
Bilateral Hippocampal Dysfunction in Schizophrenia

Faith M. Hanlona,b,c, Jon M. Houcka,b,d, Clinton J. Pyeatta,c, S. Laura Lundyb, Matthew J.
Eulera,b, Michael P. Weisenda,e, Robert J. Thomac, Juan R. Bustilloc, Gregory A. Millerf, and
Claudia D. Tescheb

a The Mind Research Network, Pete and Nancy Domenici Hall, 1101 Yale Blvd. NE, Albuquerque,
New Mexico, 87106 USA

b Department of Psychology, University of New Mexico, Logan Hall, Albuquerque, New Mexico,
87109 USA

c Department of Psychiatry, University of New Mexico School of Medicine, MSC09 5030, 1
University of New Mexico, Albuquerque, New Mexico, 87131 USA

d University of New Mexico Center on Alcoholism, Substance Abuse, and Addictions, 2650 Yale
Blvd SE, Suite 200, Albuquerque, NM 87106

e Department of Radiology, University of New Mexico, MSC10 5530, 1 University of New Mexico,
Albuquerque, New Mexico, 87131 USA

f Departments of Psychology and Psychiatry and Beckman Institute Biomedical Imaging Center,
603 E. Daniel St., University of Illinois at Urbana-Champaign, Illinois, 61820 USA, and
Department of Psychology, University of Delaware, Newark, DE 19716 USA

Abstract

The hippocampus has long been known to be important for memory, with the right hippocampus

particularly implicated in nonverbal/visuo-spatial memory and left in verbal/narrative or episodic

memory. Despite this hypothesized lateralized functional difference, there has not been a single

task that has been shown to activate both the right and left hippocampus differentially, dissociating

the two, using neuroimaging. The transverse patterning (TP) task is a strong candidate for this

purpose, as it has been shown in human and nonhuman animal studies to theoretically and

empirically depend on the hippocampus. In TP, participants choose between stimuli presented in

pairs, with the correct choice being a function of the specific pairing. In this project, TP was used

to assess lateralized hippocampal function by varying its dependence on verbal material, with the

goal of dissociating the two hippocampi. Magnetoencephalographic (MEG) data were collected

while controls performed verbal and nonverbal versions of TP in order to verify and validate
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lateralized activation within the hippocampi. Schizophrenia patients were evaluated to determine

whether they exhibited a lateralized hippocampal deficit. As hypothesized, patients’ mean level of

behavioral performance was poorer than controls’ on both verbal and nonverbal TP. In contrast,

patients had no decrement in performance on a verbal and nonverbal non-hippocampal-dependent

matched control task. Also, controls but not patients showed more right hippocampal activation

during nonverbal TP and more left hippocampal activation during verbal TP. These data

demonstrate the capacity to assess lateralized hippocampal function and suggest a bilateral

hippocampal behavioral and activation deficit in schizophrenia.
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(1) Introduction

The development of a non-invasive assessment technique that can be used to dissociate right

and left hippocampal function is critical for understanding the neural and cognitive deficits

associated with schizophrenia. The hippocampus plays a central role in visual and verbal

memory impairments exhibited in schizophrenia (Cirillo and Seidman, 2003; Saykin et al.,

1991, 1994; Tamminga et al., 2010). Further, some suggest that hippocampal deficits are

more pronounced in the left hemisphere than in the right in schizophrenia (Harrison, 2004;

Shenton et al., 2001). The identification of hippocampal lateralization abnormalities may

lead to a better understanding of the neurodevelopmental processes in schizophrenia. For

example, observation of reduced hippocampal functional lateralization in schizophrenia

would support and enrich theoretical models of schizophrenia in which neurodevelopmental

abnormalities lead to atypical lateralization (Crow, 1997; Petty, 1999; Sommer et al., 2001;

Yeo et al., 1999). Unfortunately, little conceptual or empirical work is available that directly

addresses lateralized hippocampal function in psychopathology.

One challenge in studying hippocampal functional lateralization is the development of tasks

that have appropriate psychometric properties and are suitable for neuroimaging contexts.

The choice of task should be motivated by a theory of hippocampal function. Hippocampus

has long been understood to be important for memory function, with right hippocampus

contributing to visuo-spatial memory (Burgess et al., 2002; Smith and Milner, 1981, 1989)

and left hippocampus to verbal/narrative or episodic memory (Burgess et al., 2002; Frisk

and Milner, 1990). However, this lateralization of hippocampal function is not always

observed (Astur et al., 2002; Maguire et al., 1996a; Ryan et al., 2001; Viskontas et al.,

2000). Both visuo-spatial and episodic memory are thought to require the capacity to relate

or combine stimuli to form unique representations of the conjunction of those stimuli

(relational mnemonic abilities), in which the hippocampus is theorized to play a central role

(Cohen and Eichenbaum, 1993; Rudy and Sutherland, 1995). We suggest that it is the

absence or presence of reliance on verbal processing in a relational task that distinguishes

right and left hippocampal functioning. Thus, visuo-spatial memory, primarily a nonverbal

relational task, should engage right hippocampus, and verbal/narrative or episodic memory,
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primarily a verbal relational task, should involve left hippocampus. Therefore, to assess

lateralized hippocampal dysfunction, a task is needed that is known to rely specifically on

relational mnemonic abilities, in which verbal reliance can be manipulated. Such a task

would be a more direct test of hippocampal function than traditional neuropsychological

tests of visuo-spatial and episodic memory, which may involve other cognitive abilities.

Recent studies have attempted to use relational mnemonic tasks, which are specific to

hippocampus, to assess hippocampal function in schizophrenia (Coleman et al., 2010; Öngür

et al., 2006; Hanlon et al., 2005, 2006; Titone et al., 2004). One of these tasks is the

transverse patterning (TP) problem, which involves a completely overlapping set of

relationships among stimuli. In TP, participants choose between stimuli presented in pairs,

with the correct choice being a function of the specific pairing: A is correct when paired

with B, B is correct when paired with C, and C is correct when paired with A. The

participant does not know which stimulus is correct, unless they know what it is paired with.

To perform this choice-reaction-time task, the participant must discover and encode the

distinct relationships among the stimuli. Hippocampal damage impairs TP performance in

mice (Rondi-Reig et al., 2001), rats (Alvarado and Rudy, 1995a, 1995b; Driscoll et al.,

2005), non-human primates (Alvarado and Bachevalier, 2005; Alvarado et al., 2002), and

humans (Moses et al., 2008; Reed and Squire, 1999; Rickard and Grafman, 1998; Rickard et

al., 2006). Based on such studies, it is clear that TP depends on hippocampal function. In

contrast, in a non-hippocampal elemental task, which involves similar pairings of the same

type of individual stimuli, the pairings do not require discovery and use of relations between

the individual stimuli as TP does. With proper psychometric evaluation and adjustment, in

light of classic but challenging issues of task matching and differential deficit (Chapman and

Chapman, 1973, 2001), the elemental task can be used to confirm the hippocampal

dependence and specificity of TP (see Hanlon et al., 2005, for TP and elemental task

matching).

Using a hard to verbalize, “nonverbal”, version of TP and two hard to verbalize,

“nonverbal”, non-hippocampal dependent tasks, including the elemental task, Hanlon et al.

(2005) found a behavioral deficit specific to TP performance in schizophrenia patients. In

addition, using magnetoencephalography (MEG), a neuroimaging technique that

characterizes neuronal population activity through the detection of the magnetic field

generated by current flow in the brain, Hanlon et al. (2005) showed right hippocampal

activation in controls during this nonverbal TP version and more bilateral or left

hippocampal activation in schizophrenia patients. These findings strongly suggest a right

hippocampal deficit in schizophrenia. However, they do not rule out an additional left

hippocampal deficit. Remarkably, patients have not been systematically tested on a

relational task that can assess the independent function of both the right and left

hippocampus.

The present study was a replication and extension of Hanlon et al. (2005), which used only

nonverbal TP and control tasks. Verbal versions of the TP and elemental tasks were

developed and included in the training and MEG sessions. Thus, MEG and behavioral data

assessed right and left hippocampal function in new samples of schizophrenia patients and

controls. It was hypothesized that MEG would confirm the lateralized activation of the
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hippocampus (nonverbal TP activating the right, verbal TP activating the left) in controls.

Schizophrenia patients were expected to show a hippocampal-dependent behavioral

impairment that was not lateralized, found on both TP versions. In contrast, schizophrenia

patients’ performance was expected to be similar to control participants’ on a nonverbal and

verbal version of the elemental control task, which is not hippocampal-dependent. This

similarity in performance (as seen in Hanlon et al., 2005) is valuable for ruling out a

generalized deficit as a confound in interpreting results. Patients were also predicted to show

bilateral hippocampal activation for both TP versions using MEG, and thus, lacking the

lateralized hippocampal activation found in control participants.

Activation within the prefrontal cortex (PFC) during TP was possible. The TP task requires

not only relational memory but also working memory for maintaining the distinct

relationships, and thus the PFC (Baddeley, 1986, 2003; Goldman-Rakic, 1994). In addition,

recent research using the TP task during both MEG and fMRI has found activation of the

PFC in control participants (Meltzer et al., 2008; Moses et al., 2009). Accordingly, if

activation of the PFC during the TP task was found with MEG, it was to be investigated

further.

(2) Material and methods

(2.1) Participants

Twenty-nine participants completed the study: 16 controls (14 male) and 13 patients

diagnosed with schizophrenia (13 male). Of the participants, three controls’ data (all males)

were not included in analyses due to MEG data loss for two of them and improper training

procedures for one of them. Twenty-five participants included in the analyses were right-

handed; one patient was left handed. All patients were chronically ill and were outpatients

who had been stable on either typical (1 on stelazine) or atypical (2 on aripiprazole, 1 on

olanzapine, 1 on risperidone, 2 on quetiapine, and 6 on clozapine) antipsychotic medications

for at least 3 months. The patients were recruited from the outpatient clinic at the University

of New Mexico Health Sciences Center. A Psychiatrist at the clinic referred patients who

were diagnosed with schizophrenia and were judged stable and appropriate for the study.

Participants were administered the Structured Clinical Interview for the Diagnostic and

Statistical Manual of Mental Disorders, 4th edition (DSM-IV SCID–Clinician Version; First

et al., 1996) by a trained Research Assistant, who was supervised by either J.R.B. or F.M.H..

The DSM-IV SCID was administered to patients to verify their diagnoses of schizophrenia,

with no other psychiatric dysfunction within the last 12 months. Controls received it in order

to determine that they had no psychiatric dysfunction. Both patients and controls had: 1) no

history of head injury with loss of consciousness for more than 5 minutes; 2) no

hospitalization in the previous 3 months; 3) age 20-60; 4) no history of neurological

problems; and 5) signed informed consent. Patients and controls were matched on age

(t(1,24) = -1.31, p = .203; controls: M =33.0 years, SD = 9.2; patients: M = 37.9 years, SD =

9.7) and education (t(1,24) = 1.57, p = .130; controls: M = 14.3 years, SD = 2.3; patients: M

= 13.0 years, SD = 2.0). Participants’ structural MRIs were read as normal by a board-

certified neuroradiologist. This research was conducted after review and full approval of the
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Human Subjects Research Review Committee (HRRC) of the University of New Mexico

Health Sciences Center.

(2.2) Procedures

(2.2.1) TP and Elemental Task Training—Participants were trained on all four tasks

(verbal and nonverbal TP versions and their elemental counterparts) before undergoing

MEG. Order of training on the tasks was randomized across participants. For each task,

participants were trained to a criterion of 18 correct responses in a row or 180 trials. Stimuli

for the TP and elemental nonverbal versions consisted of three different abstract black and

white pictures, unique in appearance for each of the tasks (see Figure 1, a and c). Stimuli for

the TP and elemental verbal versions consisted of three pronounceable non-words for each

task (see Figure 1, b and d). There has been evidence of less reliance on hippocampus as

stimuli and their relations become more meaningful (Doeller et al., 2005; Moses et al., 2008,

2009), with patients diagnosed with schizophrenia not showing a behavioral deficit on the

TP relational task that uses meaningful stimuli (Hanlon et al., 2005; Rowland et al., 2010).

Although this idea has not been completely supported, with some believing the perirhinal

cortex involved in familiarity (Diana et al., 2007), as a precaution stimuli and their relations

were chosen to be as meaningless as possible in the present study. Presentation stimulus

software version 9.9 (Neurobehavioral Systems) was used to present stimuli. On each trial,

two stimuli were presented simultaneously, one centered on the left side of the screen and

one centered on the right. Within each task, each stimulus was balanced for left and right

side presentation in a randomized order, and presentation of the different pairings was

randomized. The participant was asked to choose which of the two stimuli was correct via a

mouse button press. For the TP versions, A is correct when presented with B. B is correct

when presented with C. C is correct when presented with A. For the elemental versions, D is

always correct and F is never correct. For all of the tasks, each pair of stimuli was presented

until the participant responded or until 10 s had passed. The response was followed by a

feedback tone, high-pitched if correct and low-pitched if not correct. There was a 3 s inter-

stimulus interval (ISI) from button press or end of the 10 s window until the next stimulus

onset.

Abstract pictures and pronounceable non-words were chosen to be meaningless. There is

always a chance that participants will attach meaning to the stimuli and the relationships

between them. Also, stimuli were chosen for the nonverbal tasks so that there is no obvious

name to give them. However, participants may still attempt to verbally label nonverbal

stimuli. Therefore, after MEG data collection, they completed a questionnaire that addressed

the relationships between the stimuli used in the verbal and nonverbal TP and elemental

tasks, difficulty level of the tasks, and finally whether participants named each of the

stimuli. This was done in order to assess whether groups differ in encoding of the stimuli

and their relationships to one another (creating meaning for them) for each of the tasks.

(2.2.2) MEG and behavioral testing procedures—After training on all four tasks,

participants were run again on each task during collection of MEG data at the Mind

Research Network MEG facility. The presentation, including the order of the tasks and

instructions, were the same as in the training phase. The only difference was that the stimuli
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were presented on a rear projection screen using a digital LCD projector (SANYO, Model

PLC-XP41), and the MIND Input Device (Michael Doty, The Mind Research Network)

replaced the mouse. The stimuli spanned a visual angle of 10°. Auditory feedback was

presented to the participant through earphones (ER-3A, Etymotic Research Inc.).

Participants performed each task within the MEG until approximately 200 correct trials were

collected. MEG signals were collected in a magnetically and electrically shielded room

(VAC Vacuumschmelze GmbH) using a whole-cortex 275-channel CTF system (VSM

MedTech Ltd.). Before the participant was put under the MEG array, three coils were

attached to the participant's head, one at the nasion and one at each preauricular point. These

coils allowed determination of the position of the participant's head before and after the run

relative to the position and orientation of the MEG sensors. Two bipolar channels of electro-

oculogram (EOG) were collected, one vertical and one horizontal. Also, two cardiac leads

were placed on the participant's chest, one on each side. Electrode impedances were

maintained below 10 K . MEG data was collected at a sampling rate of 600 Hz, DC coupled

with a lowpass filter at 150 Hz. The data also contained signals from compensation sensors

located further away from the head to allow compensation for external magnetic noise

sources using virtual third-order gradiometers in the analysis. Continuous raw data were

collected and stored. These data were cleaned and averaged using VSM-CTF software.

Trials were rejected when a blink was detected in EOG or if magnetic activity greater than

3000 fT peak-to-peak occurred in any MEG channel. In addition, only trials with correct

responses were included in the average.

MEG data were analyzed with the standardized Low Resolution Electromagnetic

Tomography (sLORETA; Pascual-Marqui, 2002; Wagner et al., 2004) approach in CURRY

software (V6.0.12; Neuroscan). sLORETA is a weighted L2 minimum-norm approach that

seeks the solution that minimizes prediction error in the least-squares sense and

simultaneously minimizes power of the currents across an entire grid of a large number of

fixed dipoles representing the brain (in our case, based on a 3-D grid, with points spaced 5

mm apart). In the sLORETA approach, the solution is normalized by its estimated variance

to convert it into a unitless test statistic (Congedo, 2006). sLORETA analyses used a linear

bandpass filter of 2 to 50 Hz (transition bandwidths 0.2 and 5 Hz), a noise level defined as

100 to 10 ms before stimuli onset, and a BEM-head model. A linear baseline of 200 to 100

ms before stimuli onset and 700 to 800 ms after stimuli onset was used. The time epoch

analyzed was from 0 to 700 ms after stimulus onset. The top five percent (clipped below

95%) of the sLORETA results were examined to ensure that we only included the solutions

that best explained the data. Source waveforms were generated from the sLORETA results

for each region of interest (ROI; hippocampus and PFC) by first placing the cursor in the

center of the strongest sLORETA activation within the ROI on the MRI, and then second

using the Cursor-Guided Current Density Reconstruction (CDR) Dipole Determination

feature within the CURRY software. This feature retrieves the cursor position, uses its

closest CDR source location plus its CDR source strength as a function of time (sLORETA

value), and source normalizes it to create a dipole. The waveform of this dipole was used to

determine source strength at the same latency the ROI was activated. This source strength

and latency were used for group (controls and patients), task (TP and elemental), version

(verbal and nonverbal), and hemisphere (right and left) comparisons. To further examine the
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response pattern of hippocampal sources during both TP versions, waveforms were averaged

across participants for each group and hemisphere.

(2.2.3) MRI procedures—High-resolution T1 [TE (echo time) = 4.76 ms, TR (repetition

time) = 12 ms, 20° flip angle, number of excitations (NEX) = 1, slice thickness = 1.5 mm,

FOV (field of view) = 256 mm, resolution = 256 × 256] and T2 [TE = 64 ms, TR = 9000

ms, 180° flip angle, NEX = 1, slice thickness = 1.8, FOV = 256 mm, resolution = 256 x 256]

anatomic images were collected with an eight-channel coil on a 1.5 Tesla Siemens Sonata

scanner.

(2.2.4) Statistical Analyses—A repeated-measures analysis of variance (ANOVA) using

Task (TP and elemental) and Version (verbal and nonverbal) as within-participant variables

and Group (patients and controls) as the between-participants factor was performed for each

of the behavioral measures (number of trials to meet criterion and percent correct during the

MEG session). As was done in the Hanlon et al. (2005) study, in order to examine group

differences in the lateralization of the hippocampal and PFC ROIs, two continuous

asymmetry scores were computed based on left- and right-source strength and latency, using

the adjusted score: right-hemisphere value minus left-hemisphere value/right-hemisphere

value plus left-hemisphere value. (This laterality metric provides some scaling of the

laterality difference by the magnitude of each participant's source strength and latency

scores. It is a common though imperfect metric, as discussed by Davidson et al., 1990).

When no satisfactory hippocampal activation was found, source strength and latency were

assigned a value of zero. For all neuroimaging measures (asymmetry scores, source strength

and latency) found during each Task (TP and elemental) and ROI, an ANOVAs were

conducted using Version (verbal and nonverbal) as the within-participant variable and

Group (patients and controls) as the between-participants factor. Right and left source

strength and right and left source latency were examined separately for group differences

due to having a small number of participants exhibiting bilateral activation during any one

task or ROI.

(3) Results

(3.1) Behavioral Findings

(3.1.1) TP and elemental tasks—As predicted, patients performed worse on both TP

versions than did controls, with no behavioral impairment seen on the control elemental

versions. Behavioral data were not saved for one control participant during training, thus

behavioral analyses for number of trials to reach criterion was performed on 13 patients and

12 controls.

Number of trials to reach criterion varied as a function of both Task, F(1,23) = 13.35, p = .

001, and Group, F(1,23) = 4.74, p = .040, with a trend for Group × Task, F(1,23) = 3.37, p

= .080 (see Figure 2a). Both groups required more trials to reach criterion for the TP

versions than for the elemental versions. Patients tended to require more trials to reach

criterion than controls did for both the verbal, t(1,23) = -1.96, p = .062, and nonverbal,

t(1,23) = -2.06, p = .051, TP versions, with no differences found for the verbal and

nonverbal versions of the elemental task. No effects involving Version reached significance.
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Percent correct during the MEG session showed effects for Task, F(1,24) = 12.80, p = .002,

Group, F(1,24) = 5.97, p = .023, and Group × Task, F(1,24) = 4.71, p = .040. As expected,

patients performed worse (lower percent correct) during the MEG session than did controls

for the verbal, t(1,24) = 1.94, p = .065, and nonverbal, t(1,24) = 2.12, p = .044, TP versions,

with no differences found for the verbal and nonverbal elemental versions (see Figure 2b).

No effects involving Version reached significance. Therefore, as predicted, patients had a

behavioral deficit on both TP versions.

(3.1.2) Questionnaire data—Two control participants did not receive the questionnaire,

so their data could not be included in the following comparisons. Using a chi-square analysis

for each task, there were no differences in the number of patients vs. controls who could

correctly self-report all three stimulus relationships (nonverbal TP: Patients = 11, Controls =

10; verbal TP: Patients = 11, Controls = 11; nonverbal elemental: Patients = 12, Controls =

11; verbal elemental: Patients = 11, Controls = 11). Participants were asked to rank all four

tasks in difficulty, with 1 being the easiest and 4 being the most difficult. A Group × Task ×

Version ANOVA examined these self-report ratings. The TP task versions were reported to

be more difficult to perform than were the elemental task versions, F(1,22) = 13.88, p = .

001, and the verbal versions of both tasks were described as more difficult than the

nonverbal versions, F(1,22) = 4.49, p = .046. Importantly, there was no group difference in

reported task difficulty nor any interactions. Finally, participants reported whether they

named each of the stimuli. This was examined using a chi-square analysis for each task.

More controls were found to name at least one stimulus per task than did patients for the

nonverbal TP (Patients = 9, Controls = 11; χ2(1) = 4.06, p = .044) and the nonverbal

elemental task (Patients = 5, Controls = 9; χ2(1) = 4.61, p = .032), but no differences were

found for the verbal TP (Patients = 9, Controls = 6) and elemental (Patients = 8, Controls =

6) tasks.

(3.2) Nonhippocampal Activation

During the verbal and nonverbal TP and elemental tasks, early-latency sLORETA sources

localized to primary visual cortices in both groups, as expected. In addition, activation was

detected in secondary visual cortical areas and in the ventral and dorsal streams involved in

processing visual information. Group differences in this activation were not examined, and

these neural sources will be not considered further here.

(3.3) Hippocampal Activation

(3.3.1) TP versions—Hippocampal activation was examined from 50 to 700 ms after

stimulus presentation. If more than one hippocampal source based on location in each

subject's structural MRI was found in the same hemisphere, waveforms were examined to

determine whether they were similar in shape. In all of these cases, the waveforms were

considered similar, so the hippocampal source that showed sLORETA activation closest to

400 ms was chosen for latency and strength analyses. This 400 ms latency was chosen based

on hippocampal activation latency found during the TP task (Hanlon et al., 2005), an N400

component recorded from depth electrodes in both right and left hippocampi during

declarative recognition memory tasks (Halgren et al., 1994), and an MEG M400 component

that has been shown to localize to the mesial temporal area, as well as superior temporal and
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inferior parietal areas, during auditory processing tasks (Nishitani et al., 1998, 1999). Table

1 lists the number of participants who showed right, bilateral, and left hippocampal

activation for each of the tasks. Goodness-of-fit was examined for each hippocampal source

using a variance measure related to signal-to-noise transformed data from the CDR dipole

analysis done in CURRY. Both groups were determined to have goodness-of-fit for

hippocampal sources above 77%. Figure 3 displays hippocampal activation found with

sLORETA for one control and one patient during TP versions. Some participants showed a

double peak within their hippocampal waveform. We investigated whether there was a

group difference in the occurrence of this double peak. Four of nine controls and three of

eleven patients showed a double peak in their left hippocampus during verbal TP. Four of

nine controls and three of six patients showed a double peak in their right hippocampus

during nonverbal TP.

As was done in the Hanlon et al. (2005) study, in order to examine group differences in the

lateralization of the hippocampal source, two continuous asymmetry scores were computed

based on left- and right-source strength and latency (see Statistical Analyses section).

Illustrated in Figure 4, ANOVA yielded Version effects (source strength score: F(1,20) =

8.94, p = .007; latency score: F(1,20) = 4.58, p = .045) and Group × Version interactions

(source strength score: F(1,20) = 8.38, p = .009; latency score: F(1,20) = 5.73, p = .027),

with no overall Group effect. Control participants exhibiting a mean positive (right-

lateralized) value for both source strength and latency laterality indices for the nonverbal TP

version vs. a mean negative (left-lateralized) value for both source strength (t(9) = -3.26, p

= .010) and latency laterality indices (t(9) = -2.28, p = .049) for the verbal TP version (see

Table 2). In contrast, patients did not show this difference in laterality scores for either

verbal or nonverbal TP versions. They exhibited negative (left-lateralized) values for both

versions.

There were no group differences found for latency or source strength of hippocampal

sources in the right or left hemisphere for either the verbal or nonverbal TP versions (see

Table 3 for mean values). Thus, importantly, other group effects were not due to patients

having smaller sources and thus worse signal-to-noise ratios.

Group averaged waveforms for each hemisphere were created for each TP version in order

to further examine lateralized hippocampal response patterns. Figure 5 illustrates these

averaged waveforms. For the nonverbal TP task, control participants showed a sustained

response between 430 and 500 ms in the right hippocampus, which was not found in the left

hippocampus, or in either hippocampi in patients. In contrast, for the verbal TP task, control

participants showed a response, peaking around 488 ms, in the left hippocampus, which was

not found in the right hippocampus, or in either hippocampi in patients. These waveforms

clearly exhibit a lateralized hippocampal response pattern that differs by group and TP

version.

(3.3.2) Elemental versions—Table 1 lists the number of controls and patients who

showed right, bilateral, and left hippocampal activation for the verbal and nonverbal

elemental versions. Both groups were determined to have goodness-of-fit values for

hippocampal sources above 78%. ANOVA on asymmetry scores yielded no effects for
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Group (source strength score: F(1,18) = 1.05, p = .319; latency score: F(1,18) = 0.27, p = .

607), Version (source strength score: F(1,18) = 0.84, p = .372; latency score: F(1,18) = 1.66,

p = .214), or the Group × Version interaction (source strength score: F(1,18) = 2.87, p = .

107; latency score: F(1,18) = 0.87, p = .363). Table 2 lists mean values for each laterality

score. Examining right and left hippocampal source strength and latency, resulted in only

one significant group difference. For the nonverbal elemental task, patients were found to

have earlier left hippocampal activation than controls, t(16) = 2.71, p = .015 (see Table 3 for

mean values).

(3.4) Prefrontal Cortex Activation

(3.4.1) TP versions—Table 4 lists the number of controls and patients who showed right,

bilateral, and left PFC activation (Brodmann's Areas 9, 10, 46) for the verbal and nonverbal

TP versions. Both groups were determined to have goodness-of-fit values above 61%.

Asymmetry scores were computed. A Group effect for the latency laterality score, F(1,13) =

5.71, p = .033, reflected patients having more leftward lateralization during TP than

controls, who were right-lateralized (see Table 5 for mean values). This was also seen in a

marginal Group effect obtained for the source strength laterality score, F(1,13) = 3.72, p = .

076. This effect did not vary with task version (Group × Version: laterality score, F(1,13) =

0.38, p = .551; strength score, F(1,13) = 0.14, p = .715). There was no overall Version effect

for either latency, F(1,13) = 0.29, p = .603, or strength, F(1,13) = 0.26, p = .617. Thus,

patients exhibited more left PFC activation for both TP versions than controls did, with

controls showing more right than left PFC activation. Figure 6 displays PFC activation

found with sLORETA for one control and one patient during the verbal and nonverbal TP

versions.

Examining right and left hemisphere PFC source strength and latency (see Table 6 for mean

values) during TP resulted in only one group difference: during nonverbal TP, the left

hemisphere PFC source was stronger in controls than patients, t(11) = 3.19, p = .009.

However, there were only four controls showing this activation compared to nine patients.

(3.4.2) Elemental versions—Table 4 lists the number of controls and patients who

showed right, bilateral, and left PFC activation for the verbal and nonverbal elemental

versions. Both groups were determined to have goodness-of-fit values above 72%. ANOVA

on asymmetry scores yielded no significant effects for Group (source strength score: F(1,14)

= 0.71, p = .414; latency score: F(1,14) = 1.09, p = .314), Version (source strength score:

F(1,14) = 0.01, p = .943; latency score: F(1,14) = 0.23, p = .640), or the Group × Version

interaction (source strength score: F(1,14) = 0.80, p = .386; latency score: F(1,14) = 1.26, p

= .280). Table 5 lists mean values for each laterality score. Analyses for right and left

hemisphere PFC source strength and latency resulted in no group differences for source

strength and latency.

(4) Discussion

Schizophrenia patients exhibited predicted deficits in hippocampal-dependent behavior and

lateralization of activation in this study. Patients took more trials to learn and performed

worse during the MEG scan on the verbal and nonverbal TP versions, yet did not show a
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decrement in performance on the verbal and nonverbal versions of the non-hippocampal-

dependent elemental task. This is a replication of the Hanlon et al. (2005) nonverbal TP

results, with the extension of the deficit to verbal TP. In addition, patients exhibited less

lateralized hippocampal activation than did control participants during TP. Based on a

laterality score computed from each participant's hippocampal source strength and latency

during both versions of the TP task, control participants showed right hippocampal

activation during nonverbal TP (replicating Hanlon et al., 2005) and left hippocampal

activation during verbal TP (the first test of this). This lateralized hippocampal activation

was not seen in patients, who instead showed more bilateral or left hippocampal activation

for both TP versions. In addition to lateralized hippocampal activation, PFC activation was

observed, in line with other neuroimaging studies using the TP task (Meltzer et al., 2008;

Moses et al., 2009). Overall, present results demonstrate the capacity to discriminate right

and left hippocampal function via MEG and confirm a bilateral hippocampal-dependent

behavioral and activation deficit in schizophrenia.

Unlike in the rat literature, which describes a non-hemispheric specialization for place

learning (Kolb et al., 1984; Port et al., 2000), in humans the right hippocampus is thought to

specialize in visuo-spatial ability (Burgess et al., 2002; Smith and Milner, 1981, 1989) and

the left hippocampus in either verbal/narrative or episodic memory (Burgess et al., 2002;

Frisk and Milner, 1990). Assessing three-dimensional allocentric visuo-spatial ability in

humans has been accomplished with virtual spatial environments that require self-motion

during the collection of neuroimaging data. Using positron emission tomography to examine

rCBF changes, Maguire and colleagues conducted a series of studies of navigation through a

virtual-reality town, finding both hippocampi activated during spatial navigation in controls,

although only right hippocampal activation was associated with accurate navigation (Hartley

et al., 2003; Maguire et al., 1996b, 1998). In contrast, verbal memory as a broad ability has

been assessed in patients with unilateral mesial temporal lobe damage in different ways, e.g.,

recall of story content (Milner, 1958; Frisk and Milner, 1990; Sawrie et al., 2001), paired

associative learning (Saling et al., 1993), acquisition, retrieval, and recognition memory for

words (Baxendale, 1997; Martin et al., 2002). In those studies it was the left hemisphere, not

the right, associated with a deficit. Using fMRI, Stark and Squire (2000) found left

hippocampal activity during word recognition and bilateral activity during object

recognition. This lateralization has also been found in other neuroimaging memory encoding

studies (Kelly et al., 1998; Wagner et al., 1998).

Burgess et al. (2002) proposed that the left hippocampus is needed for episodic or

autobiographical memory set in time and space, and they regarded verbal involvement as not

essential for left hippocampal reliance. Thus, Spiers et al. (2001) investigated unilateral

temporal lobectomy patients’ visuo-spatial and episodic memory using a virtual-reality town

to assess lateralized hippocampal function. Patients with right temporal lobectomy were

impaired on the navigational measures compared to controls, and patients with left temporal

lobectomy exhibited a deficit for the episodic memory measures. This study illustrates a

lateralized deficit for each task and dissociates the two hippocampi. However, the episodic

memory test may rely more on verbal material than the spatial memory test. This difference

could be due merely to both tasks relying on relations of cues, with the spatial relying more

on nonverbal cues and the episodic portion more on verbal cues. In fact there is some
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evidence that patients with unilateral hippocampal damage manifest allocentric spatial

deficits, regardless of the hemisphere of damage (Astur et al., 2002; Maguire et al., 1996a)

and that episodic memory function does not always lateralize to one hippocampus (Ryan et

al., 2001; Viskontas et al., 2000). Therefore, it is possible that the relational/configural

aspect needed to perform spatial and episodic memory tasks is the important hippocampal-

dependent aspect and that the use of relationships between nonverbal cues vs. verbal cues

would reveal hippocampal lateralization rather than the visuo-spatial vs. episodic distinction.

Results from the Hanlon et al. (2003, 2005) studies and the present study support this idea,

finding right hippocampal activation during a nonverbal relational TP version and left

hippocampal activation during a verbal relational TP version in controls.

Unlike controls’ lateralization of hippocampal activation, patients activated left

hippocampus for both verbal and nonverbal TP. This result can be interpreted as the left

hippocampus trying to compensate for a right hippocampal deficit, using a verbal strategy,

although inefficiently, and the right hippocampus unable to do the same for the left deficit.

Another possible explanation is that the left hippocampus is over-active in schizophrenia.

This explanation is interesting in light of the PFC activation pattern seen here, with patients

seeming to activate the left PFC during both TP versions, in contrast to controls activating

the right PFC. Thus, patients are exhibiting signs of hyperactivation of both PFC and

hippocampus in the left hemisphere.

Taking advantage of the temporal resolution of MEG, the latency of hippocampal activation

found with the sLORETA analysis was examined as a function of groups and tasks. There

were no differences seen in hippocampal source latency. However, when the waveforms

were examined by averaging across participants for each hemisphere by group, there was a

clear response difference between groups and TP task versions (Figure 5). There is one

waveform with a pattern that stood apart from the rest for each version of TP, the controls’

right hippocampus for the nonverbal TP task and the controls’ left hippocampus for the

verbal TP task, both occurring around 400 to 500 ms after stimulus onset. This response

pattern was not found in the contralateral hippocampus, nor was it found in patients for

either hemisphere or TP version. Although there were no latency differences for the

hippocampal source, these waveforms clearly exhibit a lateralized hippocampal response

pattern that differs by group and TP version.

Although elemental tasks are not dependent on the hippocampus according to rat (Alvarado

and Rudy, 1995a; Driscoll et al., 2005) and human hippocampal lesion studies (Rickard and

Grafman, 1998; Rickard et al., 2006), hippocampal activation was still found during the

performance of the task by both controls and patients. This was the case in the Hanlon et al.

(2005) study as well. As others have discussed (Buckner et al., 2008; Moses and Ryan,

2006; Stark and Squire, 2001; Tesche and Karhu, 2000), neuroimaging-assessed activation

of the hippocampus during a task does not necessarily imply that the structure is essential for

the performance of that specific task. Moses and Ryan (2006) point out that hippocampal

activation may be found for different modes of processing, as its function is to produce

relational representations, even if doing so is not required for task performance (Cohen and

Eichenbaum, 1993). Thus, finding hippocampal activation during the elemental task does

not mean that this activation is required for performance. In addition, present findings of a
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lack of lateralization of hippocampal activation during the elemental task suggest a

difference in the hippocampal activation pattern seen during the elemental and TP tasks.

Future studies would benefit from a comparison of verbal and nonverbal TP task

performance with clinical symptoms, everyday functional abilities, and neuropsychological

performance on tests of visuo-spatial and episodic memory. Another issue is that the present

sample size, as well as that in Hanlon et al. (2005), has been sufficient in power to examine

behavioral performance and lateralization, but a larger sample size is needed to fully

describe and explore group and TP version differences in hippocampal source strength and

latency between hemispheres. Lastly, there is potential for this paradigm to be used to

investigate issues of PFC and hippocampal connectivity in schizophrenia, as the task

activates both structures, relying on working and relational memory integration.

(5) Conclusions

Present results suggest that by using a selective hippocampal task like TP and varying its

verbal reliance, noninvasive neuroimaging can dissociate the function of the two

hippocampi on a group basis. This assessment of lateralized hippocampal function has

provided evidence supporting bilateral hippocampal impairment in schizophrenia. This

finding illustrates the potential usefulness this technique could have for evaluating

lateralized hippocampal function in other clinical populations.

Acknowledgments

This research was supported by awards from the Mind Research Network (MRN) to FMH and CDT. In addition,
support was received from the University of New Mexico School of Medicine Research Allocation Committee
(RAC) to FMH and the NCRR Center on Neural Mechanisms of Schizophrenia, COBRE Grant No. P20
RR021938. The authors wish to thank John Lauriello, Tara Biehl, Erica Snider, Kathleen Kelly, and Richard Bantz
for their recruitment and scheduling efforts.

References

Alvarado MC, Bachevalier J. Selective neurotoxic damage to the hippocampal formation impairs
performance of the transverse patterning and location memory tasks in rhesus macaques.
Hippocampus. 2005; 15:118–131. [PubMed: 15390158]

Alvarado MC, Rudy JW. Rats with damage to the hippocampal-formation are impaired on the
transverse-patterning problem but not on elemental discriminations. Behav. Neurosci. 1995a;
109:204–211. [PubMed: 7619311]

Alvarado MC, Rudy JW. A comparison of kainic acid plus colchicine and ibotenic acid-induced
hippocampal formation damage on four configural tasks in rats. Behav. Neurosci. 1995b; 109:1052–
1062. [PubMed: 8748956]

Alvarado MC, Wright AA, Bachevalier J. Object and spatial relational memory in adult rhesus
monkeys is impaired by neonatal lesions of the hippocampal formation but not the amygdaloid
complex. Hippocampus. 2002; 12:421–433. [PubMed: 12201627]

Astur RS, Taylor LB, Mamelak AN, Philpott L, Sutherland RJ. Humans with hippocampal damage
display severe spatial memory impairments in a virtual Morris water task. Behav. Brain Res. 2002;
132:77–84. [PubMed: 11853860]

Baddeley, AD. Working Memory. Oxford University Press; London: 1986.

Baddeley AD. Working memory: looking back and looking forward. Nat. Rev. Neurosci. 2003; 4:829–
839. [PubMed: 14523382]

Hanlon et al. Page 13

Neuroimage. Author manuscript; available in PMC 2014 June 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Baxendale SA. The role of the hippocampus in recognition memory. Neuropsychologia. 1997; 35:591–
598. [PubMed: 9153021]

Buckner RL, Andrews-Hanna JR, Schacter DL. The brain's default network; anatomy, function, and
relevance to disease. Ann. N. Y. Acad. Sci. 2008; 1124:1–38. [PubMed: 18400922]

Burgess N, Maguire EA, O'Keefe J. The human hippocampus and spatial and episodic memory.
Neuron. 2002; 35:625–641. [PubMed: 12194864]

Chapman LJ, Chapman JP. Problems in the measurement of cognitive deficit. Psychol. Bull. 1973;
79:380–385. [PubMed: 4707457]

Chapman LJ, Chapman JP. Commentary on two articles concerning generalized and specific cognitive
deficits. J. Abnorm. Psychol. 2001; 110:31–39. [PubMed: 11261396]

Cirillo MA, Seidman LJ. Verbal declarative memory dysfunction in schizophrenia: From clinical
assessment to genetics and brain mechanisms. Neuropsychol. Rev. 2003; 13:43–77. [PubMed:
12887039]

Cohen, NJ.; Eichenbaum, H. Memory, Amnesia, and the Hippocampal System. MIT Press;
Cambridge, MA: 1993.

Coleman MJ, Titone D, Krastoshevsky O, Krause V, Huang Z, Mendell NR, Eichenbaum H, Levy DL.
Reinforcement ambiguity and novelty do not account for transitive inference deficits in
schizophrenia. Schizophr. Bull. 2010; 36:1187–1200. [PubMed: 19460878]

Congedo M. Subspace projection filters for real-time brain electromagnetic imaging. IEEE Trans.
Biomed. Eng. 2006; 53:1624–1634. [PubMed: 16916097]

Crow TJ. Schizophrenia as failure of hemispheric dominance for language. Trends Neurosci. 1997;
20:339–343. [PubMed: 9246721]

Davidson RJ, Chapman JP, Chapman LJ, Henriques JB. Asymmetrical brain electrical activity
discriminates between psychometrically-matched verbal and spatial cognitive tasks.
Psychophysiology. 1990; 27:528–543. [PubMed: 2274616]

Diana RA, Yonelinas AP, Ranganath C. Imaging recollection and familiarity in the medial temporal
lobe: a three-component model. Trends Cogni. Sci. 2007; 11:379–386.

Driscoll I, Howard SR, Prusky GT, Rudy JW, Sutherland RJ. Seahorse wins all races: Hippocampus
participates in both linear and non-linear visual discrimination learning. Behav. Brain Res. 2005;
164:29–35. [PubMed: 16024101]

First, MB.; Spitzer, RL.; Gibbon, M.; Williams, JBW. Structured Clinical Interview for DSM-IV Axis
I Disorders (SCID), Clinician Version. American Psychiatric Press; Washington, D.C.: 1996.

Frisk V, Milner B. The role of the left hippocampal region in the acquisition and retention of story
content. Neuropsychologia. 1990; 28:349–359. [PubMed: 2111523]

Goldman-Rakic PS. Working memory dysfunction in schizophrenia. J. Neuropsychiatry Clin.
Neurosci. 1994; 6:348–357. [PubMed: 7841806]

Halgren E, Baudena P, Heit G, Clarke M, Marinkovic K. Spatio-temporal stages in face and word
processing. I. Depth-potentials in the human occipital, temporal, and parietal lobes. J. Physiol.
Paris. 1994; 88:1–50. [PubMed: 8019524]

Hanlon FM, Weisend MP, Hamilton DA, Jones AP, Thoma RJ, Huang MX, Martin K, Yeo RA, Miller
GA, Cañive JM. Impairment on the hippocampal-dependent virtual Morris water task in
schizophrenia. Schizophr. Res. 2006; 87:67–80. [PubMed: 16844347]

Hanlon FM, Weisend MP, Huang MX, Lee RR, Moses SN, Paulson KM, Thoma RJ, Miller GA,
Cañive JM. A non-invasive method for observing hippocampal function:
Magnetoencephalography during transverse patterning. NeuroReport. 2003; 14:1957–1960.
[PubMed: 14561928]

Hanlon FM, Weisend MP, Yeo RA, Huang MX, Lee RR, Thoma RJ, Moses SN, Paulson KM, Miller
GA, Cañive JM. A specific test of hippocampal deficit in schizophrenia. Behav. Neurosci. 2005;
119:863–875. [PubMed: 16187815]

Harrison PJ. The hippocampus in schizophrenia: a review of the neuropathological evidence and its
pathophysiological implications. Psychopharmacology. 2004; 174:151–162. [PubMed: 15205886]

Hartley T, Maguire EA, Spiers HJ, Burgess N. The well-worn route and the path less traveled: Distinct
neural bases of route following and wayfinding in humans. Neuron. 2003; 37:877–888. [PubMed:
12628177]

Hanlon et al. Page 14

Neuroimage. Author manuscript; available in PMC 2014 June 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Kolb B, Mackintosh A, Whishaw IQ, Sutherland RJ. Evidence for anatomical but not functional
asymmetry in the hemidecorticate rat. Behav. Neurosci. 1984; 98:44–58. [PubMed: 6538091]

Maguire EA, Burgess N, Donnett JG, Frackowiak RSJ, Frith CD, O'Keefe J. Knowing where and
getting there: a human navigation network. Science. 1998; 280:921–924. [PubMed: 9572740]

Maguire EA, Burke T, Phillips J, Staunton H. Topographical disorientation following unilateral
temporal-lobe lesions in humans. Neuropsychologia. 1996a; 34:993–1001. [PubMed: 8843066]

Maguire EA, Frackowiak RSJ, Frith CD. Learning to find your way: a role for the human
hippocampal-formation. Proc. R. Soc. Lond. B. Biol. Sci. 1996b; 263:1745–1750.

Martin RC, Kretzmer T, Palmer C, Sawrie S, Knowlton R, Faught E, Morawetz R, Kuzniecky R. Risk
to verbal memory following anterior temporal lobectomy in patients with severe left-sided
hippocampal sclerosis. Arch. Neurol. 2002; 59:1895–1901. [PubMed: 12470177]

Meltzer JA, Negishi M, Constable RT. Biphasic hemodynamic responses influence deactivation and
may mask activation in block-design fMRI paradigms. Hum. Brain Mapp. 2008; 4:385–399.
[PubMed: 17450579]

Milner B. Psychological defects produced by temporal-lobe excision. Res. Publ. Assoc. Res. Nerv.
Ment. Dis. 1958; 36:244–257. [PubMed: 13527787]

Moses SN, Ostreicher ML, Rosenbaum RS, Ryan JD. Successful transverse patterning in amnesia
using semantic knowledge. Hippocampus. 2008; 18:121–124. [PubMed: 17960648]

Moses SN, Ryan JD. A comparison and evaluation of the predictions of relational and conjunctive
accounts of hippocampal function. Hippocampus. 2006; 16:43–65. [PubMed: 16270317]

Moses SN, Ryan JD, Bardouille T, Kovacevic N, Hanlon FM, McIntosh AR. Semantic information
alters neural activation during transverse patterning performance. NeuroImage. 2009; 46:863–873.
[PubMed: 19281852]

Nishitani N, Ikeda A, Nagamine T, Honda M, Mikuni N, Taki W, Kimura J, Shibasaki H. The role of
the hippocampus in auditory processing studied by event-related electric potentials and magnetic
fields in epilepsy patients before and after temporal lobectomy. Brain. 1999; 122:687–707.
[PubMed: 10219782]

Nishitani N, Nagamine T, Fujiwara N, Yazawa S, Shibasaki H. Cortical-hippocampal auditory
processing identified by magnetoencephalography. Cogn. Neurosci. 1998; 10:231–47.

Öngür D, Cullen TJ, Wolf DH, Rohan M, Barreira P, Zalesak M, Heckers S. The neural basis of
relational memory deficits in schizophrenia. Arch. Gen. Psychiatry. 2006; 63:356–365. [PubMed:
16585464]

Pascual-Marqui RD. Standardized low-resolution brain electromagnetic tomography (sLORETA):
technical details. Methods Find. Exp. Clin. Pharmacol. 2002; 24(Suppl D):5–12.

Petty RG. Structural asymmetries of the human brain and their disturbance in schizophrenia.
Schizophr. Bull. 1999; 25:121–139. [PubMed: 10098917]

Port RL, Finamore TL, Noble MM, Seybold KS. Unilateral hippocampal damage impairs spatial
cognition in rats. Int. J. Dev. Neurosci. 2000; 103:25–32.

Reed JM, Squire LR. Impaired transverse patterning in human amnesia is a special case of impaired
memory for two-choice discrimination tasks. Behav. Neurosci. 1999; 113:3–9. [PubMed:
10197901]

Rickard TC, Grafman J. Losing their configural mind. Amnesic patients fail on transverse patterning.
J. Cogn. Neurosci. 1998; 10:509–524. [PubMed: 9712680]

Rickard TC, Verfaellie M, Grafman J. Transverse patterning and human amnesia. J. Cogn. Neurosci.
2006; 18:1723–1733. [PubMed: 17014376]

Rondi-Reig L, Libbey M, Eichenbaum H, Tonegawa S. CA1-specific N-methyl-D-aspartate receptor
knockout mice are deficient in solving a nonspatial transverse patterning task. Proc. Natl. Acad.
Sci. U. S. A. 2001; 98:3543–3548. [PubMed: 11248114]

Rowland LM, Griego JA, Spieker EA, Cortex CR, Holcomb H. Neural changes associated with
relational learning in schizophrenia. Schizophr. Bull. 2010; 36:496–503. [PubMed: 20418447]

Rudy JW, Sutherland RJ. Configural association theory and the hippocampal formation: an appraisal
and reconfiguration. Hippocampus. 1995; 5:375–389. [PubMed: 8773252]

Hanlon et al. Page 15

Neuroimage. Author manuscript; available in PMC 2014 June 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Ryan L, Nadel L, Keil K, Putnam K, Schnyer D, Trouard T, Moscovitch M. Hippocampal complex
and retrieval of recent and very remote autobiographical memories: evidence from functional
magnetic resonance imaging in neurologically intact people. Hippocampus. 2001; 11:707–714.
[PubMed: 11811665]

Saling MM, Berkovic SF, O'Shea MF, Kalnins RM, Darby DG, Bladin PF. Lateralization of verbal
memory and unilateral hippocampal sclerosis: evidence of task-specific effects. J. Clin. Exp.
Neuropsychol. 1993; 15:608–618. [PubMed: 8354712]

Saykin AJ, Gur RC, Gur RE, Mozley PD, Mozley LH, Resnick SM, Kester DB, Stafiniak P.
Neuropsychological function in schizophrenia: Selective impairment in memory and learning.
Arch. Gen. Psychiatry. 1991; 48:618–624. [PubMed: 2069492]

Saykin AJ, Shtasel DL, Gur RE, Kester DB, Mozley LH, Stafiniak P, Gur RC. Neuropsychological
deficits in neuroleptic naïve patients with first-episode schizophrenia. Arch. Gen. Psychiatry.
1994; 51:124–131. [PubMed: 7905258]

Sawrie SM, Martin RC, Gilliam F, Knowlton R, Faught E, Kuzniecky R. Verbal rentention lateralizes
patients with unilateral temporal lobe epilepsy and bilateral hippocampal atrophy. Epilepsia. 2001;
42:651–659. [PubMed: 11380574]

Shenton ME, Dickey CC, Frumin M, McCarley RW. A review of MRI findings in schizophrenia.
Schizophr. Res. 2001; 49:1–52. [PubMed: 11343862]

Smith ML, Milner B. The role of the right hippocampus in the recall of spatial location.
Neuropsychologia. 1981; 19:781–793. [PubMed: 7329524]

Smith ML, Milner B. Right hippocampal impairment in the recall of spatial location: encoding deficit
or rapid forgetting? Neuropsychologia. 1989; 27:71–81. [PubMed: 2496329]

Sommer I, Ramsey N, Kahn R, Aleman A, Bouma A. Handedness, language lateralization and
anatomical asymmetry in schizophrenia: meta-analysis. Br. J. Psychiatry. 2001; 178:344–351.
[PubMed: 11282814]

Spiers HJ, Burgess N, Maguire EA, Baxendale SA, Hartley T, Thompson P, O'Keefe J. Unilateral
temporal lobectomy patients show lateralized topographical and episodic memory deficit in a
virtual town. Brain. 2001; 124:2476–2489. [PubMed: 11701601]

Stark CEL, Squire LR. Functional magnetic resonance imaging (fMRI) activity in the hippocampal
region during recognition memory. J. Neurosci. 2000; 20:7776–7781. [PubMed: 11027241]

Stark CEL, Squire LR. When zero is not zero: the problem of ambiguous baseline conditions in fMRI.
Proc. Natl. Acad. Sci. U. S. A. 2001; 98:12760–12766. [PubMed: 11592989]

Tesche CD, Karhu J. Theta oscillation index human hippocampal activation during a working memory
task. Proc. Natl. Acad. Sci. U. S. A. 2000; 97:919–924. [PubMed: 10639180]

Titone D, Ditman T, Holzman PS, Eichenbaum H, Levy DL. Transitive inference in schizophrenia:
Impairments in relational memory organization. Schizophr. Res. 2004; 68:235–247. [PubMed:
15099606]

Viskontas IV, McAndrews MP, Moscovitch M. Remote episodic memory deficits in patients with
unilateral temporal lobe epilepsy and excisions. J. Neurosci. 2000; 20:5853–5857. [PubMed:
10908628]

Wagner M, Fuchs M, Kastner J. Evaluation of sLORETA in the presence of noise and multiple
sources. Brain Topogr. 2004; 16:277–280. [PubMed: 15379227]

Wagner AD, Schacter DL, Rotte M, Koutstaal W, Maril A, Dale AM, Rosen BR, Buckner RL.
Building memories: remembering and forgetting of verbal experiences as predicted by brain
activity. Science. 1998; 281:1188–91. [PubMed: 9712582]

Yeo RA, Gangestad SW, Edgar C, Thoma R. The evolutionary genetic underpinnings of
schizophrenia: the developmental instability model. Schizophr. Res. 1999; 39:197–206. [PubMed:
10507512]

Hanlon et al. Page 16

Neuroimage. Author manuscript; available in PMC 2014 June 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
Stimuli and their relationship to one another for each of the tasks conducted. Each stimulus

was given a letter, for this illustration only, in order to show the relationship between the

pairs, outlined beneath each task. The correct stimulus in each pairing is indicated with a

“+”, and the incorrect stimulus is indicated with a “−”. The striped arrows indicate the

difference between the stimuli relations used in the TP task versions versus those used in the

elemental task versions.
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Figure 2.
TP and elemental task performance for schizophrenia and control participants for (a) number

of trials to reach criterion (18 consecutive trials in a row correct) and (b) mean percent

correct during the MEG session. Error bars indicate SD. Patients took more trials to reach

criterion and performed worse within the MEG compared to controls for the verbal and

nonverbal TP task, but not for the elemental task.
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Figure 3.
Hippocampal activation (shown in color) from the sLORETA analysis is plotted on one

control participant's (top) and one schizophrenia patient's (bottom) MRI. These images show

the most common activation pattern for that group and task. The control showed right

hippocampal activation during nonverbal TP and left hippocampal activation during verbal

TP. The patient showed left hippocampal activation during nonverbal TP and bilateral

hippocampal activation during verbal TP. To the right of the MRIs is the waveform

computed from the current density reconstruction (CDR) dipole analysis for that sLORETA
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region. The vertical red line on the waveform indicates the latency of the hippocampal

activation found (shown on the MRI) from the sLORETA results. The last column on the

right illustrates each dipoles magnetic field contour map at that same latency. The dots

indicate each of the MEG channels, with the top channels located in front of the participant's

head and the bottom channels located in back of the participant's head. The red lines

illustrates where the magnetic field is exiting the brain and the left lines illustrate where the

magnetic field is entering the brain.
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Figure 4.
The hippocampal lateralization score for each of the TP versions for control and

schizophrenia patients calculated using (a) source strength and (b) latency. Both measures

resulted in a significant interaction between task version (verbal and nonverbal) and group

(control and patient).
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Figure 5.
For each version of TP, a) nonverbal and b) verbal, group averaged waveforms are shown

for each hemisphere. For the nonverbal TP task, control participants showed a sustained

response between 400 and 500 ms in the right hippocampus, which was not found in the left

hippocampus, or in either hippocampi in patients. In contrast, for the verbal TP task, control

participants showed a response, peaking around 500 ms, in the left hippocampus, which was

not found in the right hippocampus, or in either hippocampi in patients.
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Figure 6.
PFC activation (shown in color) from the sLORETA analysis is plotted on one control

participant's (top) and one schizophrenia patient's (bottom) MRI. These images show the

most common activation pattern for that group and task. The control showed right PFC

activation during both the nonverbal TP and verbal TP. The patient showed left PFC

activation during both the nonverbal TP and verbal TP. To the right of the MRIs is the

waveform computed from the CDR dipole analysis for that sLORETA location. The vertical

red line on the waveform indicates the latency of the PFC activation found (shown on the

MRI) from the sLORETA results. The last column on the right illustrates each dipoles

magnetic field contour map at that same latency. The dots indicate each of the MEG
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channels, with the top channels located in front of the participant's head and the bottom

channels located in back of the participant's head. The red lines illustrates where the

magnetic field is exiting the brain and the left lines illustrate where the magnetic field is

entering the brain.
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Table 2

Mean Latency and Strength Laterality Scores for Hippocampal Activation

Task Latency Laterality Score Strength Laterality Score

Patients Controls Patients Controls

VTP −0.43 (.62) (N=12) −0.47 (.74) (N=10) −0.31 (.74) (N=12) −0.65 (.65) (N=10)

NVTP −0.47 (.78) (N=12) 0.30 (.82) (N=10) −0.30 (.90) (N=12) 0.35 (.82) (N=10)

VEL 0.12 (.73) (N=10) −0.19 (.74) (N=10) 0.00 (.76) (N=10) −0.62 (.61) (N=10)

NVEL −0.24 (.79) (N=10) −0.24 (.76) (N=10) −0.15 (.86) (N=10) −0.09 (.77) (N=10)

Note. Mean (SD) (N) hippocampal source latency and strength laterality scores (right-hemisphere value minus left-hemisphere value/right-
hemisphere value plus left-hemisphere value) for schizophrenia patients and control participants detected during the verbal (V) and nonverbal (NV)
versions of transverse patterning (TP) and the verbal (V) and nonverbal (NV) versions of the elemental task (EL).
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Table 3

Mean Latency and Strength for Hippocampal Activation

Task Latency Strength

Patients Controls Patients Controls

Right HP VTP 362 (187) (N=7) 512 (91) (N=4) 13 (9) (N=7) 14 (6) (N=4)

NVTP 381 (126) (N=6) 503 (109) (N=9) 38 (37) (N=6) 51 (53) (N=9)

VEL 448 (116) (N=8) 541 (84) (N=7) 29 (31) (N=8) 41 (52) (N=7)

NVEL 357 (128) (N=6) 385 (232) (N=6) 71 (63) (N=6) 70 (90) (N=6)

Left HP VTP 501 (162) (N=11) 499 (101) (N=9) 25 (36) (N=11) 76 (124) (N=9)

NVTP 467 (121) (N=10) 486 (147) (N=6) 23 (23) (N=10) 134 (264) (N=6)

VEL 368 (179) (N=8) 406 (136) (N=12) 44 (63) (N=8) 113 (91) (N=12)

NVEL 355 (116) (N=10) 514 (133) (N=8) 53 (66) (N=10) 63 (39) (N=8)

Note. Mean (SD) (N) right and left hippocampal (HP) source latency (in ms) and strength (in μAmm) for schizophrenia patients and control
participants detected during the verbal (V) and nonverbal (NV) versions of transverse patterning (TP) and the verbal (V) and nonverbal (NV)
versions of the elemental task (EL).
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Table 5

Mean Latency and Strength Laterality Scores for Prefrontal Cortex Activation

Task Latency Laterality Score Strength Laterality Score

Patients Controls Patients Controls

VTP −0.46 (.87) (N=9) 0.16 (.99) (N=6) −0.42 (.90) (N=9) 0.16 (.98) (N=6)

NVTP −0.48 (.87) (N=9) 0.52 (.82) (N=6) −0.37 (.95) (N=9) 0.45 (.88) (N=6)

VEL −0.08 (.93) (N=9) 0.60 (.50) (N=7) −0.14 (.96) (N=9) 0.44 (.72) (N=7)

NVEL 0.11 (1.05) (N=9) 0.12 (.91) (N=7) 0.11 (1.05) (N=9) 0.15 (.93) (N=7)

Note. Mean (SD) (N) prefrontal cortex source latency and strength laterality scores (right-hemisphere value minus left-hemisphere value/right-
hemisphere value plus left-hemisphere value) for schizophrenia patients and control participants detected during the verbal (V) and nonverbal (NV)
versions of transverse patterning (TP) and the verbal (V) and nonverbal (NV) versions of the elemental task (EL).
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Table 6

Mean Latency and Strength for Prefrontal Cortex Activation

Task Latency Strength

Patients Controls Patients Controls

Right PFC VTP 575 (66) (N=3) 536 (91) (N=5) 10 (8) (N=3) 28 (22) (N=5)

NVTP 432 (123) (N=3) 527 (45) (N=6) 30 (34) (N=3) 14 (8) (N=6)

VEL 590 (91) (N=6) 571 (93) (N=7) 9 (5) (N=6) 26 (25) (N=7)

NVEL 569 (153) (N=6) 500 (91) (N=5) 27 (52) (N=6) 32 (12) (N=5)

Left PFC VTP 486 (138) (N=8) 548 (122) (N=5) 23 (29) (N=8) 34 (19) (N=5)

NVTP 569 (115) (N=9) 465 (114) (N=4) 12 (5) (N=9) 20 (4) (N=4)

VEL 544 (91) (N=7) 465 (79) (N=5) 12 (5) (N=7) 31 (25) (N=5)

NVEL 502 (47) (N=4) 576 (70) (N=4) 13 (12) (N=4) 24 (23) (N=4)

Note. Mean (SD) (N) right and left Prefrontal Cortex (PFC) source latency (in ms) and strength (in μAmm) for schizophrenia patients and control
participants detected during the verbal (V) and nonverbal (NV) versions of transverse patterning (TP) and the verbal (V) and nonverbal (NV)
versions of the elemental task (EL).
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