 2.5/5.4ms, flip angle o =
8°. DTI-weighted sequences were acquired as follows: 32 gradi-
ent direction DTI sequence (repetition time/echo time/inversion
time: 8400/68/90 ms; b-value = 1000 s/mm?; 55 2.5-mm hori-
zontal slices, end resolution: 2.5 x 2.5 x 2.5 mm?; field of view
240 x 240 mm, 96 x 96 matrix; repeated twice) (Kwon et al,
2010). Prior to analyses, all participant scans were visually
inspected for significant head movements and artifacts; none were
found.

THALAMIC LESION LOCALIZATION

Lesions within the thalamus were manually traced on each par-
ticipant’s structural scan using the Harvard-Oxford Subcortical
Structural Atlas in MRIcron. Individual tracings were then nor-
malized using FSLs linear registration tool FLIRT to the MNI
standard brain. Patient’s normalized scans were then overlaid to
provide a group profile of thalamic lesion location. Lesion vol-
umes were calculated and correlations with patients’ memory per-
formance on standard cognitive memory tests and the long-term
memory task were investigated using Pearson’s correlation.
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TRACTOGRAPHY

Probabilistic tractography was carried out to reconstruct the
mammillothalamic tract using FMRIB’s diffusion toolbox (FDT).
DTI-weighted images were eddy-corrected by linearly registering
each diffusion weighted volume to the reference T-weighted non-
diffusion b0 image. All images were brain-extracted and a binary
brain mask was created. Diffusion tensor models were fitted at
each voxel, resulting in maps of three eigenvalues (L1, L2, L3),
which allowed calculation of fractional anisotropy (FA) and mean
diffusivity maps for each subject.

A high resolution DTI data set [Subject 100307; Q2 data set
obtained from the MGH-UCLA Human Connectome Project
(HCP) database] was used as a reference for the tractography in
our participants.

Manual fiber tractography was carried out for each sub-
ject using the probabilistic cross-fiber tracking tool in FDT,
PROBTRACKX. Prior to running fiber tracking, Markov Chain
Monte Carlo sampling was conducted on eddy corrected DTI
images to generate distributions of diffusion parameters and
model crossing fibers at each voxel. Fiber tracking was then ini-
tiated with 5000 streamline samples, 0.5 mm step lengths and 0.2
curvature threshold. MTT were determined using three regions of
interest (ROI): two seed regions located at the i) anterior thalamus
ii) mammillary body, and a waypoint placed at the level between
the mammillary body and bicommissural plane (as previously
described by Kwon et al., 2010). A connectivity distribution from
all voxels within the seed regions, passing through the waypoint
ROI, was generated and thresholded to 30% of the maximum
connectivity value to remove image noise. Thresholded fiber con-
nectivity maps were binarized to create a mask of the MTT. Mean
FA and mean diffusivity values were then calculated within each
participant’s fiber tract mask.

RESULTS

BEHAVIORAL RESULTS

Thalamic patients and controls were well matched for age and
education (p-values > 0.9). Thalamic patients performed in
the normal range on assessments of overall cognitive function
(MMSE, ACE-R: total and memory subscore) and did not dif-
fer significantly from the control group (Table 1). On standard
cognitive visual memory tests, patients showed no significant
differences compared to controls on the doors subtest of the
D&PT and RCFT (all p-values > 0.1). Patient performance on
the 3-min delayed recall of the RCFT varied considerably, with 5
patients performing below the 10th percentile normative score.
Performance on the verbal based RAVLI, however, was signif-
icantly lower in patients than controls for immediate (T1-5),
and delayed recall (p-values < 0.05), but not on the recognition
component (p > 0.3).

On the long-term memory task, 12/15 controls and 5/7
patients reached the successful encoding criterion of correct item
recognition and recall of contextual detail for at least 90% of
stimuli, on two consecutive training trials, in the first two tri-
als. Two patients (patient 1 and 4) and 3 controls required one
additional training trial to meet criterion. Performances on suc-
cessful encoding trials were compared between patients and con-
trols. Results indicated both groups of participants learnt target

stimuli to the same level for both recognition (old/new) and recall
(left/right) retrieval (all p-values > 0.1) (Figure 1).

Repeated-measures ANOVA was carried out across all post-
encoding assessments for both recognition and contextual loca-
tion separately. For recognition performance index (P;), ANOVA
indicated a significant effect of time [F(; 437, 49.733) = 14.906,
p < 0.001] but no group effect [F(y, 20) = 3.4, p = 0.08] and
no interaction [F(2 487, 49.733) = 0.948, p = 0.411]. Bias index for
recognition responses in patients and controls (0.26 and 0.15,
respectively) showed no significant time or group effect across the
4-week delay (all p-values > 0.2). For contextual location, anal-
yses revealed significant main effects of group [F(1, 20) = 8.49,
p = 0.009], time [F(3 589, 51.778) = 62.71,p < 0.001], and a group
x time interaction [F(2589, 51.778) = 3.797, p = 0.02]. Post-hoc
contrasts, comparing change in contextual location retrieval
between each subsequent assessment and the previous assess-
ment (i.e., 1-24h), indicated significant within-group effects
across each pair of time-points (all p-values < 0.02). Significant
between-group effects were also found across each pair of time-
points (all p-values < 0.04) except for the final 2 week delay (2—4
weeks; p = 0.62). T-tests revealed significant group differences at
all delays (p < 0.05), except at 1 h post-encoding (p = 0.38).

STRUCTURAL IMAGING RESULTS

Lesions in thalamic patients were localized in the left thala-
mus, with patient 3 showing a small additional lesion in the
right anterior thalamus (15 mm?). Manual lesion tracing from
patients’ structural scans showed lesions affecting the left MD in
all patients (Figure 2A). When we created a group lesion repre-
sentation, after normalizing patient scans onto a standard brain,
left MD was the only region to show overlap on the group lesion
map (Figure 2B).

The MD lesion in 3 patients (2, 4, and 5) partially extended
into the AT. Overall, total thalamic lesion volumes did not corre-
late with memory performance on standard memory tests or the
long-term memory task (all p-values > 0.1). Patient 5, however,
who performed the lowest across all standardized assessments
of memory, was the individual with the largest lesion involving
AT (though not the largest total thalamic lesion). We performed
the same behavioral analyses between patients and controls on
patients with and without AT involvement. No significant dif-
ferences in performance were detected on any of the standard
cognitive tests or across delayed assessments on the long-term
memory task (all p-values > 0.1; Supplementary Figure 1).

PROBABILISTIC TRACTOGRAPHY RESULTS

The MTT was individually reconstructed in both hemispheres
in patients and controls (Supplementary Figure 2). The tract
was first reconstructed using HCP data to obtain the anatomi-
cal pathway and a guide for reconstruction in our data. The tract
runs posterior to the column of the fornix and lateral from the
mammillary bodies to the anterior thalamus. Group FA, mean
diffusivity, and tract volume of the MTT were extracted from both
hemispheres (Table 2). Diffusion measures (FA, mean diffusivity)
of the MTT were consistent across patients, including those with
additional lesion involvement of the AT. Independent samples ¢-
test revealed no significant differences in FA, mean diffusivity or
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FIGURE 1 | Recognition (A) and recall (B) performance during encoding
trials that met criterion (>90%) and long-term assessment on the visual
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scored as Pr (Hits — False Alarm); recall of contextual detail is scored as
percent correct. Error bars indicate SE. Dotted line indicates chance
performance. *Indicates significant difference (p < 0.05).

tract volume between thalamic patients and the control group (all
p-values > 0.2). No significant correlations were present between
memory retention (i.e., change in memory performance across
the 4-week delay) and MTT integrity as measured by FA or mean
diffusivity.

DISCUSSION

Investigations of episodic memory integrity following focal tha-
lamic stroke reveal that focal left MD thalamic lesion impair
long-term (>24h), but not short-term recognition memory even
in the absence of MTT involvement. This finding was reflected by
accelerated forgetting of newly acquired contextual location after
24 h, compared to healthy controls.

The general cognitive profile of our thalamic stroke patients
on standard neuropsychological tests of memory is consistent
with previous reports. Specifically, lesions to the left thalamus
consistently impaired memory for verbal more than visual stim-
uli (Shim et al., 2008; Nishio et al., 2011). Patients also showed
marked impairment to delayed (<1h) memory recall on tasks
with challenging encoding requirements (RCFT and RAVLT).
When the task requirements were easier (ACE-R and the long-
term memory task) performance was intact (Carlesimo et al,

2011). Notably, patients performed to a similar level as controls
on the memory component of the ACE-R which requires par-
ticipants to recall a name and address after a 15min delay. In
contrast, on the RAVLT, when the delay in recall is extended
to 30 min, on a 15 item unstructured list, patients performed
noticeably worse than controls. The RAVLT is a more cognitively
demanding task and impaired patient performance, compared to
controls, was also evident in immediate recall trials. This essen-
tially reflects a difference in the level of encoding between patients
and controls. Nevertheless, intact delayed recall on the ACE-R
suggests the initial encoding, and short-term retention, of sim-
ple stimuli to episodic memory are intact, a finding also observed
in the long-term visual memory task.

The long-term anterograde memory task we employed
assessed participant recognition of visual objects and recall of
their associated screen locations (left vs. right side of the screen)
over a 4-week period. Patients were able to match controls in per-
formance during encoding and also after a 1-h delay on both
recognition and contextual detail retrieval. This was consistent
with their memory profile derived from cognitive testing, that
acquisition and short-term memory retention for simple stim-
uli is intact. When the delay is extended beyond 24 h, patients
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FIGURE 2 | Axial slices of thalamic patient lesions. (A) Manual
tracing of left thalamic lesion (red) on all 7 patient’s structural MRI
scan; outline of thalamus (blue) provided for reference. Lesions
consistently involved the medio-dorsal region across patients. (B)

Multi-slice visualization of the overlap in patient group lesions in the
thalamus represented on a standard brain. Each patient's lesion is
presented in a different color. Patient 3 showed minor additional
lesion in the right anterior thalamus.

Table 2 | Mean FA, mean diffusivity and tract volume of the
mammillothalamic tract in thalamic patients and controls.

Thalamic patients Control Th vs. Con

Mean Mean P-value
FA
Left MTT 0.38 (0.06) 0.36 (0.04) 0.20
Right MTT 0.36 (0.07) 0.35 (0.04) 0.52
MEAN DIFFUSIVITY
Left MTT 0.8(0.1) 0.79 (0.09) 0.79
Right MTT 0.78 (0.0) 0.8 (0.09) 0.58
TRACT VOLUME
Left MTT 135 (20) 135 (21) 0.94
Right MTT 129 (26) 127 (15) 0.83

Mean and SD reported. FA, fractional anisotropy; mean diffusivity, x 10~
(mm?/s).

show a rapid rate of forgetting contextual detail at 24 h post-
encoding that persists throughout follow-up testing, performing
near chance level by the end of the 4-week period. In contrast,
controls correctly remembered ~70% of the locations of target
stimuli after 4 weeks. Performance on the recognition compo-
nent was intact, suggesting that there may be dissociation in
long-term retrieval of recall and recognition aspects of mem-
ory. The observed dissociation may, however, also be due to an
inherent difference in difficulty between task components, despite

similar levels of encoding. This pattern of memory impair-
ment coupled with focal lesion to the MD of the thalamus
is, however, not consistent with the proposed role of thala-
mic nuclei in the limbic memory circuit (Aggleton and Brown,
1999).

In Aggleton and Brown’s (1999) influential model the
“extended hippocampal system,” recall of contextual detail such
as specific spatial and/or temporal association is more associated
with medial temporal lobe and AT neural connections whereas
recognition of an object or item is associated with perirhinal cor-
tex and the MD region. Consistent with the hypothesis, case-study
reports of patients with MTT and AT infarctions have reported
severe impaired recall, but intact recognition on verbal and visual
test modalities (Edelstyn et al., 2002, 2006; Carlesimo et al., 2007).
In contrast, focal MD damage resulting in intact recognition
but impaired recall has yet to be directly shown. Rather patient
reports indicate impairment across both recall and recognition,
to varying degrees, following MD damage (Kishiyama et al., 2005;
Cipolotti et al., 2008; Soei et al., 2008; Pergola et al., 2012).
Recent reviews of the memory literature, have also failed to find
strong evidence for such a dissociation (Aggleton et al., 2011;
Carlesimo et al., 2011). To our knowledge, two previous studies
have also shown impaired recall using a contextual memory task,
although with immediate recall, when the MD is damaged (Soei
et al., 2008; Pergola et al., 2012). Alternatively, functional neu-
roimaging (de Rover et al., 2008; Pergola et al., 2013) has shown
that the MD is more involved in recall than recognition. These
lesion and fMRI findings dovetail with our current findings, on
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a group level, showing impaired recall of contextual detail but
relatively intact object recognition memory performance. More
importantly, lesion volume in patients was not correlated with
memory performance in our study, although extension into the
AT region, in one patient, resulted in greater memory impairment
across cognitive assessments. Therefore, the current findings
suggest that the memory functions attributed to sub-thalamic
nuclei (AT: recall processes; MD: recognition processes) may
be oversimplified. A graded involvement of multiple thalamic
nuclei in the recall and recognition dichotomy (Aggleton et al.,
2011; Pergola et al.,, 2012) is more consistent with the current
findings.

In addition, we were able to directly rule out MTT involve-
ment for the memory impairment observed in our cohort of
patients. Indeed, diffusion measures and tract volume were sim-
ilar in patients and controls, and showed consistency within
groups across hemispheres. Integrity of the MTT in the three
patients with additional AT involvement also did not differ from
remaining patients. To our knowledge, this is the first study to
quantify the integrity of the mammillothalamic tract consistently
in thalamic stroke patients on a group level. Diffusion imaging
of the MTT provided an objective method of characterizing the
extent of lesions in thalamic stroke and their disruption to the
limbic memory circuit. In particular, it allowed us to dissociate
the extent of thalamic nuclei and MTT contributions to memory
impairment.

Importantly, the MD has strong connections to the dorsal
lateral prefrontal cortex (DLPFC) (Aggleton et al., 2011). The spe-
cific role of the DLPFC in episodic memory processes is not fully
established; however, recent functional neuroimaging evidence
has shown that the DLPFC is particularly involved in contextual
encoding, especially for the association of between-items com-
pared to associations of within-item features (Blumenfeld et al.,
2011). Further, Pergola and colleagues (2013) have shown that
the DLPFC and MD are both activated during associative mem-
ory retrieval. The contribution of DLPFC and MD connectivity
to long-term episodic memory, however, remains unclear. One
potential avenue to investigate this in the future would be to
contrast thalamic lesion with DLPFC lesion patients directly to
elucidate the contributions of each region.

The observed change in retrieval of contextual detail between
our thalamic patients and controls in the first week, despite reach-
ing the same level of encoding, behaviorally resembles the acceler-
ated long-term forgetting (ALF) phenomenon identified in some
patients with temporal lobe epilepsy (for a review see, Fitzgerald
et al., 2013). Notably, some patients show rapid forgetting from
as early as 24 h despite normal learning and initial retention, and
intact hippocampus (Mayes et al., 2003; Muhlert et al., 2010).
ALF is, therefore, believed to represent a consolidation deficit
rather than impaired acquisition (Hoefeijzers et al., 2013). No
prior studies have implicated the MD in ALF, although the AT
has been shown to be a crucial structure for seizure propaga-
tion in temporal lobe epilepsy (Mueller et al., 2010). Interestingly,
Vilberg and Davachi (2013) have recently demonstrated, using a
verbal word and object/scene memory task, increased connectiv-
ity between the perirhinal cortex and hippocampus for selective
consolidation of object based memory. Our findings also suggest

that the MD plays a significant role in long-term memory pro-
cesses, and might be relevant for early stages of consolidation.
Similar to the role multiple thalamic nuclei play in declarative
memory (Aggleton et al., 2011), they may also serve roles in
memory as a function of time in the HC-cortical consolidation
process. The function of the thalamus as a relay structure in the
consolidation process, however, has yet to be included in theoret-
ical models, which remain focused on the hippocampus (Squire
and Wixted, 2011; Winocur and Moscovitch, 2011). This may be
due to a number of factors, (i) when the MTT is not involved,
patients with focal damage to the thalami show a more varied
and milder anterograde memory impairment (Carlesimo et al.,
2011) that is not detected across a number of standard cogni-
tive tests and not investigated over the long-term, (ii) anatomical
connections leading to thalamic nuclei from medial temporal
lobe structures, and from thalamic nuclei to specific cortical
regions remains unclear in humans, and (iii) absence of func-
tional imaging studies implicating the thalamus in consolidation
processes.

Despite these promising findings, some methodological limi-
tations warrant attention. In particular, despite very careful lesion
mapping, we cannot exclude further thalamic damage on a cel-
lular level which could have affected our results. Clearly, intra-
thalamic connectivity is complex and thus our results may have
been influenced by changes which were not picked up macroscop-
ically. The MTT tractography analysis was conducted according
to published protocols (Kwon et al., 2010), however the tract is
very small and therefore voxel size of DTI acquisition and partial
volume effects might have affected our findings. We addressed
accuracy issues by first reconstructing the tract in a high res-
olution Human Connectome Project data set to visually assess
overall shape and anatomical location of the tract in our data.
Tract volumes of the MTT were bigger than those reported in
previous studies (Cipolotti et al., 2008; Kwon et al., 2010), likely
due to a larger voxel size acquisition of our DTI data. Obtained
FA and mean diffusivity values were, however, consistent across
hemispheres and comparable to those reported by Kwon and col-
leagues (2010), who reliably reconstructed the tract in 25 healthy
young controls.

In conclusion, unilateral lesion focal to the left medio-dorsal
nuclei of the thalamus, in the absence of damage to the mam-
millothalamic tract, impairs anterograde memory recall. The
findings support the notion that the medio-dorsal nuclei play
a role in long-term delayed retrieval of recall type memory
processes.
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