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Abstract
Recent theories have posited that the hippocampus and thalamus serve distinct, yet related, roles in
episodic memory. Whereas the hippocampus has been implicated in long-term memory encoding
and storage, the thalamus, as a whole, has been implicated in the selection of items for subsequent
encoding and the use of retrieval strategies. However, dissociating the memory impairment that
occurs following thalamic injury as distinguished from that following hippocampal injury has proven
difficult. This study examined relationships between MRI volumetric measures of the hippocampus
and thalamus and their contributions to prose and rote verbal memory functioning in 18 patients with
intractable temporal lobe epilepsy (TLE). Results revealed that bilateral hippocampal and thalamic
volume independently predicted delayed prose verbal memory functioning. However, bilateral
hippocampal, but not thalamic, volume predicted delayed rote verbal memory functioning. Follow-
up analyses indicated that bilateral thalamic volume independently predicted immediate prose, but
not immediate rote, verbal recall, whereas bilateral hippocampal volume was not associated with any
of these immediate memory measures. These findings underscore the cognitive significance of
thalamic atrophy in chronic TLE, demonstrating that hippocampal and thalamic volume make
quantitatively, and perhaps qualitatively, distinct contributions to episodic memory functioning in
TLE patients. They are also consistent with theories proposing that the hippocampus supports long-
term memory encoding and storage, whereas the thalamus is implicated in the executive aspects of
episodic memory.
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Introduction
It is widely recognized that both the hippocampus and thalamus play a critical role in episodic
memory functioning (Kopelman, 1995; Kopelman & Stanhope, 2002; Squire, 1982; Van der
Werf, Witter, Uylings, & Jolles, 2000). However, the extent to which the hippocampus and
thalamus make unique contributions to episodic memory functioning and the nature of their
respective contributions remains somewhat unclear. Recent theories have proposed that the
hippocampus and thalamus serve distinct, yet related roles, in episodic memory. Whereas the
hippocampus supports long-term memory encoding and storage of the associations among the
constituent elements of an experience (i.e., relational material) (Eichenbaum, 2004;
Eichenbaum & Cohen, 2001; Morris et al., 2003; O’Reilly & Rudy, 2001; Rolls, 1990; Ryan
& Cohen, 2003; Squire & Zola-Morgan, 1991), the thalamus has been implicated in the
executive aspects of episodic memory. Specifically, it has been hypothesized that the anterior
thalamic nuclei play a role in the selection of items for subsequent memory storage and are
thus involved in encoding strategies (Aggleton & Brown, 1999; Van der Werf, Jolles, Witter,
& Uylings, 2003), that the mediodorsal nucleus of the thalamus is involved in the coordination
and selection of suitable, active retrieval strategies in conjunction with the prefrontal cortex
(Van der Werf, Jolles, et al., 2003), and that the intralaminar and midline nuclei of the thalamus
are implicated in the allocation of cortical activation necessary for the execution of encoding
and retrieval processes (Van der Werf, Jolles, et al., 2003).

Although the hippocampus and thalamus are believed to support different episodic memory
processes, dissociating the contributions of these brain structures to episodic memory has
proven difficult. The hippocampus and thalamus share extensive reciprocal connections
(Dolleman-van der Weel & Witter, 1996; Herkenham, 1978; Oikawa, Sasaki, Tamakawa, &
Kamei, 2001; Su & Bentivoglio, 1990; van Groen & Wyss, 1990; Wouterlood, Saldana, &
Witter, 1990), and injury to either structure may alter neuronal functioning in the other structure
(Bertram & Zhang, 1999; Dolleman-van der Weel, Lopes da Silva, & Witter, 1997; Meyer,
Obara, & Muramatsu, 1993). Moreover, injury to either the hippocampus or thalamus can result
in comparably dense amnesic syndromes (Kopelman & Stanhope, 2002), a finding that led
Aggleton and Brown (1999) to state that “the traditional distinction between temporal lobe and
diencephalic amnesics is misleading; both groups have damage to the same functional
system” (p. 426).

However, other research has illustrated subtle differences in the memory impairments exhibited
by temporal lobe and diencephalic amnesics. It has been demonstrated that Korsakoff’s
patients, who have sustained injury to the thalamus, exhibit heightened susceptibility to
proactive interference, in addition to deficits in judging the temporal order of events, compared
to temporal lobe amnesics (Squire, 1982). Additionally, lesions to the mediodorsal, midline
nuclei, or intralaminar nuclei of the thalamus have been associated with executive dysfunction
(e.g., impaired set-switching and inhibition), in addition to memory deficits (Van der Werf,
Scheltens, et al., 2003), whereas hippocampal lesions have been shown to result in highly
selective memory deficits (Eichenbaum & Cohen, 2001). These findings appear to suggest that
thalamic injury results in deficits in the executive aspects of episodic memory (i.e., the selection
of to-be-encoded information and retrieval strategies). However, it remains unclear whether
the thalamus proper directly subserves some of these mnemonic processes or whether the
observed deficits arise secondarily from a disconnection of the medial temporal lobe from the
prefrontal cortex following diencephalic injury, a theory that was put forth by Warrington and
Weiskrantz (1982).

The current study aims to quantify the relative contributions of magnetic resonance imaging
(MRI) volumetric measures of the hippocampus and whole thalamus to episodic memory
functioning in patients with temporal lobe epilepsy (TLE). Patients with TLE present a suitable
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population for such an investigation because episodic memory impairments are prevalent in
these patients when compared to healthy controls (Leritz, Grande, Bauer, 2006) and when
compared with patients with extra-temporal or generalized seizures (Bergin, Thompson,
Baxendale, Fish, Shorvon, 2000). Moreover, both the hippocampus and thalamus are involved
in the propagation of seizure activity and exhibit pathologic changes in TLE.
Electrophysiological studies in animal models of TLE and in human clinical TLE patients have
implicated the hippocampus and other temporal limbic structures in seizure initiation (Spencer
& Spencer, 1996), whereas the thalamus is believed to play a role in seizure modulation
(Bertram et al., 2001; Guye et al., 2006). MRI and positron emission tomography (PET) studies
have also revealed structural and metabolic abnormalities of the temporal lobe (Hermann,
Seidenberg, & Bell, 2002; Rubin et al., 1995), hippocampus (Henry et al., 1993; Seidenberg
et al., 2005), and thalamus (Juhasz et al., 1999; Keller, Wilke, Wieshmann, Sluming, & Roberts,
2004) in TLE patients. Concerning the latter, a recent study concluded that thalamic atrophy
in TLE patients was most prominent in those thalamic subnuclei having strong connections
with the hippocampus, such as the anterior portion of the thalamus (Bonilha, Rorden,
Castellano, Cendes, & Li, 2005).

Whereas several TLE studies have demonstrated relationships between structural volumetric
measures of hippocampal integrity and performance on measures of episodic memory (Griffith
et al., 2003), far fewer have examined atrophy of extra-hippocampal structures in relation to
memory functioning in TLE patients (e.g., Bonilha et al., 2007; Martin et al., 1999).

Regarding thalamic-memory relationships, Seidenberg et al. (2008) reported that smaller
whole thalamic volume was associated with poorer performance in episodic memory, as well
as in several other cognitive domains (e.g., confrontation naming, IQ, executive functioning),
in TLE patients. Additionally, Rausch, Henry, Ary, Engel, and Mazziotta (1994) reported that
asymmetric resting PET glucose metabolism of the whole thalamus and lateral temporal lobe,
but not mesial temporal lobe, independently predicted verbal memory functioning in TLE
patients. Also of relevance, Kopelman et al. (2001) found significant correlations of
hippocampal and thalamic volume with measures of recall and recognition in memory
disordered patients with diencephalon, temporal lobe, or frontal lobe injury. Although
noteworthy, these studies do not indicate whether measures of hippocampal and thalamic
integrity make independent quantitative contributions to episodic memory functioning in TLE
patients. They also provide limited information regarding the qualitative nature of the
contributions of the hippocampus and thalamus to episodic memory.

Our study investigated these issues by directly examining the relative contributions of
volumetric measures of the hippocampus and whole thalamus to verbal episodic memory in
TLE patients. To this end, we employed statistical models in which hippocampal and whole
thalamic MRI volume served as potential predictors of performance on one measure of delayed
prose verbal memory and two measures of delayed rote verbal memory. Measures of delayed
prose and rote verbal memory were specifically chosen because prose verbal memory
ostensibly relies on encoding and storage processes of relational material in long-term episodic
memory, in addition to the executive aspects of episodic memory (e.g., the organization of
propositionally-or logically-related material at encoding and the retrieval of this material at
recall), whereas rote verbal memory (e.g., paired associates) predominately relies on encoding
and storage processes in long-term episodic memory (Lillywhite et al., 2007; Rausch et al.,
1994; Saling et al., 1993). Based on contemporary neurobiological theories of episodic memory
(Aggleton & Brown, 1999; Van der Werf, Jolles et al., 2003), we hypothesized that
hippocampal and whole thalamic volume would independently predict delayed prose verbal
memory functioning in the TLE sample, whereas hippocampal, but not thalamic, volume would
predict delayed rote verbal memory functioning.
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Method
Participants

Data for the current study were derived from eighteen participants with TLE who participated
from July 1988 to November 1999 in a larger study of the neuro-developmental impact of
epilepsy (Hermann et al., 2002; Hermann et al., 2003) conducted at the University of Wisconsin
Hospital Department of Neurology (UW). Initial selection criteria included: (1) chronological
age from 14 to 60 years, (2) complex partial seizures of definite or probable temporal lobe
origin (see details below), (3) absence of MRI abnormalities other than atrophy on clinical
reading, and (4) no other neurological disorder. A board-certified neurologist with special
expertise in epileptology reviewed patients’ medical records. This review, blinded to all MRI
volumetric and neuropsychological data, included seizure semiology, previous EEGs, clinical
neuroimaging reports, and all available medical records. On the basis of this review, each
patient was classified as having seizures of definite, probable, or possible temporal lobe origin.
Definite temporal lobe epilepsy was defined by continuous video/EEG monitoring of
spontaneous seizures demonstrating temporal lobe seizure onset; probable temporal lobe
epilepsy was determined by review of clinical semiology with features reported to reliably
identify complex partial seizures of temporal lobe origin versus onset in other regions (e.g.,
the frontal lobe) in conjunction with interictal EEGs, neuroimaging findings, and
developmental and clinical history. Only patients meeting criteria for definite or probable
temporal lobe epilepsy were eligible for study participation, while patients with possible
temporal lobe epilepsy were excluded.

Demographic and seizure characteristics of the participants are listed in Table 1. The
demographic characteristics of these participants closely resemble those of other participants
in the overall study (Hermann et al., 2002;Hermann et al., 2003) and closely match those of
other TLE patients who have been evaluated for epilepsy surgery at UW (Griffith et al.,
2003;Griffith et al., 2004). Of note, for those patients in the current sample who underwent
intensive video/EEG monitoring, seizure onset was localized to the left temporal lobe in five
patients and to the right temporal lobe in nine patients. One patient had bilateral temporal lobe
onset.

All participants gave informed consent for participation in these procedures as a part of this
UW Institutional Review Board-approved protocol.

Magnetic resonance image acquisition and processing
MRIs were obtained on a 1.5-T GE Signa MR scanner. Sequences acquired for each participant
included: (1) T1-weighted, three-dimensional SPGR acquired with the following parameters:
TE = 5, TR = 24, flip angle = 40, NEX = 2, FOV = 26, slice thickness = 1.5mm, slice plane =
coronal, matrix = 256 x 192; (2) Proton Density (PD), and (3) T2-weighted images acquired
with the following parameters: TE = 36 (for PD) or 96 ms (for T2), TR = 3000 ms, NEX = 1,
FOV = 26, slice thickness = 3.0 mm, slice plane = coronal, matrix = 256 x 192, and an echo
train length = 8.

Following acquisition, MRIs were processed within Brain Research: Analysis of Images,
Networks, and Systems (BRAINS 2), a semi-automated software package designed for analysis
of structural and functional neuroimaging data (Magnotta et al., 2002). The T1 weighted images
were spatially normalized so that the anterior-posterior axis of the brain was realigned parallel
to the anterior commisure - posterior commisure line, and the inter-hemispheric fissure was
aligned on the other two axes. A six-point linear transformation was used to warp the standard
Talairach atlas space (Talairach & Tournoux, 1988) onto the resampled image. Images from
the three pulse sequences were then co-registered using a local adaptation of automated image
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registration software (Woods, Cherry, & Mazziotta, 1992). Following alignment of the image
sets, the PD and T2 images were re-sampled into 1mm cubic voxels (T1 scans were acquired
with 1mm voxels). Next, an automated algorithm for each image modality classified each voxel
into gray matter, white matter, CSF, blood, or “unclassified” (i.e., voxels that were not
identified as grey matter, white matter, CSF, or blood) (Harris et al., 1999; Magnotta et al.,
2002). This process yielded a segmented brain image for each participant, permitting
continuous volumetric tissue measurements within the ROIs of interest.

Regions of interest and volume computation
Automated neural networks identifying the hippocampus, whole thalamus, and total
intracranial volume were applied to segmented images using guidelines established and
validated by the University of Iowa (Magnotta et al., 1999; Pantel et al., 2000; Spinks et al.,
2002). Per established guidelines, the resulting regions of interest (ROIs) were then manually
inspected and trimmed, when necessary, by a researcher (C.S.) in order to obtain the most
anatomically valid volumetric measure of the hippocampus, whole thalamus, and total
intracranial volume. Hippocampal ROIs included grey matter of the pes or head of the
hippocampus, the body, and the tail (see Pantel et al. (2000) for description of hippocampal
boundaries and method validation). Thalamic ROIs included grey matter of the whole thalamus
(see Spinks et al. (2002) for description of thalamic boundaries and method validation). Total
intracranial volume ROIs included three tissue classes (gray matter, white matter, CSF) within
the border of the dura. Total intracranial volume ROIs excluded the dural venous sinuses,
including the superior sagital, transverse, straight, and sigmoid sinuses, and blood vessels
visible on sulci and fissures. Tracing of the brain stem was discontinued when the cerebral
arteries first appeared posteriorly (Magnotta et al., 1999). Left, right, and combined bilateral
hippocampal and thalamic volume, in addition to total intracranial volume, were then computed
from the ROIs generated in BRAINS 2.

A fourth ROI measuring gross volume of bilateral occipital lobe grey matter was also obtained.
To calculate this, the volume of grey matter within the occipital Talairach box of each
participant was measured in BRAINS 2 (Magnotta et al., 2002). This served as a “control”
volumetric measure that was not expected to correlate with any of the memory measures and
thus would reinforce interpretations that hippocampal- or thalamic-memory relationships were
indeed specific to the hippocampus or thalamus, rather than overall brain integrity.

Volumetric measures of each structure (i.e., left and right hippocampus and thalamus, and
bilateral occipital grey matter) were divided by total intracranial volume, in order to adjust for
differences in the size of ROIs due to body size and age-related brain atrophy. Means and
standard deviations of raw (uncorrected) volumetric measures are listed in Table 2.

Memory testing
All participants completed Logical Memory (LM) I (immediate) and II (30-minute delay) and
Verbal Paired Associates (VPA) I and II of the Wechsler Memory Scale—III (WMS-III;
Wechsler, 1997), in addition to the six-trial Verbal Selective Reminding Task (VSRT)
immediate and delayed recall (Buschke, 1973). All memory measures were administered in a
standardized fashion in accordance with their test manuals (Buschke, 1973; Wechsler, 1997).
On LM, participants verbally recalled two stories without cues, either immediately (LM I) or
30 minutes after having been read the story aloud (LM II). Raw LM scores reflected the total
number of correct story details recalled by participants and served as indexes of immediate and
delayed prose verbal memory functioning. On VPA, participants verbally recalled unrelated
word-pairings upon cueing with the first word in the pairing, either immediately (LM I) or 30
minutes following a learning phase for the word-pairings (LM II). On VSRT, participants
verbally recalled an unrelated list of words without cues, either immediately (VSRT immediate
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recall) or 30 minutes following a six-trial learning phase for the word list (VSRT delayed
recall). Raw scores on VPA and VSRT reflected the total number of correct words recalled.
These measures served as indexes of immediate and delayed memory for rote verbal
information.

Statistical analyses
To examine associations between variables, Pearson correlations were calculated between
adjusted left, right, and bilateral hippocampal and thalamic MRI volume and the three delayed
memory measures. Subsequently, hierarchical multiple regressions were conducted to examine
the unique contributions of bilateral hippocampal and thalamic volume to performance on each
of the three delayed memory measures (i.e., LM II, VPA II, VSRT delayed recall). Bilateral,
as opposed to separate left and right, volumetric measures were used, given that the TLE sample
consisted of a mixed group of patients with left, right, and bilateral seizure onset. As such, the
expected differences in correlations of left and right hippocampus and thalamus with memory
are generally obfuscated. The proportion of unique variance in each of the three memory
measures attributable to bilateral hippocampal volume was determined by first entering a block
of predictors composed of bilateral thalamic volume and second by entering a block composed
of bilateral hippocampal volume. Conversely, the proportion of unique variance in each of the
three memory measures attributable to bilateral thalamic volume was determined by first
entering a block of predictors composed of bilateral hippocampal volume and second by
entering a block composed of bilateral thalamic volume. The change in the coefficient of
determination ( R2) from the first block of predictors to the second block represented the
percentage of unique variance in a given memory measure attributable to the volumetric
measure of interest. A two-tailed α of 0.05 was adopted for all analyses.

Results
Correlations among volumetric measures and among memory measures

Table 3 lists Pearson correlations between volumetric measures of the left, right, and bilateral
hippocampus and thalamus and performance on the delayed memory measures. Left, right, and
bilateral hippocampal volume showed significant, positive correlations with each other (all
p’s < .05), as did left, right, and bilateral thalamic volume (all p’s < .01). Hippocampal volumes
were not significantly correlated with thalamic volumes (all p’s > .10).

All delayed memory measures were positively correlated with one another (all p’s < .05).

Correlations between volumetric and memory measures
Left, right, and bilateral volumetric measures of the hippocampus and thalamus positively
correlated with performance on each of the three delayed memory measures; however, only
some of these correlations reached statistical significance (see Table 3). LM II scores correlated
with left (p = .007), right (p = .027), and bilateral (p = .014) thalamic volume, in addition to
right (p = .013) and bilateral (p = .031) hippocampal volume. However, LM II scores were not
significantly correlated with left hippocampal volume (p > .10). VSRT delayed recall scores
correlated with right (p = .004) and bilateral (p = .014) hippocampal volume and showed a
trend towards significance with left hippocampal volume (p = .093). However, correlations
between VSRT delayed recall and left, right, and bilateral thalamic volume (all p’s > .10) were
not significant. Last, correlations between VPA II scores with right (p = .083) and bilateral
(p = .056) hippocampal volume showed trends toward statistical significance; however,
correlations between VPA II scores with left hippocampal volume and left, right, and bilateral
thalamic volume were not significant (all p’s > .10). The “control” volumetric measure of
bilateral grey matter in the occipital Talairach box was not associated with performance on any
of the delayed memory measures (all p’s > .20), as expected.
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Variance in memory measures uniquely attributable to bilateral hippocampal or thalamic
volume

For LM II scores, bilateral hippocampal volume accounted for 26% of the variance before
statistically controlling for bilateral thalamic volume (F(1,16) = 5.57, p = .031), and 22% of
the variance after controlling for bilateral thalamic volume (F(1,15) = 7.23, p = .017). Similarly,
bilateral thalamic volume accounted for 32% of the variance before controlling for bilateral
hippocampal volume (F(1,16) = 7.65, p = .014), and 28% of the variance after controlling for
bilateral hippocampal volume (F(1,15) = 9.37, p = .008). Entered together in one predictor
block, bilateral hippocampal and thalamic volume explained 54% of variance in LM II scores
(F(2,15) = 8.93, p = .003) (see Figure 3). Thus, it follows that there is only 4% shared variance
in LM II scores between the hippocampus and thalamus (54% total variance minus 28% unique
variance from thalamus and 22% unique variance from hippocampus equals 4% shared
variance).

A different pattern of predicted variance was observed for VSRT delayed recall scores, in that
bilateral thalamic volume did not account for a significant percentage of the variance either
before (11%) (F(1,16) = 1.87, p = .190) or after (8%) (F(1,15) = 2.03, p = .174) statistically
controlling for bilateral hippocampal volume. In contrast, bilateral hippocampal volume
accounted for 33% of the variance before controlling for bilateral thalamic volume (F(1,16) =
7.70, p = .014), and 30% of the variance after controlling for bilateral thalamic volume (F
(1,15) = 7.59, p = .015). The full model with both predictors of bilateral hippocampal and
thalamic volume explained 41% of variance in VSRT delayed recall scores (F(2,15) = 5.11,
p = .020) (see Figure 3).

A similar pattern of predicted variance emerged for VPA II scores, although the observed
effects only trended towards statistical significance. Bilateral hippocampal volume accounted
for 21% of the variance in VPA II scores before controlling for bilateral thalamic volume (F
(1,16) = 4.24, p = .056) and 19% of the variance after controlling for bilateral thalamic volume
(F(1,15) = 3.97, p = .065), whereas bilateral thalamic volume only accounted for only 8% of
the variance before controlling for bilateral hippocampal volume (F(1,16) = 1.43, p = .250)
and 7% of the variance after controlling for bilateral hippocampal volume (F(1,15) = 1.34, p
= .266). Together, bilateral hippocampal and thalamic volume accounted for a non-significant
percentage (27%) of the variance in VPA II scores (F(2,15) = 2.83, p = .090).

Further analyses examined relationships of bilateral hippocampal and thalamic volume with
performance on the three measures of immediate memory (LM I, VSRT immediate recall, and
VPA I). Bilateral hippocampal volume was not correlated with any of these immediate memory
measures (all p’s > .10). Similarly, bilateral thalamic volume was not correlated with VPA I
or VSRT immediate recall (all p’s > .10). However, bilateral thalamic volume was associated
with LM I (r = .72, p = .001). A follow-up multiple regression analysis demonstrated that
bilateral thalamic volume accounted for a significant percentage of variance (49%) in LM I
scores after controlling for bilateral hippocampal volume (F(1,15) = 19.39, p = .001).

Discussion
The main findings of this study are that hippocampal and thalamic volume were both
independent predictors of LM II scores in TLE patients, even after controlling for the volume
of the other structure. However, hippocampal volume, but not thalamic volume, was a predictor
of performance on VSRT delayed recall, regardless of whether the volume of the other structure
was controlled for. Similarly, hippocampal volume showed a trend towards significance as a
predictor of variance in VPA II scores, whereas thalamic volume fell markedly short of
accounting for a significant percentage of variance. Follow-up analyses further demonstrated
that bilateral thalamic volume independently predicted LM I scores, but not VPA I or VSRT
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immediate recall scores, whereas bilateral hippocampal volume was not associated with any
of these immediate memory measures. These findings have implications for understanding the
distinct quantitative, and potentially distinct qualitative, roles of the hippocampus and thalamus
to verbal memory functioning in patients with TLE.

The quantitative contributions of hippocampal and thalamic volume to verbal episodic
memory functioning

Hippocampal and thalamic volume uniquely explained 22% and 28%, respectively, of the
variance in LM II scores. To our knowledge, this study, along with Seidenberg et al. (2008)
and Kopelman et al. (2001), are the only studies to report that thalamic volume was predictive
of memory functioning. Additionally, our results are consistent with prior TLE studies
reporting that hippocampal volume explained 12% (Griffith et al., 2003), 29% (Martin et al.,
1999), 34% (Reminger et al., 2004), and 36% (Kalviainen et al., 1997) of the variance in LM
II scores. Our analyses extend upon these findings by demonstrating that the percentage of
total explained variance roughly doubled to 54% when LM II scores were predicted from both
hippocampal and thalamic volume in the current TLE sample. This marked increase in
explained variance suggests that hippocampal and thalamic volume are largely non-redundant
in their quantitative contributions to prose verbal memory functioning (only 4% of the variance
is shared). These findings underscore the importance of both hippocampal and thalamic
integrity in memory disordered TLE patients.

Of interest, the pattern of explained variance on the two measures of delayed rote verbal
memory, VSRT delayed recall and VPA II, differed from that observed for delayed prose verbal
memory in the TLE sample. Hippocampal volume, but not thalamic volume, was a significant
predictor of performance on VSRT delayed recall, and hippocampal volume showed a trend
towards accounting for a significant percentage (21%) of variance in VPA II scores, more than
doubling the percentage (8%) of variance attributed to thalamic volume. This pattern is
consistent with past studies reporting that hippocampal volume predicted delayed rote verbal
memory functioning in TLE patients (Griffith et al., 2003; Kilpatrick et al., 1997; Pegna et al.,
2002) and suggest that hippocampal integrity is more crucial to delayed rote verbal memory
than thalamic integrity. However, caution should be exercised in interpreting the magnitude
of differences in unique and explained variance between the thalamus and the hippocampus
given the small sample size of this study.

The qualitative contributions of hippocampal and thalamic volume to verbal episodic
memory functioning

The pattern of explained variance observed across the three verbal memory measures suggests
that the hippocampus and thalamus have qualitatively distinct roles in verbal episodic memory
functioning in TLE patients. If volumetric measures of these structures provided highly similar
qualitative information regarding episodic memory functioning, it would be expected that
hippocampal and thalamic volume would be comparably predictive of different types of
episodic memory measures, regardless of the cognitive demands of those tasks. Instead, the
pattern of predicted variance in memory measures appears to be consistent with theories that
implicate the hippocampus in encoding and storing the constituent elements of an experience
into a long-term memory representation (i.e., relational material) (Eichenbaum, 2004;
Eichenbaum & Cohen, 2001; Morris et al., 2003; O’Reilly & Rudy, 2001; Rolls, 1990; Ryan
& Cohen, 2003; Squire & Zola-Morgan, 1991), whereas the thalamus, as a whole, participates
in the selection of to-be-encoded stimuli and retrieval strategies (Aggleton & Brown, 1999;
Van der Werf, Jolles, et al., 2003). This interpretation is supported because hippocampal and
thalamic volume each uniquely predicted delayed verbal prose memory functioning, which
ostensibly relies on the encoding and storage of information, in addition to the selection of
information as relevant or irrelevant prior to encoding and the strategic retrieval of
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propositionally- or logically-related material during recall. However, hippocampal, but not
thalamic, volume predicted delayed verbal rote memory functioning, which ostensibly relies
on the encoding and storage of arbitrary relational information but deemphasizes the selection
of relevant to-be-encoded stimuli or the use of retrieval strategies (Saling et al., 1993; Rausch
et al., 1994).

The proposition that the hippocampus and thalamus make qualitatively distinct contributions
to verbal memory is further supported by comparison of measures of immediate recall.
Thalamic, but not hippocampal, volume predicted immediate verbal prose memory
functioning, whereas neither thalamic nor hippocampal volume predicted immediate verbal
rote memory functioning. Similarly to delayed prose memory, immediate prose memory also
presumably involves the organization of propositionally- or logically-related material during
stimulus presentation and thus may be expected to be related to thalamic volume. In contrast,
hippocampal volume might not be expected to predict immediate prose or rote memory
functioning because the hippocampus is implicated in the representation of information in long-
term memory more so than immediate memory. These results represent one of the few data
illustrating directly the differential contributions of the hippocampus and thalamus across
different types of episodic memory recall tasks. It may also suggest that memory impairment
in TLE involves deficits related to the encoding and storage of relational material, in addition
to the executive aspects of episodic memory (i.e., the selection of to-be-encoded information
and retrieval strategies).

Study limitations and future directions
The current study has several limitations. The small sample size and other confounds due to
the small sample size should be considered, including heterogeneity in seizure medication
usage/dose, heterogeneity in the side of seizure onset, in addition to a widespread range of ages
in the sample. Another effect of the small sample size is that interpretation of the differences
in sizes of correlations and relevant contributions to variance must be made with caution.

Additionally, the large number of correlations conducted among and between brain volumetric
measures and memory measures increased the likelihood of Type I errors (false positives),
although following up correlations with the multiple regressions reduces this likelihood.
Results should thus be regarded as tentative, and replication of the current results in larger TLE
samples, which will increase statistical power and permit an examination of the uncontrolled
variable confounds, is warranted.

Also of note, our results do not necessarily indicate that the thalamus per se supports all of the
executive aspects of episodic memory. An alternative explanation is that thalamic volume loss
is associated with volume loss of the dorsolateral prefrontal cortex, and that the dysfunction
of this second brain region is partly responsible for poorer delayed prose memory functioning
in TLE patients. Follow-up studies using experimental designs may provide stronger evidence
for independent hippocampal and thalamic contributions to verbal episodic memory, as would
studies aiming to delineate the contributions specific thalamic subnuclei (e.g., the anterior
nuclei, the mediodorsal nucleus, and the intralaminar and midline nuclei) to prose memory
functioning. Recent evidence also suggests that thalamic subnuclei may be involved to different
extents in the pathological processes affecting patients with TLE (Bonilha et al., 2005) and
may influence different types of memory (e.g., familiarity memory) (Kishiyama et al., 2005).
However, methods to reliably delineate MRI volumes of thalamic subnuclei remain to be
developed.
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Conclusions
Hierarchical multiple regression models demonstrated that MRI volume of the hippocampus
and thalamus each provided unique predictive information regarding delayed prose verbal
memory functioning. However, hippocampal, but not thalamic, volume predicted delayed rote
verbal memory functioning. Further analyses showed that bilateral thalamic volume
independently predicted immediate prose, but not immediate rote, verbal memory functioning,
whereas bilateral hippocampal volume was not associated with any of these immediate memory
measures. The observed pattern of explained variance across the immediate and delayed
memory measures suggests that the hippocampus and thalamus make quantitatively, and
perhaps qualitatively, distinct contributions to episodic memory functioning. Our results are
consistent with contemporary models of episodic memory that implicate the hippocampus in
long-term memory encoding and storage of relational material (Eichenbaum, 2004;
Eichenbaum & Cohen, 2001) and the thalamus in the selection of items to-be-encoded in
episodic memory and retrieval strategies (Aggleton & Brown, 1999; Van der Werf, Jolles, et
al., 2003). Our results also underscore the importance of thalamic atrophy to the memory
deficits observed in TLE patients. Further study of the qualitative contributions of the thalamus
to episodic memory in larger samples of TLE patients appears warranted.
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Figure 1.
Example of MRI scan depicting hippocampal (white) and thalamic (black) ROIs in the coronal
view.
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Figure 2.
(hardcopy version). Example of 3D hippocampal (white) and thalamic (grey) ROIs viewed
from the right superior aspect.
Figure 2 (online version). Example of 3D hippocampal (green and red) and thalamic (blue and
yellow) ROIs viewed from the right superior aspect.
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Figure 3.
Scatterplots and best-fit lines of simple regression for thalamic or hippocampal volume
predicting performance on LM II and VSRT delayed recall scores. Note. r2 values marked *
were statistically significant (p < .05).
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Table 1

Demographics, seizure characteristics, and memory performance in the TLE sample

Demographics

 Gender (female/male) 13/5

 Handedness (left/right) 3/15

 Age 34.5 (13.2) [14–58]a

 Years of education 12.7 (2.3) [9–17]

 WAIS-IIIb Full Scale IQ 92.8 (13.6) [62–121]

Seizure characteristics

 Participants with video EEG monitoring (left/right/bilateral) 5/9/1

 Participants without video EEG monitoring 3

 Initial precipitating incident (yes/no)c 11/5

 Anti-epileptic drug regimen (monotherapy/polytherapy)c 5/12

 Age at onset (years) 13.7 (8.1) [2–35]

 Duration of epilepsy (years) 20.9 (14.7) [1–55]

 Seizure frequency—past year (weekly or greater/monthly) 8/10

a
Mean (SD) [range].

b
Wechsler Adult Intelligence Scale—third edition.

c
Totals reflect missing data.
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Table 2

Means and standard deviations of raw (uncorrected) ROI volumetric measures

Region of Interest Left (cm3) Right (cm3) Bilateral (cm3)

Hippocampus 1.61 (.49)a 1.26 (.35) 2.87 (.72)

Thalamus 5.76 (.67) 6.00 (.87) 11.76 (1.51)

Occipital grey matterb -- -- 61.52 (9.38)

Total Intracranial Vol. -- -- 1,320.63 (185.02)

a
Mean (SD).

b
Represents the volume of grey matter within the occipital Talairach box.
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