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Intervention-specific patterns of cortical function plasticity 
during auditory encoding in people with schizophrenia

Corby L. Dalea,b,*, Ethan G. Brownc,*, Alexander B Hermana,e,f, Leighton B.N. Hinkleya, 
Karuna Subramaniama, Melissa Fisherb,d, Sophia Vinogradovb,d,*, Srikantan S. 
Nagarajana,e,*

aDepartment of Radiology and Biomedical Imaging, University of California San Francisco

bSan Francisco Veterans’ Affairs Medical Center

cWeill Cornell Medical College

dDepartment of Psychiatry, University of California, San Francisco

eUCB-UCSF Graduate Program in Bioengineering, University of California, Berkeley

fMedical Science Training Program, University of California, San Francisco

Abstract

Schizophrenia is a neurocognitive illness characterized by behavioral and neural impairments in 

both early auditory processing and higher order verbal working memory. Previously we have 

shown intervention-specific cognitive performance improvements with computerized, targeted 

training of auditory processing (AT) when compared to a computer games (CG) control 

intervention that emphasized visual processing. To investigate spatiotemporal changes in patterns 

of neural activity specific to the AT intervention, the current study used magnetoencephalography 

(MEG) imaging to derive induced high gamma band oscillations (HGO) during auditory encoding, 

before and after 50 hours (~10 weeks) of exposure to either the AT or CG intervention. During 

stimulus encoding, AT intervention-specific changes in high gamma activity occurred in left 
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middle frontal and left middle-superior temporal cortices. In contrast, CG intervention-specific 

changes were observed in right medial frontal and supramarginal gyri during stimulus encoding, 

and in bilateral temporal cortices during response preparation. These data reveal that, in 

schizophrenia, intensive exposure to either training of auditory processing or exposure to 

visuospatial activities produces significant but complementary patterns of cortical function 

plasticity within a distributed fronto-temporal network. These results underscore the importance of 

delineating the specific neuroplastic effects of targeted behavioral interventions to ensure desired 

neurophysiological changes and avoid unintended consequences on neural system functioning.

Keywords

Cognitive training; neuroplasticity; magnetoencephalography; linguistic processing

1. INTRODUCTION

Behavioral and imaging evidence indicates that schizophrenia is characterized by 

widespread disturbances in neural systems that subserve auditory processing and verbal 

memory, at both early and late stages of information processing (Umbricht and Krijes, 2005; 

Hirano et al, 2008; Kasai et al, 2002; Dale et al, 2010; Force et al, 2008; Leitman et al, 2005; 

Weiss and Heckers, 2001; Ragland et al, 2004; Kravariti et al, 2009; Mesholam-Gately et al, 

2009). Because these impairments likely stem from abnormal neural operations linking early 

auditory representations with higher-order processes, targeting early auditory processing and 

higher-order auditory working memory operations with cognitive training should improve 

verbal memory in schizophrenia (Adcock et al, 2009; Vinogradov et al, 2012). This type of 

targeted training drives cortical changes and behavioral improvements in verbal learning and 

memory (VLM) as well as general cognition in people at both early and later stages of 

illness (Fisher et al, 2009; 2015; Loewy et al, 2016; Popov et al, 2011; Subramaniam et al, 

2014).

An unexpected finding of these studies, from three independent samples, is that the 

“control” group, experiencing visuospatial computer games, shows a temporary decrease in 

VLM (Fisher et al, 2009; 2015; 2016; Loewy et al, 2016), indicating that this condition has 

its own cognitive effects. We (Fisher et al, 2015; Loewy et al, 2016) have speculated that 

poorer VLM performance after the control condition may be the result of “competitive 

interference”, whereby extended intensive engagement with visuospatial tasks draws away 

from neural resources that process auditory information, or imposes compensatory 

consequences. Competitive interference effects may be pronounced in individuals with 

atypical neural systems, as suggested in both animals (Mao et al, 2011) and humans 

(Bernstein et al, 2014).

It is critically important to understand neural consequences, or learning-dependent plasticity, 

of a specific regimen of intensive behavioral exposure to determine the functional 

implications of different methods of training. This may become especially important as 

cognitive training becomes utilized as a “circuit activation” strategy, producing 

neuromodulation to improve a particular cognitive function (Nienow et al, 2016). 
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Understanding intervention-specific neural response patterns may also provide information 

about underlying pathophysiologic mechanisms that give rise to behavioral patterns 

occurring before and during different treatment methods.

We used magnetoencephalography (MEG) to examine intervention-related differences in 

neural oscillatory activity during an untrained auditory working memory task. We focused 

on high gamma oscillations (HGO) because healthy individuals showed elevated HGO in 

premotor cortex and along superior temporal gyrus (STG) during successful performance on 

this task, as well as better coordination of HGO between Broca’s Area and left planum 

temporale as working memory demands increased (Herman et al, 2013). Further, in this 

patient population, gamma band abnormalities are related to auditory processing fidelity 

(Dale et al, 2016), working memory deficits (Haenschel et al 2009; Senkowski and Gallinat, 

2015) and symptom severity (Ford et al, 2007; Gallinat et al, 2004; Grutzner et al, 2013; 

Spencer et al, 2004).

Participants underwent MEG recording while performing the task both before and after 50 

hours of targeted training of auditory processing (AT) or 50 hours of visuospatial games 

(CG). Because these activities show different patterns of improvement on behavioral tasks 

that index auditory and visual function (Fisher et al, 2009), we expected to observe 

intervention-specific patterns of HGO plasticity: activation of cortical areas underlying 

auditory processing and speech encoding should benefit from AT exposure (e.g. Plakke and 

Romanski, 2014; Binder et al, 1994), but not CG activities that exercise parieto-occipital 

visual systems (e.g. Kravitz et al, 2011).

2. METHODS

2.1 Recruitment

This report is part of a larger clinical trial investigating efficacy of targeted cognitive training 

in patients with schizophrenia (ClinicalTrials.gov, ), and includes a subset of participants 

who were willing and safely able to perform additional tasks during 

magnetoencephalography (MEG) and magnetic resonance imaging (MRI, see also Adcock 

et al, 2009; Dale et al, 2010; 2016; Herman et al, 2013; Hinkley et al, 2010; 2011). 

Chronically ill, clinically stable patients with Axis I diagnosis of schizophrenia (Structured 

Clinical Interview for DSM-IV, First et al, 2002) were recruited from mental health 

treatment centers in the San Francisco Bay Area. Participants were in good general physical 

health, between 18 and 60 years old, had outpatient status for at least 3 months prior to and 

throughout the study; maintained on stable medication (dosage changes less than 10%); and 

endorsed English as their first language. Individuals meeting criterion for substance 

dependence or current substance abuse were excluded from enrollment. Recreational use of 

marijuana and nicotine was not exclusionary, although participants were advised that 

intoxication during training or assessments was not allowed. Full recruitment, medication, 

and clinical assessment details are available in Fisher et al (2009), and summarized for the 

imaging cohort in section 1 of Supplemental Materials. The trial was carried out in 

accordance with The Declaration of Helsinki, and reviewed by the Institutional Review 

Board at the University of California, San Francisco.
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2.2 Neuropsychological assessment and group assignment

After study procedures were explained, participants gave written informed consent and 

underwent initial behavioral and clinical assessments. Measures recommended by the 

Measurement and Treatment Research to Improve Cognition in Schizophrenia were used to 

evaluate cognition (MATRICS, Nuechterlein et al, 2008), including the Hopkins Verbal 

Learning Test-Revised to assess verbal learning and memory (VLM). Symptom severity was 

assessed via Positive and Negative Syndrome Scales (PANSS, Kay et al, 1987). MATRICS 

measures, score transformations, and behavioral results from the larger clinical trial are 

reported elsewhere (Fisher et al, 2009; 2010; 2015).

Patients with schizophrenia were stratified by age, education, gender, and symptom severity, 

then randomized to either AT or CG conditions within the parent trial. AT involved 

computer-based auditory processing exercises focusing on fundamental aspects of language 

comprehension (e.g. changes in frequency, phoneme recognition and memory), embedded 

within a suite of individually-adaptive and increasingly-complex auditory working memory 

and verbal learning tasks, delivered under a frequent reward schedule. Patients in the CG 

group played 16 different visually engaging commercial computer games (e.g., visuospatial 

puzzles, clue-gathering, pinball). Patients completed 50 hours of either AT or CG over an 

approximately 10-week period and, along with assessment personnel, were blind to group 

assignment (c.f. Supplemental materials). Compliance, via completion of the exercises, was 

verified through the software and by study staff who monitored attendance and engagement, 

answered questions participants had about the exercises, and logged their total intervention 

time. Interventions were reported as equally enjoyable in the parent trial (Fisher et al, 2009) 

via the Intrinsic Motivation Inventory (Deci et al, 1994). Effort was equally rewarded via 

attendance-based payment schedules. Additional detail regarding randomization into, and 

delivery of, interventions is found in Supplemental Materials and Fisher et al (2009).

Prior to and after the 10-week intervention period, participants underwent MEG and MRI 

imaging. Of several auditory tasks performed during MEG, we report results from an 

auditory working memory task. Thirty-nine patients (22 AT, 17 CG) completed two sessions 

of MEG and one session of MR imaging. The final sample included 16 AT and 14 CG 

participants, as 9 patients (6 AT, 3 CG) were removed due to poor MEG data quality (c.f. 

section 2.3, Figure S1). Table 1 lists demographic characteristics, medication status, baseline 

VLM and symptom scores for each group.

2.3 MEG Data Acquisition and Processing

A 275-channel sensor array in a magnetically shielded room recorded MEG (Omega 2000, 

CTF Systems Inc./VSM Medtech, Ltd. Port Coquitlam, BC, Canada; c.f. Ahonen et al, 1993; 

Vrba and Robinson, 2001). To correct for distant magnetic field disturbance, 29 reference 

sensors were used to calculate a synthetic third-order gradiometer (Vrba and Robinson, 

2001; Weinberg et al, 1984). MEG was acquired at a 1200Hz sampling rate and 0.001–

300Hz filtering. Radio-emitting coils on nasion, left, and right ears (1 cm anterior to the 

periauricular point in the plane of the nasion) monitored head position relative to the sensor 

array during recording, and served as fiducial landmarks for co-registration to structural 

images. Scans were repeated for any movement greater than 2 cm.
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The auditory working memory probe task consisted of two or four syllables involving 

mixtures of /ba/, /pa/, and /da/, pre-recorded by a female speaker; each lasting 470 msec 

with 50 msec inter-stimulus intervals (Figure 1). Participants were instructed to listen to, 

remember, and verbally repeat the syllables after a visual cue (50 to 150 msec variable 

offset-to-cue delay). A run included 160 trials of 7 s each, with 80 four-phoneme trials 

randomly interleaved with 80 two-phoneme trials. Two staff members listened to responses 

to index correct trials.

Epochs from −1s to 7s relative to first syllable onset were submitted to analyses, including 

markers for stimulus onset, verbal response, and number of phonemes. Epochs were rejected 

with activity greater than 1.5 pT, an incorrect response, or in which the participant spoke 

during stimulus presentation. Participants were included in analyses if more than 70 epochs 

remained after artifact rejection and structural MRI data was available for co-registration.

2.4 Data analysis

2.4.1. MRI acquisition and co-registration with MEG—To enable neural source 

localization, high-resolution anatomical images were acquired from each individual on a 3 

Tesla General Electric Signa LX 15 scanner, utilizing 3D magnetization prepared rapid 

gradient echo MRI (160 1-mm slices; field of view = 260 mm, matrix = 256 × 256, echo 

time = 6 msec, repetition time = 35 msec, flip angle = 30°). T1-weighted images were co-

registered with MEG data via fiducial landmarks, and spatially normalized to the Montreal 

Neurological Institute template (MNI, via SPM2: fil.ion.co.uk/spm2, c.f. Friston et al, 1995). 

A multiple spheres head model was calculated using the position of each sensor relative to 

the volume within CTF software.

2.4.2 MEG source reconstruction—Sources of neural activity oscillating at the high 

gamma frequency band (63–117 Hz) were localized to 5 mm voxel regions across the cortex 

using a time-frequency-optimized spatially adaptive filter implemented in the Neurodynamic 

Utility Toolbox for MEG (NUTMEG: http://bil.ucsf.edu; Dalal et al, 2008; 2011) via the 

shared computing cluster at the California Institute for Quantitative Biomedical Research 

(www.qb3.org). In order to avoid mislocalizations from temporally-correlated auditory 

sources, data from sensors above each hemisphere were analyzed separately in stimulus-

locked analyses.

The contrast utilized to derive voxel-by-voxel neural changes in an individual’s data 

depended on the hypothesis to be tested. Separate time-frequency analyses were performed 

to examine: 1) effect of intervention on neural activity associated with accurate stimulus 

processing and encoding, via stimulus-locked HGO during the first two phonemes, and 2) 

effects of intervention on neural systems associated with retrieval of auditory representations 

and response preparation, via response-locked HGO during the 850 msec preceding each 

correct verbal response. Pseudo F-values reflecting stimulus- or response-locked activity 

indexed levels of induced HGO within each cortical voxel for each participant. These noise-

corrected pseudo-F ratios were assessed in 100 msec windows sliding at 25 msec intervals 

post-stimulus or pre-response, relative to a static 100 msec control period that started 500 

msec prior to first syllable onset.
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2.4.3 Group averaging and statistical analysis of MEG data—The cortical map 

of pseudo-F values was spatially normalized to the MNI template using the same 

normalization parameters as for structural images. Session-related F-values were calculated 

and saved for each participant by comparing pseudo-F values from Session Two to those 

from Session One in within-group analyses. These session-related F-values were then 

submitted to between-group analyses.

Voxel-by-voxel within-group changes and between-group differences were assessed using 

statistical non-parametric methods (SnPM; Singh et al, 2003), whereby three-dimensional 

average and variance maps across subjects were calculated at each time point and smoothed 

with a 20×20×20mm3 Gaussian kernel (Dalal et al, 2008). From this map, pseudo-t statistics 

evaluated the magnitude of the contrast at each voxel and time. Voxel labels were permuted 

to create a T-distribution map for within- and between-group contrasts (2N permutations, N 

= number of subjects, up to 10,000 permutations). Each voxel’s t-value was evaluated using 

2N degrees of freedom to determine the corresponding p-value. To de-emphasize differences 

arising from minor variations in spatial extent or duration of activation, additional criteria 

were used to threshold each voxel. First, a spatial requirement of at least 26 contiguous 

voxels with p<.005 was applied to each voxel. Second, spatially-thresholded clusters of 

voxels were required to persist for two or more 25 msec time windows.

2.4.4 Cluster Identification and Extraction—Clusters of voxels with significant 

between-group difference under spatiotemporal thresholding of p<.005 were identified by 

MNI coordinates and assigned a region label from the SPM template. Within cluster 

boundaries, the voxel with maximum absolute t-value was obtained over time windows 

showing significant activity. This coordinate, with its associated time window and p value, 

was utilized as the cluster focal point in further analyses and reporting of results. Magnitude 

and direction of within-group changes in Session Two relative to Session One at each cluster 

was determined by querying the voxel with maximum absolute t-value in the within-group 

contrast, constrained within 2 cm of the between-group focal point and in its time range.

2.5 Statistical evaluation of behavioral data

Session-related and Group-related changes in task performance and clinical measures were 

assessed using repeated-measures analysis of variance (ANOVA, IBM SPSS Statistics for 

OSX, Version 23.0. Armonk, NY: IBM Corp.).

3. RESULTS

3.1 Effects of intervention on task performance and cognitive measures

Accuracy of syllable repetition during the MEG task was similar across groups and sessions 

(Sessions One and Two, respectively: AT=.76 and .76, n=16; CG=.71 and .76, n=13; 

standard error=.04 for all values). In the larger study from which participants were recruited, 

session-related improvement in General Cognition, Non-verbal working memory, Visual 

Learning and Problem Solving was found regardless of group assignment, with differential 

improvement observed in AT relative to CG in measures of General Cognition and VLM 

(Fisher et al, 2009). The subgroup of MEG participants, however, showed no significant 
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group by session effects in neuropsychological measures, although a trend level interaction 

for VLM mirrored the previously reported effect (Mean change AT=.55, CG=-.29, F[1, 

25]=3.457, p=.075).

3.2 Stimulus-locked changes in high gamma during the task

Location and timing of intervention-related HGO differed between groups for stimulus-

locked data, shown in Figure 2. Six clusters of significant group difference in HGO change 

were revealed during presentation of the first two syllables, presumably reflecting 

differential patterns of cortical plasticity effected by the intervention experience.

After 50 hours of AT, HGO increases in left hemisphere during the first syllable presentation 

and just prior to second syllable offset were observed relative to that of the CG group. In 

contrast, CG showed enhanced HGO in right hemisphere at first syllable onset and well into 

second stimulus presentation. Left and right locations exhibiting intervention-related 

neuroplasticity are largely confined to auditory association cortex within posterior STG, 

middle temporal gyrus (MTG), supramarginal gyrus (SMG), and regions of frontal cortex 

associated with cognitive control and executive function. Table 2 details the location and 

time of each significant cluster displayed in Figure 2.

Within-group t values, reported in the right two columns of Table 2, reveal significant 

between-group clusters arise via asymmetric, and in some cases opposing, patterns of HGO 

change for AT and CG groups. That is, left hemisphere clusters within frontal and temporal 

cortex show within-group elevations of HGO for AT, producing positive t-values, while 

negative t-values were obtained within the CG group, reflecting reductions in HGO post-

intervention. In contrast, right medial frontal cortex decreases in HGO are observed within 

the AT group, while increases appear for CG. In right SMG, at both early and late time 

periods, HGO increases are less robust for AT than for CG groups, though both show 

neuroplasticity between Session One and Session Two. Direct comparison of HGO between 

groups during Session One did not reveal any statistically-significant differences, thus the 

two patient groups had relatively equivalent activity prior to intervention. Regions with 

significant session-related changes in HGO obtained in within-group contrasts, independent 

of focal points obtained from between-group analyses, are listed in Supplementary Tables 1 

(AT) and 2 (CG).

3.3 Response-locked changes in high gamma during the syllable identification task

Figure 3 illustrates intervention-related HGO differences between groups in Session Two 

relative to Session One, for the period prior to the verbal response. Relative to AT, the CG 

group showed greater HGO change between Sessions in locations within both left and right 

hemispheres.

Compared to that of AT, HGO changes in the CG group occurred early in both left and right 

PFC, then left temporal auditory association regions (posterior STG and inferior temporal 

gyrus, ITG), followed by left MFG and right parahippocampus, extending superiorly into 

posterior cingulate. Table 3 provides peak locations and times of these changes in HGO, as 

well as within- group t-values for each cluster.
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Within the AT group, t-values reflecting HGO change in left MFG indicated reductions in, 

or suppression of, HGO in post- relative to pre-training, perhaps because verbal response 

initiation requires less effortful cognitive control or has more efficient spatiotemporal 

activation after experiencing training of auditory processing. Curiously, the AT group 

showed no significant intervention-related changes in left posterior temporal regions during 

response preparation, while CG appears to show elevated HGO in temporal cortex, roughly 

500 msec prior to verbalization, at a lower statistical threshold.

4. DISCUSSION

4.1 Summary of findings

In participants with schizophrenia, we compared intervention-specific patterns of brain 

plasticity via changes in induced neural oscillations within auditory encoding and working 

memory networks. We found that 50 hours of auditory training enhanced HGO during 

auditory stimulus encoding, relative to pre-intervention levels, within a left hemisphere-

dominant, fronto-temporal network known to play a role in auditory processing and speech 

encoding (c.f. Hickock and Poeppel, 2007; Friederici, 2012; Price, 2012); this enhancement 

was not associated with a significant change in task performance and thus not due to 

changes in overall ability to perform the task. In contrast, the equivalent duration of visually-

intensive computer games enhanced HGO during stimulus encoding within regions of right 

hemisphere that are not traditionally involved in language processing, also not due to 

changes in ability to perform the task. Below, we discuss the broader implications of our 

findings on intervention-specific neuroplasticity and the potential for competitive 

interference among auditory and visual networks.

4.2 Intervention-specific cortical neuroplasticity during auditory working memory

Both AT and CG regimens provide engagement with, and emphasis on, different perceptual 

and higher order cognitive processes that promote changes in different cortical systems 

when probed during the auditory working memory task. During stimulus encoding, the AT 

group revealed enhanced HGO in left PFC at 150 msec post-syllable-onset in regions 

encompassing Brodmann’s Areas 9 and 10, suggesting more efficient fronto-temporal 

perceptual control (Miller and Cohen, 2001). Additionally, AT exhibited enhanced HGO in 

left insula during first syllable presentation and, at second syllable termination, within the 

left STG and MTG auditory regions associated with phonological processing (Hickok and 

Poeppel, 2007; Oh et al, 2014; Vigneau et al, 2006). In contrast, the CG group enhanced 

HGO within right hemisphere during auditory stimulus encoding; areas associated with 

visual processing, spatial skills, and cognitive control (Aminoff et al, 2013; Vigneau et al, 

2011). Toward the end of the stimulus encoding period, the CG group revealed relative HGO 

increases in right medial frontal and temporal-parietal regions associated with cognitive 

and/or inhibitory control of perceptual processing (Garavan et al, 1999; Munakata et al, 

2011), with HGO suppression in left hemisphere regions associated with verbal auditory 

representations (Hickok and Poeppel, 2007).

The CG group also showed significant HGO enhancement during response preparation 

relative to the AT group, although with similar task performance, observed across regions 
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associated with both cognitive control (bilateral MFG, Miller and Cohen, 2001) and auditory 

representations (left STG and right ITG: Vigneau et al, 2006; 2011). Additionally, CG 

showed elevated HGO within right parahippocampus and posterior cingulate cortex: areas 

that aid in establishing contextual associations between multimodal stimuli (Aminoff et al, 

2013). Within-group analysis for the AT group during the response period showed HGO 

suppression in left PFC relative to baseline in areas thought to exert control over linguistic 

responses, perhaps due to increased efficiency in earlier stimulus processing.

In sum, comparison of patterns of HGO change suggests that AT participants show early 

differential increases in left STG and PFC activity, consistent with enhanced auditory 

processing and encoding, as well as early cognitive control. In contrast, those experiencing 

the CG condition exhibit right hemisphere activation consistent with relatively later 

engagement of cognitive control, but also later left linguistic enhancement that may indicate 

decreased efficiency in early stimulus processing and later retrieval of auditory 

representations. This decreased efficiency post-intervention potentially explains VLM 

decrements observed in the larger cohort (c.f. Fisher et al, 2009).

4.3 Competitive Interference between verbal and visual systems: Developing informed 
training regimens for schizophrenia

The current study examines neuroplasticity in patients with schizophrenia after experience 

that emphasizes either auditory or visual processing, using a probe task that relies on 

auditory working memory. We found that both “intervention” groups were capable of 

performing the auditory working memory task at similar accuracy levels, showing consistent 

levels of task performance over time, but relied on different cortical mechanisms. The CG 

condition promoted a reliance on bilateral frontal activity related to high-level cognitive 

properties of the task, with later-onset modulation of sensory regions, while the AT 

condition effected a rapid and enhanced sensory response favoring left hemisphere language 

and auditory processing areas.

In AT, enhanced HGO within a left fronto-temporal cortical network subserving auditory 

working memory may be supporting the improvement in verbal memory seen with this type 

of training (ie: Fisher et al, 2009; 2015; 2016; Loewy et al, 2016; Popov et al, 2011; 2012; 

2015). In contrast, those experiencing CG showed plasticity in cortical regions not known 

for verbal processing, thus their successful performance may be due to increased reliance on 

executive and non-sensory processes. Essentially, extensive practice with visuospatial games 

and puzzles produced plasticity during auditory working memory, but in cortical networks 

not typically utilized for verbal processing. These regions are, however, associated with 

spatial and executive functioning, presumably exercised by the CG activities; this is 

generally consistent with increased prefrontal activation observed in fMRI studies of people 

with chronic schizophrenia after a range of learning experiences (Bor et al, 2011; Penades et 

al, 2013). This “compensatory” neural mechanism ultimately produced a similar outcome 

with respect to task performance during auditory working memory.

A large perceptual learning literature indicates that repeated exposure to perceptual 

information carries a high degree of specificity for trained features (Ahissar and Hochstein, 

1997; Fiorentini and Bernardi, 1980; Irvine et al, 2000; c.f. Seitz and Watanabe, 2005 for 
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review), may not transfer across modality (Alais and Cass, 2010), and can alter sensory 

cortex in a feature-specific manner (Schoups et al, 2001; Furmanski et al, 2004; Bao et al, 

2004). However, this specificity depends on the type of training task used (Green et al, 

2015), as cross-modal effects of perceptual training have also been reported: auditory 

information training can improve subsequent visual discrimination (Beer and Watanabe, 

2009) and exposure to visually-presented verbal information alters auditory representations 

within superior temporal gyrus (Bonte et al, 2017). Thus, in some cases, training within one 

sensory modality can drive changes in neural processing within another; changes that are 

sometimes beneficial, and at other times deleterious, for tasks performed in that modality.

These mechanisms may be especially critical to consider when designing training regimens 

for illnesses characterized by inefficient sensory processing. For example, if some forms of 

schizophrenia are characterized by inefficiencies in auditory representational processes, then 

training heavily on visual perceptual and visuospatial processes may: 1) Prove beneficial for 

some by strengthening underlying adaptive visual cognitive processes to help develop 

“work-around” cognitive operations that compensate for impaired auditory and verbal 

processing; or 2) Prove deleterious for others by driving changes in visual systems that 

compete or interfere with already inefficient auditory systems. In the larger cohort from 

which the current participants were drawn, cross-modal interference appears to have been 

unidirectional, as visually-oriented behavioral measures were not significantly reduced in 

the AT group after training, while verbal learning was impaired after the intervention in the 

CG group (Fisher et al, 2009).

4.4 Limitations

Schizophrenia is a heterogeneous illness and although subject groups were matched on 

education, symptom severity, and medication regimens, other between-group differences 

may contribute to variance in cortical processing. While a no-contact chronic schizophrenia 

group could provide a neutral control to inform results specific to intervention versus 

treatment-as-usual, additional confounds related to differential study contact might be 

introduced. Ultimately, the intervention activities were designed for different purposes: AT 

to target and improve cortical underpinnings of auditory processing abilities, and CG to 

minimize reliance on auditory and linguistic processing while maintaining similar levels of 

computer activity and staff contact -- without explicitly targeting visuospatial competencies 

or cortical pathways. It is likely that the primary limitation of this study lies in the 

(unimodal) selection of MEG probe task: the auditory working memory probe task is 

expected to rely on processing pathways supported by AT, yet a similar visuospatial probe 

task was not run to examine the converse situation.

The complex longitudinal study design contributed to significant subject attrition, resulting 

in small sample sizes that limit generalizability of conclusions. Far fewer participants 

consented to additional sessions of MEG and MRI imaging than were in the cohort from 

which original cognitive results were obtained, so current data may be underpowered to 

reveal relationships between intervention-related neural plasticity and change in cognitive 

measures. Prior work has shown that delivery of AT in 18 and 19 patients can promote 

improvement of VLM and/or other cognitive domains examined via standardized 
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instruments (Popov et al, 2011; Popov, et al, 2015), thus the current sample of 17 AT-

assigned patients is likely at the lower end of appropriate sample size for this purpose.

While MEG is ideally suited to examine neural oscillations non-invasively, this modality is 

primarily sensitive to neocortical sources, especially in gyri, with reduced sensitivity to 

deeper midbrain structures. Furthermore, although reconstruction of time-frequency event 

related brain activity from MEG using time-frequency optimized adaptive spatial filtering 

algorithms have high-fidelity in comparison to other non-adaptive reconstruction algorithms, 

they are sensitive to impact from highly correlated brain source activity, noise and forward 

modeling errors.

Finally, the degree that illness duration and medications affect HGO and/or interact with 

exposure to the intervention activities (see Vinogradov et al, 2009 for effects of 

anticholinergic burden and response to cognitive training) are open questions. Chronic SZ 

patients with cumulative illness burden and exposure to antipsychotic treatments show 

different patterns of neural activity/connectivity, and neurotransmitter metabolites than drug-

naïve patients experiencing a first-episode of psychosis (Griffa et al, 2019; Marsman et al, 

2013). Our results do not address neurotransmitter/neuromodulator effects on HGO for AT 

and CG groups after intervention, and it is probable that they do not generalize to young 

patients in the earliest stage of schizophrenia. Multimodal imaging studies that relate 

measures of neural metabolites and HGO across the progression of disease would be an 

informative future direction.

4.5 Broader implications

While many questions remain, the current study shows that intensive engagement with 

computerized activities targeting different functional competencies can drive different 

patterns of cortical neuroplasticity during auditory working memory. This has implications 

for the design of cognitive training interventions; for understanding potential neurocognitive 

effects of recreational activities such as video game playing; and, perhaps, for a deeper 

understanding of complex pathophysiologic processes that contribute to schizophrenia.

Although the current data cannot elaborate on behavioral significance of different training 

regimens for people with schizophrenia at different stages of illness, or the neurotransmitter 

alterations resulting from experience with different regimens of training, it is clear that the 

visuospatial computer games experience produced a distinct pattern of neural change during 

auditory working memory from that seen in auditory training participants: one suggestive of 

less efficient auditory perceptual processing and a higher reliance on cognitive control 

mechanisms. This decreased efficiency may be a mechanism contributing to the poorer 

VLM performance we have previously reported in the computer games condition across 

three different study samples (Fisher et al, 2009; 2015; Loewy et al, 2016).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of the Auditory Working Memory task.
Either two or four syllables (/ba/, /da/, or /pa/, each syllable pair consisting of different 

syllables) of roughly 470 msec each, separated by 50 msec were presented on each trial. 

Figure 1 illustrates stimulus (top) and response (bottom) events using a digitized pattern of 

stimuli and vocalizations for a 4-syllable trial. Participants were instructed to begin a verbal 

response after a visual cue appeared on screen at a variable trial-onset-to-cue delay between 

2050 and 2150 msec, with up to 3 sec to complete a response after the visual cue. Responses 

were collected by microphone, digitized within the MEG dataset in real-time, and evaluated 

by staff for accuracy of syllable repetition.
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Figure 2. Intervention-related differences in HGO change during auditory processing.
The time course of statistically-significant differential activation post-stimulus between the 

groups is depicted along a timeline representing the first 1 sec in the trial (first syllable pair 

of 2-syllable and 4-syllable trials). Red clusters depict elevation of HGO obtained in the AT 

group relative to the CG group, in voxels where positive t-values exceeded the p<.005 

threshold over 26 contiguous voxels and 2 consecutive time windows. Blue clusters 

represent elevation of HGO in the CG relative to AT group using the same significance 

thresholding as above for negative t-values. Cortical renderings represent the time during 

which the absolute maximum t-value for the difference between the two interventions was 

obtained, while duration of statistically-significant differences in HGO is represented via 

length of corresponding brackets along the timeline. Table 2 provides the maximal or 

minimal t-value and its location in MNI coordinates, as well as the specific time window 

designations for each cluster shown.
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Figure 3. Intervention-related differences in HGO change during verbal response preparation.
The time course of significant differential activation between the two intervention groups 

prior to response production is depicted along a timeline representing the 850 msec prior to 

vocalization. Between-group clusters of significant HGO change were found as elevation of 

HGO in the CG relative to AT group (negative t-values), at a spatiotemporal threshold of 

p<.005. Each cortical rendering represents the time during which the absolute maximum t-

value for the difference between the two interventions was obtained, while the duration of 

the statistically-significant HGO difference is represented in length of corresponding 

brackets along the timeline. Table 3 provides the t-values and MNI coordinates for each 

cluster depicted in Figure 3.
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Table 1.
Demographic and clinical profiles for each intervention group.

Gender ratio, age, education and pre-intervention clinical measures for each group are presented, with the 

statistical results of univariate ANOVA testing for group differences on each measure prior to intervention. 

Baseline VLM and PANSS z-scores were converted using age-stratified normative data published by test 

authors (c.f. Fisher et al, 2009). The standard error of the mean for each measure, aside from gender ratio, is 

provided in parentheses.

AT CG t P

Number 16 14

Male:Female 12:4 10:4

Age in years 33.4 (2.7) 40.5 (2.9) −1.8 .08

Education 14.1 (.5) 13.6 (.5) .68 .50

Age at Onset 18.7 (1.2)
a 22.2 (1.2) −2.1 .05

IQ 107.3 (3.6) 107.6 (3.8) −.05 .96

Medication
b 206.5 (57) 331.9 (62) −1.5 .15

Baseline VLM −2.1 (.3) −1.7 (.3) −.75 .46

PANSS-Pos 3.1 (.3) 2.7 (.3) .69 .50

PANSS-Neg 2.7 (.3) 2.3 (.3) 1.2 .24

PANSS-Total 2.5 (.1) 2.4 (.2) .59 .56

a
Age at Onset unavailable for one participant in AT.

b
Medication reported as the group mean (se) in chlorpromazine equivalents.
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Table 2.
Foci of intervention-related difference in HGO change during auditory processing.

The location, time window, duration, and voxel-wise extent of each cluster of intervention-related difference in 

stimulus-locked HGO are shown in Table 2. Voxels surviving the spatiotemporal thresholding at p<.005, 

corresponding to those shown in Figure 2, were tabulated and their associated anatomic labels listed. The 

voxel location and single time window where the absolute maximal t-value was identified in between-group 

analyses are listed in the MNI column, with associated t- and p-values to the right. The two right-most 

columns display the maximum or minimum t-value, as appropriate, obtained from the within-group contrasts 

in a 1.5 cm3 region around the between-group voxel at either a significance level of p<.005 or p<.05.

Regions with Between-group clusters Time Range, msec
a

MNI
b
 (msec

a
) Max t/p # voxels AT t-value CG t-value

Left Middle and Superior Frontal 
Gyri (BA9, BA10) 125 to 175 −35, 60, 15 (150) 4.25/.0002 52 4.26

c
−2.51

d

Left Insula/Putamen 200 to 225 −30, 15, 0 (225) 3.03/.0017 22 2.35
d

−2.71
d

Right Medial Frontal (BA10, BA11) 775 to 950 20, 50, −30 (800) −4.75/.0018 158 −3.38
d

4.13
d

Right Supramarginal Gyrus
25 to 50 55 −45 50 (50) −3.40/.0016 26 2.34

d
5.00

c

925 to end 60 −45 55 (975) −3.93/.0009 43 ns 3.57
d

Left Superior Temporal 950 to end −65, −60, 35 (975) 4.00/.0012 48 3.47
d

−3.65
d

Middle Temporal 950 to end −60, −55, 15 (975) 3.35/.0009 9
2.99

d
−3.28

d

a
Time reported as the start of the relevant 25 msec window.

b
MNI coordinate reported where the absolute maximal t-value occurred in the cluster of active voxels.

c
Within-group t-value is significant at p < .005.

d
Within-group t-value is significant at p < .05.
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Table 3.
Foci of intervention-related difference in HGO change during response preparation.

The location, time window, duration, and voxel-wise extent of each cluster of intervention-related difference in 

response-locked HGO are shown in Table 3. Voxels surviving the spatiotemporal thresholding at p<.005, 

corresponding to those shown in Figure 3, were tabulated and their associated anatomic labels listed. The 

voxel location and single time window where the absolute maximal t-value was identified in between-group 

analyses are listed in the MNI column, with associated t- and p-values to the right. The two right-most 

columns display the maximum or minimum t-value, as appropriate, obtained from the within-group contrasts 

in a 1.5 cm3 region around the between-group voxel at either a significance level of p<.005 or p<.05.

Regions with Between-group clusters Time Range, 

msec
a MNI

b
 (msec

a
) Max t/p # voxel AT t-value CG t-

value

Right and Left Anterior Middle Frontal 
Gyrus (BA46, 11, 10)

−725 to −475 55, 60, −10 (−700) −4.57/.002 122
1.96

c
5.00

c

−700 to −650 −40, 40, −30 (−675) −2.94/.001 24
1.64

d
2.51

d

−125 to end −60, 55, 5 (0) −5.33/.0001 113
−2.25

d
3.39

d

Right Parahippocampus, Cingulate 
(BA30)

−175 to −50 15, −45, 0 (−75) −3.16/.0005 52 ns
2.11

d

Left Posterior Temporal (BA37, 39) −575 to −475 −70, −75, 20 (-500) −5.89/.0004 76 ns
2.76

d

Right Inferior Temporal (BA37) −525 to −500 70, −60, −25 (−525) −3.97/.0004 18
1.68

d
4.01

c

a
Time reported as the start of the relevant 25 msec window.

b
MNI coordinate reported where the absolute maximal t-value occurred in the cluster of active voxels.

c
Within-group t-value is significant at p < .005.

d
Within-group t-value is significant at p < .05.
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