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ABSTRACT 
 
 

The nature of the integration of auditory and motor processes in the brain has 

been a subject of long-standing interest in the cognitive sciences and neuroscience(Price, 

2012). Dysfunction in auditory-motor integration underlies pathology in a wide range of 

disease processes including stroke, stuttering, dyslexia, and neuropsychiatric disorders 

such as schizophrenia. Understanding the functional integration of the neural circuits that 

subserve the different stages of auditory-motor transformation and coordination remains a 

major challenge in both basic and clinical human systems neuroscience. 

Here, we report on the neural oscillatory correlates of speech auditory encoding, 

working memory and verbal reproduction (the “phonological loop”) in healthy human 

subjects, and schizophrenic patients both before and after computerized cognitive 

training. We present a high-resolution spatiotemporal description of the brain network 

that supports the functions of the phonological loop in the healthy subjects, show the 

aberrant behavior of this network in schizophrenia, reveal novel compensatory 

mechanisms deployed in the cortex in schizophrenics, and show how some of the 

significant abnormalities are normalized through cognitive training.   

In the healthy subjects, we demonstrate that Area Spt and Broca’s Area act as 

dissociable input and output buffers in a reverberating bi-directional dorsal stream for 

phoneme perception and production. These buffers interact in time along a tightly 

controlled schedule as part of a speech-motor feedback loop that operates before speech 

onset. In the schizophrenic patients, we find that the normal dorsal stream pathway is 

disrupted, and that schizophrenics activate the ventral visual stream in compensation, and 
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in particular the visual word form area (VWFA), in a manner mediated by an overall 

suppressed dorsal lateral prefrontal cortex, the activity level of which in turn correlated 

with overall patient functional status. Both the posterior dorsal stream deficits and the 

VWFA compensation are greater in patients with severe auditory hallucinations, 

reflecting the significant underlying lesion to the auditory-motor system in these patients. 

Finally, we demonstrate that computerized cognitive training acts to normalize the 

oscillatory deficits of the dorsal stream and that this normalization correlates with 

improvements in both task performance and long-term verbal learning and memory 

scores.  
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CHAPTER I 

INTRODUCTION 

 

Background 

 

The nature of the integration of auditory and motor processes in the brain has 

been a subject of long-standing interest in the cognitive sciences and neuroscience. 

Auditory-motor integration, which is a subset of the broader category of sensorimotor 

integration, is necessary for a wide range of important behaviors in humans, from basic 

responses such as orienting to sound location, to high-level functions such as the 

production of speech and music. Dysfunction in auditory-motor integration underlies 

pathology in a wide range of disease processes including stroke, stuttering, dyslexia, and 

neuropsychiatric disorders such as schizophrenia. Understanding the functional 

integration of the neural circuits that subserve the different stages of auditory-motor 

transformation and coordination remains a major challenge in both basic and clinical 

human systems neuroscience.  

 In humans, speech production is the most important function requiring auditory-

motor integration. The verbal reproduction of heard speech sequences requires the 

coordination of the perceptual, short-term memory, and motor systems for speech. 

Current models of speech sound encoding, buffering, production and feedback processing 

derive largely from Baddeley’s Phonological Loop model, Lashley’s competitive queuing 
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(CQ) models, and State Feedback Control (SFC) theory(Baddeley, 2000, 2010; Baddeley 

and Buchanan, 1975; Bohland and Guenther, 2006; Hickok et al., 2011; Houde and 

Nagarajan, 2011; Lashley, 1951; Levelt, 1989; Monsell, 1987). Recent versions of 

Baddeley’s model, supported by behavioral and functional imaging data, employ two 

buffers for the working memory storage of phonemes/syllables  - a perceptual buffer and 

a motor buffer - and identify an articulatory rehearsal process operating between the two 

for memory maintenance (Baddeley, 2010; Jacquemot et al., 2007; Vallar, 2006). CQ-

based models, such as the DIVA model, envision a hierarchy of simultaneous 

representations of a speech production sequence, with mappings down the levels from the 

most abstract representation to the individual syllable sound plans.  SFC theory describes 

how the construction of an internal model of the speech auditory-motor transformation 

allows the brain to generate a prediction of the speech sound to be produced, an 

“efference copy”, and to compare that prediction to the actual feedback from the motor 

plan execution. The internal model is then updated to adjust for discrepancies between 

the two.    

 Dysfunction in verbal reproduction of speech sequences is observed in various 

aphasias, in stuttering, and in neuropsychiatric disorders such as schizophrenia (Baldo 

and Dronkers, 2006; Barch, 2005) but the neural substrates of these dysfunctions remain 

poorly understood. While significant evidence supports our understanding of the 

components of speech reproduction individually, their dynamic integration at the level of 

large-scale neural circuits remains elusive. The cortex is thought to house much of the 

neural circuitry underlying speech auditory-motor integration. Speech perception, 

encompassing the spectrotemporal analysis and subsequent mapping of speech sounds 
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onto stored sublexical (i.e. syllabic) representations, occurs in bilateral superior temporal 

gyrus (STG) and superior temporal sulcus (STS)(Chang et al., 2010; Hickok and Poeppel, 

2007). These sensory representations are mapped onto articulatory counterparts in 

Broca’s region/ventral premotor cortex (PMv), putatively via sensorimotor 

transformation in a functional area known as Area Spt in the left posterior planum 

temporale (PTp)/supramarginal gyrus (SMG) region, along a pathway known as the 

“dorsal stream” (Hickok and Poeppel, 2007; Saur et al., 2008). The dorsal stream also 

features prominently in current models of verbal working memory (Baddeley, 2010; 

Jacquemot et al., 2007; Monsell, 1987; Vallar, 2006). FMRI and lesion studies suggest an 

area located in the left inferior parietal lobe (IPL)/posterior STG as the most likely site 

for the perceptual phonological buffer, with Broca’s Area/PMv the most likely location 

for the motor buffer for production(Bohland and Guenther, 2006; Hickok et al., 2011; 

Jacquemot et al., 2007; Papoutsi et al., 2009; Rauschecker and Scott, 2009). Once a 

verbal response is initiated, the brain maps the articulatory representation maintained in 

Broca’s Area/PMv onto effectors via primary motor cortex.  

Deficits in auditory processing, verbal memory and auditory-motor integration 

present as salient symptoms of schizophrenia that show significant association with 

functional outcome. These deficits range from lower-level neurophysiological 

operations—such as auditory mismatch negativity (Hirano et al., 2008; Kasai et al., 2002; 

Umbricht and Krljes, 2005), impaired temporal integration of speech sounds (Dale et al., 

2010), and difficulties in tone and prosody discrimination (Force et al., 2008; Leitman et 

al., 2010) —to problems with verbal working memory, encoding, and retrieval (Kravariti 

et al., 2009; Mesholam-Gately et al., 2009; Ragland and Gur, 2004; Weiss and Heckers, 
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2001). Significant controversy exists as to which of these features represent fundamental 

lesions that characterize schizophrenia, whether compensatory mechanisms may be 

operating instead, and how best to identify the critical neural treatment target that will 

permit functional rehabilitation. 

More recent imaging evidence strongly indicates that schizophrenia can best be 

characterized as a “neural network dysregulation syndrome,” in which the spatiotemporal 

coordination of the normal cortical regions subserving top-down and bottom-up processes 

is disrupted and the activity levels in response to task-demands in these regions 

abnormal(Hinkley et al., 2011; Kim et al., 2010; Wible et al., 2009). Recent work has 

revealed reduced resting state functional connectivity between prefrontal and posterior 

auditory regions and increased connectivity between prefrontal and visual areas in 

schizophrenia (Hinkley et al., 2011). Both attenuation and amplification of high 

frequency (>30Hz) neural oscillation responses have been reported in schizophrenia in a 

variety of auditory and speech tasks. Abnormal high frequency activity has been 

proposed to reflect dysfunction of GABAergic inhibitory neurons (Sohal, 2012; Sohal et 

al., 2009); these gamma power deficits may be related to positive and negative symptoms 

(Ford et al., 2007; Gallinat et al., 2004).  Recent work in the visual system on specifically 

high gamma oscillations (>50Hz), which may more directly relate to neuronal firing rates 

than low-frequency gamma, indicates pronounced deficits in schizophrenia that correlate 

with symptom measures (Grützner et al., 2013). A critical question is whether cortical 

plasticity can lead to the development of alternative mechanisms to compensate for 

deficits due to the underlying disease process of schizophrenia. 
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Recent work has shown that targeted computerized cognitive training can lead to 

improvements in behavioral and symptom measures and normalization of brain activity 

in patients with schizophrenia(Adcock et al., 2009; Subramaniam et al., 2012). In 

particular, training induces improvement in verbal learning and memory measures. 

However, although initial behavioral findings have been promising, the specific neural 

networks mediating improvement remain unclear(Adcock et al., 2009; Dale et al., 2010; 

Fisher et al., 2009).   

 

Hypotheses 

 

We hypothesized that syllable encoding and speech preparation would result in 

spectral changes consistent with known sensory and motor-related oscillatory processes, 

such as β power decreases coupled with more focal HGP increases, localized within the 

speech motor control network (Fukuda et al., 2010). We further hypothesized that the 

behavioral auditory-motor deficits in schizophrenia would manifest in abnormal activity 

in this network, with compensatory utilization of additional neural resources. The 

combined evidence of verbal deficits, high gamma oscillation abnormalities and impaired 

prefrontal-posterior network connectivity in schizophrenia, and the demonstrated 

restoration of fMRI responses in prefrontal cortex after training led us to our final 

hypothesis that training might induce salutary changes in high gamma activity in 

prefrontal-parietal networks in speech processing.   
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 We aimed to study the cortical dynamics of speech auditory-motor integration in 

the healthy brain as well as in subjects with schizophrenia before and after targeted 

computer training. We designed a variable-length syllable sequence reproduction task 

that tests heard speech reproduction in a natural context without semantic or lexical 

confounds, and with a reduced emphasis on extended working memory so as to dampen 

the effects of explicit rehearsal. We utilized the millisecond time resolution and whole-

brain cortical coverage of magnetoencepholography imaging (MEGI), combined with the 

sub-centimeter spatial resolution offered by recent improvements in source localization 

algorithms, to examine the power fluctuations of neural oscillations (Dalal et al., 2008)  

during syllable reproduction. Because neural processing occurs across a range of time 

scales and can manifest differently in different oscillatory frequency bands, we applied 

time-frequency source localization to the MEGI data. We then studied the spectral 

dynamics of the entire cortex across the whole task, first seeking to understand the 

healthy brain, and then comparing the results from healthy subjects to patients with 

schizophrenia before and after training.  
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CHAPTER II 

NEURAL OSCILLATORY CORRELATES OF THE 

PHONOLOGICAL LOOP 

 

Introduction 

 

Our understanding of the interactions among the seemingly separate neural 

processes that comprise heard speech reproduction has suffered from an inability to 

reconstruct cortical activity continuously through speech perception, maintenance and 

response with high temporal and spatial resolution. In particular, the degree to which 

specific functions such as input and output buffering, or perceptual and motor image 

formation, dissociate between regions and across time remains unresolved. We predicted 

that HGP fluctuations in Area Spt and Broca’s Area/PMv would show the greatest 

syllabic load effect, and would correlate with behavioral performance in speech 

repetition, consistent with their roles as phonological and articulatory buffers within the 

speech motor control network.  
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Methods 

 

Subjects 

 

Seventeen right-handed healthy volunteers, twelve males and five females, 

participated in a verbal repetition task while undergoing magnetoencephalograpy 

recordings. Two of these subjects were subsequently excluded from our analysis due to 

inadequate performance. A high-resolution structural magnetic resonance image was also 

obtained for each subject in a separate session. Subjects were screened for neurological 

conditions as well as contraindications for MEG and MRI. Written consent was obtained 

from each subject prior to the experiment. All experimental procedures were approved by 

the Institutional Review Board at the University of California, San Francisco.  

 

Tasks 

 

We designed a task similar to previous word-length effect tasks, but with less of 

an explicit emphasis on rehearsal memory, in which subjects listened to and then repeated 

vocalized two or four syllable utterances after a brief delay.  This task design minimized 

the confounding effects of lexical and syntactic processes, and allowed us to elucidate the 

time course of neural circuit activation in natural speech repetition and the neural-

behavioral correlates of syllable cognitive load as a test for phonological working 

memory-buffer functionality (Bohland and Guenther, 2006; McGettigan et al., 2011; 
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Papoutsi et al., 2009). Subjects completed a verbal repetition task consisting of 80 two-

syllable target trials and 80 four-syllable target trials pseudo-randomly ordered, while 

lying supine undergoing MEG recording (Figure 1A). Stimuli were pre-recorded from a 

single female speaker, and consisted of permutations of the syllables /ba/, /da/ and /pa/ 

(e.g. /ba/da/ or /ba/da/pa/ba/). On each trial of the experiment, subjects listened to either a 

two or four syllable target presentation, waited for a visual cue presented at a jittered 

delay uniformly distributed between 2050 and 2150ms post-stimulus onset, and then 

vocally repeated the stimulus pattern. Subjects had no prior knowledge or cues about the 

contents of the upcoming trial. Syllables lasted 470ms on average and were separated 

within a trial by 50ms. Within two-syllable trials no syllable was repeated, and within 

four-syllable trials no syllable-pair was repeated. After the go-cue, subjects had up to 3 

seconds to complete their response, after which the experiment proceeded to the next trial. 

Correct and incorrect syllable repetition was manually recorded by the experimenters. 

Trials were labeled correct if subjects repeated the correct syllables in the correct order, 

within three seconds of the go cue.  

 

Recordings 

 

Tasks were administered while subjects underwent whole-head 

magnetoencephalographic recording in a 278 channel CTF Omega 200 Biomagnetometor 

with 3rd-order gradient correction (VSM MedTech, Coquitlam, B.C., Canada), at a 

1200Hz sampling rate. Signals from radio-emitting coils, placed at the nasion, and on 

both left and right sides of the head 1 cm rostral to the periauricular point, were 
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triangulated to determine the position of the head relative to the sensor array. These head-

locations points were then co-registered to high-resolution anatomical MRIs of the 

subjects’ brains through a multiple-sphere head model. MRI scan sessions where head 

movement exceeded 2mm were discarded and repeated. Experiments and imaging were 

performed entirely at the University of California, San Francisco.  

 

Analysis 

 

Data was epoched into -1s to 7s trials relative to onset of the first syllable. 

Channels and trials with high-frequency activity consistently greater than 1.5pT or in 

which the participant spoke during this interval were discarded.   Separate analyses were 

performed for correct-trials only and all trials together. To enable neural-source 

localization, high-resolution anatomical MRIs were obtained for each subject and 

spatially normalized to a standard MNI template brain using SPM2 

(http://www.fil.ion.ucl.ac.uk/spm/software/spm2/). Tomographic volumes of potential 

dipolar source locations (voxels) were generated from these normalized MRIs, and co-

registered to the MEG sensor arrays. In order to avoid mis-localizations due to temporally 

correlated sources between the two hemispheres, data from sensors covering each 

hemisphere were analyzed both separately and together (Dalal et al., 2008, 2011). We did 

not sub-divide sensor groups within-hemisphere to avoid weakening signal-to-noise and 

therefore correlated sources could hypothetically still affect our results, however we did 

not see any evidence of correlated source artifacts. After notch filtering around 60Hz, we 

filtered the data into four bands (4-13Hz (θ/α), 13-30Hz(β), 30-50Hz (Low G), and 50-
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120Hz (HG) with a 60Hz and 120Hz 1.5Hz notch filter. For the load-effect analyses, we 

subdivided the lowest frequency band into θ (4-8Hz) and α (8-13Hz). Induced, phase-

independent activity in each band was localized to subjects spatially normalized MRIs 

using the NUTMEG time-frequency beam-forming (TFBF) spatially adaptive filter 

algorithm, which has been described in detail elsewhere. In brief, for each 5mm voxel we 

computed a lead field describing the magnetic field strength at each sensor arising from a 

dipole source at the voxel. A time-frequency optimized beam-forming inverse solution 

for the dipole moment depending on the lead field and sensor covariance was then 

computed for each voxel for each frequency band at every time window, averaged across 

overlapping time windows. Localizations were computed using the shared computing 

cluster at the California Institute for Quantitative Biomedical Research (www.qb3.org).  

For activations, noise-corrected pseudo-F ratios were computed between active windows 

(i.e. subjects verbal response) and a pre-stimulus control baseline. For contrasts between 

the four and two syllable conditions, noise-corrected pseudo-F ratios were computed for 

sliding windows covering the time-periods of interest for both conditions. Window sizes 

were frequency-band optimized (4-13 Hz: 400ms; 4-8Hz: 400ms; 8-13Hz: 300ms; 13-

30Hz: 200ms; 30-50Hz: 150ms; 50-120Hz: 100ms) with an overlap of 25ms. Activations 

were computed from averaged single-trial data-covariance for each time window and 

frequency band. Separate analyses were performed for averages time-locked to stimulus, 

visual go-cue, and response onset, to isolate onset-latency and peak level of modulations 

in the activations. We analyzed only correct trials, and balanced the number of two and 

four syllable trials for the four versus two-syllable contrasts.  For the stimulus, go-cue 
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and response activation conditions, we grouped together two and four syllable trials to 

increase power.   

Subjects were included/excluded from analysis strictly based on performance, 

however we applied different performance thresholds for inclusion in the power averages 

and the neuro-behavioral regressions analyses. The cutoff for subject inclusion in the 

power analysis was 90 total trials (50% accuracy), based on guidelines from prior work 

on trade-offs between spatial resolution and signal detection in adaptive spatial filters 

(Brookes et al., 2008; Sekihara and Nagarajan, 2004) and in order to ensure that the same 

group of subjects were maintained for the analysis of all phases of the experiment, 

thereby preventing any subject inclusion bias. For the correlation analysis, we wanted to 

utilize as broad a range of performance as possible and therefore chose to include more 

subjects in this analysis, also to ensure that our sensitivity to detect brain-behavior 

correlations was not under-powered due to sample size. For this analysis we used a 

performance threshold for subject inclusion, namely 40% accuracy, which resulted in the 

exclusions of two subjects from the original 17 who completed the experiment. While 

this threshold resulted in a lower amount of total data, the estimated effect on 

beamforming accuracy and signal strength is of small enough magnitude so as to not 

change the regression result. Applying the same threshold for both the power analysis and 

the neuro-behavioral regressions did not change our results qualitatively.  

Group analyses were performed with statistical non-parametric mapping (SnPM) 

(Singh et al., 2003). The detailed rationale and procedures of SnPM statistics of 

beamformer images are described elsewhere (Dalal et al., 2008; Singh et al., 2003). In 

short, time-frequency beamformer images for each subject were first spatially normalized 
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to the MNI template brain. The three-dimensional average and variance maps across 

subjects were calculated for each time-frequency window and variance maps were 

smoothed with a 20x20x20 mm3 Gaussian kernel. From this image, a pseudo-t statistic 

was obtained at each voxel, time window, and frequency band. Non-parametric null 

distributions were created by permuting voxel labels (2N permutation with N = # of 

subjects), to derive p-values for the true image that was then corrected for multiple 

comparisons across all voxels, frequency bands and time-points using the False 

Discovery Rate (FDR) procedure (Benjamini and Yekutieli, 2001). To assess neural-

behavioral correlations, Pearson correlation coefficients were computed for 

activations/contrasts for all voxels against reaction time and/or measures of accuracy. P-

values were corrected with the FDR procedure, using a threshold of 5%. Statistical tests 

of performance were performed on rationalized arcsine transformed (normalized) data 

(Studebaker, 1985). P-values for correlations were corrected for multiple comparisons 

using an FDR procedure, with a threshold of 5%.  

 For the input and output buffer analyses, we regressed subjects’ time-frequency 

activations and contrasts against behavior. We defined a metric that captures performance 

changes due to increased cognitive load, SLP = (1− (𝐶! −   𝐶!)/(𝐶! + 𝐶!)) where 𝐶! is 

the number of correct two syllable trials, and 𝐶! the number of correct four syllable trials. 

Since subjects always performed better on the two than four syllable trials, a high value 

for this metric SLP represents maintained performance from the two-syllable to four-

syllable condition, normalized by overall performance. Thus subjects that maintained 

performance on the more difficult four syllable trials have similar SLP values, 

independent of their overall performance. For the input buffer analysis, we regressed 
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activity during the first two syllables with total accuracy, because we grouped together 

correct and incorrect trials, and contrast maps between the fourth and second syllable 

with four-syllable accuracy and with SLP (Figures 8A & 8B). Contrasting the fourth and 

second syllable as opposed to the first syllable allowed us to avoid confounding speech 

onset effects, and provided a test more comparable with the cognitive load effect 

difference between the two and four syllable trials. To localize and examine 

output/production buffer effects, we regressed HGP in the response condition with 

accuracy (Figure 8C), and HGP contrast maps between the four and two syllable pre-

production phases against SLP (Figure 8D).  

 

Results 

 

Behavioral Responses 

 

Subjects’ accuracy and reaction time varied with task difficulty. Subjects 

performed significantly better on the two-syllable than on the four syllable trials 

(p<0.0001) (Figure 1B).  Subjects repeated the two-syllable pattern correctly an average 

of 91% of the time (73 +/-1.5 trials out of 80) and the four-syllable pattern correctly an 

average of 63% of the time (50 +/- 4.4 trials out of 80). Reaction time was assessed as the 

average time between go-cue and voice onset for each subject, using correct trials only. 

Reaction times for the two-syllable repetition (0.64 +/- 0.03s) were significantly lower 

than for the four-syllable repetition (0.83 +/- 0.05s), (p<0.001) (Figure 1C).  
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Figure 1. Experimental schematic and behavioral results. A) Digitized patterns of 
sample syllable stimulus and subject vocal response. B) Subjects responded correctly on 
an average of 73 (SE +/- 2) out of 80 two syllable trials (91%), and 50 (SE +/- 6) out of 
80 four syllable trials (63%), and accuracy rates were significantly different between the 
two conditions (p<0.05). C) Average response latencies for two and four syllable 
conditions differed significantly (p<0.05), at 640ms (SE +/-50ms) and 830ms (SE +/- 
60ms), respectively.  

 

 

Neural Activity  

 

We first reconstructed oscillatory neural activity during the stimulus and pre-

response periods, computing averages with respect to a pre-stimulus baseline for both 
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two and four syllable trials together. Subsequently, we contrasted two and four syllable 

trials during the stimulus, peri-go-cue and pre-response periods, revealing differential 

activity across time and frequency in both stimulus and response periods associated with 

increased cognitive load. All peak time windows for statistically significant main effects 

and contrasts in our results are displayed in the figures. Finally, we describe oscillatory 

changes that are correlated with task performance across subjects, confirming that 

spectral power fluctuations represent behaviorally relevant cognitive processes. For all 

renderings, peak activations have corrected p<0.05. Peak activations for significant 

activations (corrected p<0.05) for all areas, time points and conditions, along with their 

corresponding T and uncorrected p-values, are listed in Tables 1-6.  

 
 

Oscillatory power fluctuations during syllable encoding 

 

Early auditory cortical responses to the syllable presentation manifested in 

temporally and spatially broad low-frequency (ulus and response periods associated with 

increased cognitive load. All peak time windows for statistically significant main effects 

100-125ms in the right Transverse Temporal Gyrus (TTG) (Table 1, Figure 2). 

Accompanying the early auditory evoked field response, HGP increased over ventral 

premotor cortex (PMv) between 37.5ms, and low-G power (LGP) decreased over left 

medial Superior Temporal Gyrus (STGm), peaking at 67.5ms. Following these early 

responses, α-θ power remained significantly elevated over left STG until 250ms, and over 

right STG until 375ms, and then peaked again over right STGp/PTp at 837.5ms during 

the second syllable; β power decreased bilaterally over temporal and frontal areas, 
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peaking at 262.5ms in left dorsal premotor (PMd) and left anterior superior temporal 

gyrus (STGa), and right Inferior Temporal Lobe (ITL) and Inferior Frontal Gyrus (IFG) 

at 262.5ms, and again in PMd at 862.5ms and right medial Central Sulcus (CSm) at 

837.5ms; LGP decreased over left PMm, peaking at 487.5ms and again at 862.5ms, and 

in right Post-Central Gyrus (PsCG) at 200-1225ms and PMd at 837.5ms; HGP increased 

over right Superior Parietal Lobe (SPL) at 162.5ms, left medial Central Sulcus (CSm) at 

212.5ms, right medial Cingulate Gyrus (MCngt) at 337.5ms, right Supplementary Motor 

Area (SMA) at 462.5ms, and left PMm at 962.5ms.  
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Figure 2. Oscillatory modulations during syllable encoding. All brain-
rendering/spectrogram pairs follow the pattern detailed in the example in the upper-left 
corner. Each brain-renderings depicts statistically significant activations for a single time-
point from a particular frequency band, indicated by an asterisk on the accompanying 
spectrogram. The spectrogram, in turn, displays the power time courses across frequency 
bands for the peak voxel in the brain rendering, indicated by the white line. Time zero 
marks the onset of the first syllable, which ends at 470ms. The second syllable begins at 
520ms and ends at 990 ms. θ/α power peaked over bilateral auditory areas early, 
followed by β and LGP decreases over bilateral auditory and premotor areas, and HGP 
increases over left premotor cortex. See Results and Table 1 for details. Abbreviations for 
cortical regions are: STSp, posterior superior temporal sulcus; PMv, ventral premotor 
cortex; medial superior temporal gyrus; SMG, supramarginal gyrus; SPL, superior 
parietal lobe; PsCG, post-central gyrus; CSm, medial central sulcus; PMd, dorsal 
premotor cortex; ITL, inferior temporal lobe; PMd, dorsal premotor cortex; SMA, 
supplemental motor area; PMm, medial premotor cortex; SMA, supplemental motor area; 
PTp, posterior planum temporale; PMm, medial premotor cortex.  
 

 

 

§  
Time  Band Area BA 

§  
MNI Coords 

§  
t-Value p-value 

§  

   
 

 X Y Z   
 

§  
38ms 4-13 Hz L STSp BA22 -60 -38 8 5 0.001 

§  

§  
38ms 50-120Hz L PMv BA6 -53 -10 25 2.4 0.001 

§  

§  
63ms 30-50Hz L STGm BA22 -45 -18 0 -4.9 0.002 

§  

§  
113ms 4-13Hz R SMG BA41 65 20 13 5.4 0.001 

§  

§  
163ms 50-120Hz R SPL BA7 10 -70 63 3.8 0.001 

§  

§  
213ms 30-50Hz R PsCG BA2 60 -25 38 -3 0.002 

§  

§  
213ms 50-120Hz R CSm BA6 -30 -5 50 3.6 0.001 

§  

§  
263ms 13-30Hz L PMd BA6 -52 14 52 -6.8 0.002 

§  

§  
263ms 13-30Hz L STGa BA21 -45 8 -8 -6.6 0.002 

§  

§  
263ms 13-30Hz R ITL BA20 68 -30 28 -3.8 0.002 

§  

§  
263ms 13-30Hz R IFG BA44 63 15 0 -3.8 0.002 

§  

§  
338ms 30-50Hz R SMA BA6 5  5 55 -6.8 0.001 

§  

§  
338ms 50-120Hz R MCngt BA31 18  -23 -45 -5.1 0.002 

§  
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§  
463ms 50-120Hz R SMA BA6 20 15 73 -4.2 0.002 

§  

§  
488ms 30-50Hz L PMm BA6 -45 5 43 -5.2 0.002 

§  

§  
688ms 30-50Hz R SMA BA6 -8 5 70 -6 0.001 

§  

§  
838ms 13-30Hz R CSm BA4 65 -28 43 -4.5 0.002 

§  

§  
838ms 30-50Hz R PMd BA4 50 -15 65 -5.1 0.002 

§  

§  
863ms 4-13Hz R PTp BA40 60 -65 28 4.5 0.001 

§  

§  
863ms 13-30Hz PMd BA8 -33 18 -53 -6.1 0.002 

§  

§  
863ms 30-50Hz PMm BA6 -43 -15 38 3.3 0.001 

§  

§  
963ms 50-120Hz PMm BA6 -43 -15 38 3.3 0.001 

§  

 
Table 1. Activations during syllable encoding. Frequency band, region labels, 
Brodmann Areas, MNI coordinates, T-values and uncorrected p-values are listed 
chronologically for peak voxels and time-window center points for statistically 
significant activations (FDR corrected p < 0.05). Times are given relative to stimulus.  
 

 

 

Oscillatory power fluctuations preceding speech production 

 

Analysis of neural activity time locked to, but prior to, voice onset (time zero) 

uncovered a network subserving reaction-time independent processes (Table 2, Figure 3), 

dominated by power changes in the β and HG Bands. Early in the pre-response phase, θ/α 

power decreased over left PMv, peaking at 862.5ms. In the left hemisphere, beta power 

decreased over motor and pre-motor cortex, peaking over left PMv at -637.5ms (relative 

to voice onset), pars opercularis (POs) at -462.5ms, and again in PMm at -212.5ms; HGP 

increased in Pre-SMA/SMA at -812.5ms, pars triangularis (PTr) at -687.5ms, POs at -

537.5ms and ventral inferior frontal gyrus (IFGv) at -212.5ms. On the right, β power 
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decreased in STSm at -462.5ms and medial planum temporale (PTm) at -212.5ms, and 

HGP increased over PMm at -212.5ms.  
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Figure 3. Spectral changes in syllable speech preparation. Figure layout follows 
Figure 2. Time zero marks voice onset. βipower decreased and HGP increased over PTr 
and SMA early in the pre-response period, followed by HGP in POs, and as voice onset 
approached bilateral β power decreases and HGP in PM. See Results and Table 2 for 
details. Additional abbreviations for cortical regions: PTr, pars triangularis; POs, pars 
opercularis; STSm, medial superior temporal sulcus; CSv, ventral central sulcus.  
 

 

 

Time  Band Area BA 
§  

MNI Coords 
§  

t-Value p-value 

  
 

 X Y Z   

-863ms 4-13Hz L PMv BA6 -68 -5 18 -2.3 0.002 

-813ms 50-120Hz L Pre-SMA BA6 -3 18 68 2.7 0.001 

-688ms 50-120Hz L PTr BA45 -48 20 5 3.1 0.001 

-638ms 13-30Hz L PMv BA6 -63 3 35 -5.7 0.002 

-538ms 50-120Hz L POs BA44 -55 15 33 3.8 0.001 

-463ms 13-30Hz R STSm BA22 53 -48 0 -3.8 0.002 

-463ms 13-30Hz L POs BA44 -65 8 23 -5.2 0.002 

-263ms 50-120Hz L PTr BA45 -45 43 0 5.4 0.001 

-213ms 50-120Hz R PMm BA9 35  5 25 5.6 0.002 

-213ms 50-120Hz L CSv BA4 -53  -10 25 4.1 0.001 

-188ms 13-30Hz L PMv BA6 -55  -5  45 -5 0.002 

-188ms 13-30Hz R CSv BA43 63 -5 18 -3.1 0.002 
§  §  §  §  §  §  §  §  §  

 

Table 2. Activations during pre-response. Format follows Table 1. 
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Oscillatory power fluctuations coding syllable memory load during stimulus 

encoding 

 

To analyze the effect of syllable load during encoding, we contrasted oscillatory 

power during the second set of syllables with the first set of syllables (Table 3, Figure 4). 

To fully explore the cognitive load-effect, we subdivided the 4-13Hz frequency band into 

θ (4-8Hz) and α (8-13Hz) separately. Times given are relative to the beginning of the 

third/first syllable contrast (0ms), and extend out to the end of the fourth/second syllable 

contrast (1000ms). Sound onset for the fourth/second syllables occurs at 520ms. In the 

left hemisphere, relative to the start of the third/first syllable contrast, θ power decreased 

over STGp, peaking at 37.5ms, and PMv at 387.5ms; α power reached a negative peak in 

STGm at 37.5ms, DLPFC at 537.5ms, and PTp at 712.5ms; β power decreased over 

SMG/PTp at 787.5ms; HGP increased over ITGm at 187.5ms, PMd at 237.5ms, PMd at 

487.5ms, DLPFC at 537.5ms, and IPL/PTp at 637.5ms. This final HGP load effect during 

the fourth syllable, arcing from IPL to STG, reflects an increase from and return to a 

relatively flat baseline throughout the first three syllables. In the right hemisphere, 

consistent effects were only seen in the β and LG bands. β power decreased over PMm at 

37.5ms, over TTG at 612.5ms, and SPL at 787.5ms. LGP decreased over PTp at 487.5ms.  
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Figure 4.  Effects of increased syllable load during encoding. Oscillatory power 
contrast between second and first set of syllabels on four syllable trials. Figure layout 
follows Figure 2. Time zero marks 3rd/1st syllable onset; 4th/2nd syllable onset occurs at 
520ms. Low frequency (θsyllable onset occurs at 520ms. Low frequency (rst set of 
syllabels on four syllable trials.  the second set of syllables with the first set of s HGP 
increased over premotor and prefrontal areas from the second to the fourth syllable. See 
Results and Table 3 for details. Additional abbreviations for cortical regions: STGp, 
posterior superior temporal gyrus; STGa, anterior superior temporal gyrus; ITGm, medial 
inferior temporal gyrus; DLPFC, dorsolateral prefrontal cortex; IPL, inferior parietal 
lobe; IFG, inferior frontal gyrus; ITL, inferior temporal lobe. 
 
 
 
 
 

Time  Band Area BA  MNI Coords  t-Value p-value 
    X Y Z   
38 ms 4-8Hz L STGp BA22 50 -33 10 -4.8 0.002 
38 ms 8-13Hz L STGm BA22 -65 -30 8 -4.3 0.002 
38 ms 13-30Hz L STGa BA22 -55  -3 0 -4.9 0.002 
38 ms 13-30Hz PMm BA6 35 0 48 -4.1 0.002 
188 ms 50-120Hz ITGm BA20 -63 -18 -28 -4.7 0.002 
238 ms 50-120Hz PMd BA6 -25 -5 63 -4.5 0.002 
388 ms 4-8Hz PMv BA6 -58 -10 30 -3.5 0.002 
488 ms 30-50Hz PTp BA40 63 -60 25 -4.5 0.002 
538 ms 50-120Hz PMd BA6 -30 -3 63 4 0.001 
538 ms 8-13Hz DLPFC BA46 -45 35 20 -5 0.002 
538 ms 50-120Hz DLPFC BA9 -45 38 43 4.5 0.001 
613 ms 13-30Hz TTG BA41 45 -28 3 -5.1 0.002 
638 ms 50-120Hz IPL BA40 -59 -33 50 3.4 0.001 
713 ms 8-13Hz PTp BA40 -55 -45 23 -5.2 0.001 
788 ms 13-30Hz PTp BA40 -53 -40 38 -4.9 0.002 
788 ms 13-30Hz IPL BA7 30 -50 60 -5.5 0.002 
         

 
Table 3. Syllable encoding load effects. Format follows Table 1.   
 

 

 

Oscillatory power fluctuations coding syllable memory load during response 

preparation 
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To analyze the response-phase syllable cognitive load effect, we contrasted the 

900ms period before vocal response between the four and two syllable trials, time locked 

to voice onset (Table 4, Figure 5). We did not find any significant θ power differences, 

and α power differed significantly only at one time point, -387.5ms (relative to voice 

onset) in left DLPFC, where it was greater in the four-syllable condition, and LG power 

differed only at -812.5ms in intermediate frontal gyrus (ImFG).  β and HG power showed 

a variety of differences. In the left hemisphere, β power decreased over left PTr at -

867.5ms, SMA at -812.5ms and CSm at -512.5ms, HGP increased in PTr, insular cortex 

and SMA at -637.5ms, PMd at -612.5ms and POs at -212.5ms. In the right hemisphere, β 

power decreased in IPL at -537.5ms; HGP increased in SMA at -787.5ms, ITL at -

712.5ms, PTp at -512.5ms, and in the Cuneus (CUN) at -512.5ms.  
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Figure 5.  Oscillatory power contrast between four and two syllable trials during 
speech preparation. Figure layout follows Figure 2. Time zero marks voice onset. β 
power contrast decreased and HGP contrast increased over SMA and PTr early in the pre-
response period, and POs/PMv late in the pre-response period. See Results and Table 4 
for details.  
  

 
 
 
 

Time  Band Area BA     MNI Coords  t-Value p-value 
    X Y Z    
          
-263ms 50-120Hz R Insula BA13 38 -10 8 4 0.002  
-263ms 50-120Hz L DLPFC BA9 -38 30 30 3.7 0.002  
-238ms 50-120Hz L ITGp BA37 -43 -45 -28 6.2 0.002  
-212ms 8-13Hz L VMPFC BA10 -15 65 30 3.8 0.002  
-63ms 50-120Hz L PMd BA6 -18 20 60 4.7 0.002  
-63ms 50-120Hz L STGp BA22 -60 -48 8 3.5 0.002  
-13ms 30-50Hz L PTp/SMG BA40 -58 -55 23 4.3 0.002  
13ms 8-13Hz L SPL BA7 -15 -60 68 3.3 0.002  
13ms 50-120Hz R PreCUN BA31 2.5 -65 28 4.5 0.002  
188ms 30-50Hz L ITGp BA21 -65 -23 -18 5 0.002  
288ms 50-120Hz L ITGp BA21 -58 -50 -8 3.6 0.002  
288ms 50-120Hz PTm BA43 -53 -18 18 3.2 0.002  
313ms 8-13Hz L VMPFC BA32 0 45 5 4.5 0.002  
363ms 8-13Hz L ACngt BA32 -5 43 15 4.5 0.002  
488ms 8-13Hz L STSp BA22 -63 -30 5 3.7 0.002  
513ms 4-8Hz L VMPFC BA10 -18 65 3 5.2 0.002  
513ms 4-8Hz R SFG BA9 3 55 35 4.2 0.002  
688ms 50-120Hz L VMPFC BA1- -38 60 23 5.4 0.002  
          

 
 
 

Table 4. Pre-response syllable load effects. Format follows Table 1.   
 

 

Oscillatory power fluctuations coding syllable memory load time-locked to 

Go-Cue 
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 To gain another perspective on the cognitive load effect from increased syllable 

memory, we computed four/two syllable contrasts time-locked to the go-cue and 

examined oscillatory power changes before and after the go-cue (Table 5, Figure 6). We 

examined from 300ms after the stimulus and before the go-cue until 700ms after the go-

cue. While the α through LG bands showed largely decreased power relative to a pre-stim 

baseline, only relative power increases from the two to four syllable condition emerged as 

statistically significant.  

 The α and HG bands showed the most syllable load effects. In the left hemisphere, 

α power increased in VMPFC 212.5ms before the go-cue (-213ms relative to the go-cue), 

SPL at 12.5ms, Anterior Cingulate Gyrus (ACngt) and STSp at 487.5ms; HGP increased 

in ITGp at -237.5ms, PMd at -62.5m, ITGp at 287.5ms, and the VMPFC/DLPFC border 

at 687.5ms. In the right hemisphere, α power increased in VMPFC at 312.5ms and 

anterior cingulate gyrus at 362.5ms. θ power exhibited a positive power peak along the 

VMPFC/DLPFC border at 512.5ms, and LG power increased at 362.5ms in the anterior 

cingulate. 

 

 



	  

	   31	  
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Figure 6. Syllable load-related oscillatory modulations locked to the go-cue. Figure 
layout follows Figure 2. Time zero marks the go-cue. Only positive power contrasts from 
the two to four syllable condition emerged as significant. During the memory 
maintenance period preceding the go-cue, HGP increased in prefrontal, precentral and 
temporal areas. Following the go-cue, α and HG power increased over parietal, medial 
prefrontal and posterior temporal areas. See Results and Table 6 for details. Additional 
abbreviations for cortical regions: VMPFC, ventral-medial prefrontal cortex; ACngt, 
anterior cingulate gyrus.  
 

 

 

Time  Band Area BA     MNI Coords  t-Value p-value 
    X Y Z    
          
-263ms 50-120Hz R Insula BA13 38 -10 8 4 0.002  
-263ms 50-120Hz L DLPFC BA9 -38 30 30 3.7 0.002  
-238ms 50-120Hz L ITGp BA37 -43 -45 -28 6.2 0.002  
-212ms 8-13Hz L VMPFC BA10 -15 65 30 3.8 0.002  
-63ms 50-120Hz L PMd BA6 -18 20 60 4.7 0.002  
-63ms 50-120Hz L STGp BA22 -60 -48 8 3.5 0.002  
-13ms 30-50Hz L PTp/SMG BA40 -58 -55 23 4.3 0.002  
13ms 8-13Hz L SPL BA7 -15 -60 68 3.3 0.002  
13ms 50-120Hz R PreCUN BA31 2.5 -65 28 4.5 0.002  
188ms 30-50Hz L ITGp BA21 -65 -23 -18 5 0.002  
288ms 50-120Hz L ITGp BA21 -58 -50 -8 3.6 0.002  
288ms 50-120Hz PTm BA43 -53 -18 18 3.2 0.002  
313ms 8-13Hz L VMPFC BA32 0 45 5 4.5 0.002  
363ms 8-13Hz L ACngt BA32 -5 43 15 4.5 0.002  
488ms 8-13Hz L STSp BA22 -63 -30 5 3.7 0.002  
513ms 4-8Hz L VMPFC BA10 -18 65 3 5.2 0.002  
513ms 4-8Hz R SFG BA9 3 55 35 4.2 0.002  
688ms 50-120Hz L VMPFC BA1- -38 60 23 5.4 0.002  
          
 
Table 5. Peri-go cue load effects. Format follows Table 1.   
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 As an aid to the reader, we summarize the results from the preceding sections in 

Figure 7. We treat θ, α and β power decreases and HG power increases as activations on 

equal footing by summing the absolute T-value of all statistically significant activations 

for each voxel across 250ms time windows for each analysis condition. The result depicts 

the relative activity changes in each region on a coarse-grained time-scale across all 

phases of the experiment. 



	  

	   34	  

 



	  

	   35	  

Figure 7. Summary figure depicting phonological loop network activations across all 
conditions. Brain renderings depict all θ, α and β power decreases and high G power 
increases overlaid as activations, with absolute T-values rendered additively. Activations 
and load-effects oscillated between frontal and posterior regions of the dorsal speech 
stream. See Results.  
 

 

Neural correlates of task performance 

 

To further characterize the speech audiomotor-network, we looked for 

correlations between subject performance and oscillatory power changes. For each 

condition (stimulus encoding, stimulus syllable load, pre-response and response syllable 

load), we regressed the power in all voxels independently against subject accuracy, as 

well as the syllable load performance metric (SLP) that captures maintained performance 

from two to four syllable conditions (Materials and Methods). Neuro-behavioral 

correlations emerged largely within the dorsal speech stream and were mainly confined to 

the HG band and largely left lateralized.  

During the encoding period of the four syllable trials, in the left hemisphere HGP 

relative to the pre-stim baseline in STSp and posterior middle temporal gyrus (MTGp) 

exhibited a sustained correlation with accuracy throughout the entire stimulus (Table 6, 

Figure 8A). HGP in PTp also correlated with accuracy during most of the stimulus, 

peaking at 512.5ms post-stimulus onset, and again at 1712.5ms. The HG-accuracy 

correlation peaked in PMd at 187.5ms post-stimulus onset, and again at 587.5ms, and in 

PMm at 1112.5 ms post-stimulus, during the third syllable.  In the right hemisphere, the 

early θ power increase (corresponding to the auditory evoked field/m100) correlated with 
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total accuracy. To explore the load effect in encoding, we contrasted the third and fourth 

syllable with the first and second, respectively, on the four syllable trials, and looked for 

correlation with SLP. A similar network of regions including PTp and medial pre-central 

gyrus (PMm) emerged as relevant for load-related performance, with the most significant 

correlations occurring for maintenance or increase of HGP from the second to the fourth 

syllable for both regions, at 762.5ms relative to the second-syllable-set versus first-

syllable-set contrast start point.   

During the pre-response period, HGP increases relative to the pre-stimulus 

baseline correlated early on with accuracy in PTp as well as in SMA (Figure 8C), peaking 

at 562.5ms before voice onset, and in PMm at -537.5ms. Closer to voice onset, positive 

HG-power-accuracy correlations in POs trended towards but did not reach statistical 

significance after correcting for multiple comparisons. Examining the load-effect during 

pre-production revealed that some of the areas exhibiting the most significant cognitive 

load-effect also independently showed the most significant correlation with SLP (Figure 

8D). HGP increases from the two to four syllable trials correlated with SLP at left PTr at 

-637.5ms, and in left POs at -212.5ms. HGP correlated highly with SLP in right DLPFC, 

peaking at -312ms. Since the average HGP contrast peak in Broca’s Area occurred 300ms 

before speech onset, but a difference wave extended until speech onset, this finding 

suggests that correct representation of a longer syllable pattern reflects in both persistent 

HGP and increased peak power. SLP also correlated with the shifted HG syllable-load 

contrast time course in PMv and Broca’s area, confirming that earlier onset of HG 

modulation, higher peak power, and a persistent up-modulation reflected in a smaller 

difference in the two and four syllable error rates.  
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Figure 8. Peak HGP-performance correlations across stages of speech reproduction. 
For panels (A)-(D), brain renderings depict correlation at the time point indicated in the 
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associated scatter plot, which depicts the individual subject data. In scatter plots, solid 
lines represent the best least squares fit, while dotted lines represent the 95% confidence 
intervals. (A) Stimulus period: Peaks of correlation between whole-brain stimulus onset-
locked HGP and normalized four syllable accuracy occur at 190ms in PMd, 525ms in 
STSp, and 1125ms post-stimulus in PMm. (B) Stimulus load-effect: The whole brain 
correlation between the 4/2 syllable stimulus HG contrast and the load performance 
metric peaks halfway through the syllable contrast at 262ms after sound onset in PTp. (C) 
Pre-Response Period: Peaks of correlation between whole-brain response onset-locked 
HGP and normalized total accuracy occur at 562ms in PTp and 525ms in PMm pre-
response. (D) Pre-Response Load Effect: Peaks of correlation between whole-brain 4/2 
syllable HG contrast and load performance occur at 637ms in left PTr, 312ms in right 
DLPFC and 187ms in left POs pre-response.  
 

 

Concatenating the stimulus and response-locked load-effect correlation time 

courses from these areas together reveals that articulatory-load related activity alternates 

between Spt and Broca’s Area (Figure 9). During the encoding period, the peak HGP–

SLP correlation localized to Spt, while in the pre-response phase the peak correlation 

localized to Broca’s Area. However, after the initial Broca’s Area R-value peak, Spt 

again becomes important transiently for load-related performance at 300ms pre-voice 

onset, only to trade-off again with Broca’s Area at -200ms. 

 

 

Analysis Time Band Area BA  MNI Coords  R2 

     X Y Z  
Stimulus 
Encoding 

        

 188ms 50-120Hz L PCGd BA4 -32  -32 64 0.65 
 513ms 50-120Hz LSTSp/SM

G 
BA40 -56 -40 24 0.64 

 1113ms 50-120Hz L PMm BA6 -45 5 55 0.61 
 1213ms 50-120Hz L STSp BA22 -56 -40 8 0.58 
 1713ms 50-120Hz L PTp BA22 -45 -32 10 0.7 
         
Stimulus Load 288ms 50-120Hz L MTGp BA21 37 -55 -65 0.58 
 338ms 50-120Hz R SPL BA7 28 -65 53 0.79 
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 763ms 50-120Hz L PTp BA22 -52 -38 17 0.57 
         
Pre-Response         
 -563ms 50-120Hz L PTp/SMG BA40 -55 -45 30 0.62 
 -538ms 50-120Hz L PMm BA6 -45 0 55 0.62 
         
Response Load         
 -637ms 50-120Hz L PTr BA45 -60 20 25 0.58 
 -560ms 50-120Hz PreSMA BA6 -11 10 53 0.63- 
 -187ms 50-120Hz POs BA44 -60 10 25 0.58 
 -312ms 50-120Hz DLPFC BA8 40 30 50 0.84 
         

Table 6. HGP-behavioral correlations. Format follows Table 1.  
 
 

 

 

Figure 9. Reverberation in neural-behavioral correlation between Area Spt and 
Broca’s Area. Time-courses of the correlations between high-G power modulation and 
articulatory load related performance (SLP) in Area Spt/PTp (blue) and PMv/Broca’s 
Area (red). Asterisks indicate statistically significant (FDR corrected p<0.05) time points. 
Correlation time-courses were computed separately for the stimulus and response periods 
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and concatenated together for visualization. The stimulus contrast period begins at 0ms, 
and the response period begins at -800ms, with a 100ms average time gap between the 
stimulus-end and response-period beginning (the variable gap represented by slanted 
lines). Whole-brain cortical localizations with accompanying scatter plots for Broca’s 
Area and Area Spt are shown for two time points, one during the stimulus period (the 
fourth syllable contrasted with the second), and one during the response period (four 
syllable trials contrasted with two syllable trials). Filled circles in scatter plots depict the 
individual data, solid lines the best linear fit and dotted lines the 95% confidence 
intervals.  
  

 

Akin to the summary for the oscillatory-power alone conditions depicted in Figure 7, in 

Figure 10 we summarize the results from all neuro-behavioral correlation analyses.  

 

Figure 10. Combined overlays of peak high-G performance correlations for all 
analyses. Overlays thresholded above R2 = 0.6.  
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Discussion 

 

 Our study revealed that speech reproduction success varies with the precise 

timing and frequency of oscillatory power shifts throughout the dorsal speech stream. We 

found that perceived speech target formation and motor plan development couple 

together in a reverberant process looping through frontal and posterior regions of the 

dorsal stream. While the lack of temporal resolution in previous studies has limited the 

dissociation of phonological loop functional components amongst brain regions, we show 

in detail how the pattern and behavioral relevance of cortical activations evolves 

throughout speech perception, working memory, and retrieval for reproduction.    

 A left-lateralized subset of this overall speech-motor network responds to 

increased cognitive load, particularly in the HG band. The activation levels of left STG 

and IPL, including Area Spt, remained consistent during encoding of the first three 

syllables of the longer four-syllable stimulus, suggesting that the developing memory 

trace requires persistent but not increasing levels of activation. However, the marked 

increase in the left IPL and STGp HGP from the second to the fourth syllable (Figure 4, 

638ms), tapering off towards the end of the stimulus, suggests the performance of an 

additional computation, possibly an audio-motor transformation of the signal, as the 

entire sequence registers. 
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 In addition to the more salient HG effects, increased syllable-load induced 

changes across the entire frequency range. Consistent with the recent working memory 

literature, we found that increasing the number of syllables to be repeated resulted in a 

complex picture of θ, α, β and LG band modulation. In seeming contrast with recent 

results on visual working memory (Palva et al., 2011), increased syllable load resulted in 

greater power decreases in putative task relevant areas during ongoing encoding as well 

as response preparation. However, our experiment contained only a brief pure 

maintenance phase comparable to working memory studies, and during this period only 

relative power increases emerged as significant, consistent with Palva et al. The pattern 

of relative low-frequency power decreases and increases during active encoding and 

response preparation, coupled with the more localized high frequency power increases we 

found likely represents greater resource shifting from task-irrelevant to task relevant 

areas in compensation for increasing cognitive load. This interpretation motivates 7, in 

which HGP increases and θ, α and β decreases are overlaid with equal weight as 

activations. Our results suggest further, as seen in STG/IPL in our study, that areas may 

be alternatively activated and deactivated on a time-scale too fast for evoked and 

temporally-coarse induced reconstructions. We saw trending evidence in auditory and 

frontal/motor areas of alternation in relative power between low and high frequency 

bands suggesting that both activating and deactivating processes play roles in speech 

auditory-motor transformation.  

 We found two HG load-effect peaks in the pre-response phase, indicating the 

possibility of two levels of representation of the speech target. The earlier more rostral 

peak in PTr and left insular cortex, synchronous with SMA activation, corresponds to the 
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longer reaction time for four syllable trials, and could reflect the more complicated action 

selection required for framing and ordering the four syllable utterance; the later more 

caudal load effect in POs likely results from the simultaneous representation of syllables 

in an output buffer, consistent with competitive queuing models such as DIVA (Bohland 

and Guenther, 2006). This gradient reflects the overall rostral-caudal hierarchical 

organization of frontal areas and Broca’s Area in particular (D’Esposito and Badre, 2009; 

Gelfand and Bookheimer, 2003; Sahin et al., 2009), and suggests that auditory areas may 

communicate different features of speech sequences to rostral Broca’s Area and caudal 

Broca’s Area/PMv, respectively, consistent with evidence of differential white matter 

connectivity, and possibly reflecting the division between the ventral and dorsal speech 

streams (Brauer et al., 2011; Ueno et al., 2011). However, greater spatial resolution is 

required to definitively distinguish these subdivisions of Broca’s Area.  

 The time-courses of both activations and correlations between oscillatory power 

and performance suggest that the dorsal stream phonological loop network operates 

dynamically during both encoding and pre-production. Information about the speech 

target to be repeated cycles through the dorsal stream, and representations are formed as 

part of an interactive process between frontal/pre-motor and temporal/inferior-parietal 

areas. During the encoding phase of our experiment, medial and superior temporal, 

PTp/IPL activation, motor, dorsal pre-motor and inferior frontal areas all became 

engaged; however the posterior areas dominate the behavioral correlations. The frontal 

and central sulcal activations possibly reflect the priming of the speech motor system, and 

the initialization of a motor representation, and also correlate significantly with 

performance (Yuen et al., 2010). Based on the activation timing and behavioral relevance, 
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the PTp localization likely represents an average of the individual Spt locations, which 

are known to vary (Buchsbaum et al., 2011). The MTG and STS correlations likely 

correspond to syllable mapping, while the PTp/IPL correlations correspond to syllable 

storage and audiomotor transformation (Hickok et al., 2011). However, the spatial 

resolution of the present work does not allow us to rule-out the possibility that 

audiomotor transformation and perceptual buffering occur at distinct loci within the 

STGp/IPL region. During the pre-production phase, Broca’s Area/PMv and pre-SMA 

trade off with Spt initially; however within 250ms of voice onset, frontal regions 

dominate the performance correlations, suggesting that by that time a motor-

representation of the entire syllable sequence has formed. 

 The dissociations that we observe between the neuro-behavioral correlation time 

courses in Spt and Broca’s Area, coupled with the time courses of activations, add 

significant support to the notion that these areas act as buffers for storing syllable 

representations within the phonological loop, and furthermore demonstrate how the 

developing speech target representations reverberate between these buffers. This cycling 

through the phonological loop suggests a more dynamic efference copy registration 

process than commonly believed, with the Broca’s Area buffer updating its 

representations in real time as it synchronizes with the short-term verbal memory 

representation in Spt, extending current state-space models of speech motor control 

(Houde and Nagarajan, 2011).  

 This bidirectional nature of the interaction between Spt and Broca’s Area implies 

that, in addition to fulfilling their functions as input and output buffers, at least one cycle 

of an internal feedback loop between the two must complete after stimulus encoding in 
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order for successful production to occur. Such a feedback loop, possibly involving an 

efference copy of the upcoming speech output as suggested above, would represent a 

generalized version of Baddeley’s articulatory rehearsal process (Baddeley, 2000). If the 

model our results suggest proves correct, then interfering with Spt at the end of an 

auditory stimulus should disproportionately affect the reproduction of longer utterances, 

while interfering after the go-cue but before voice onset would affect short and long-

sequences equally. Similarly, targeting STS during early stimulus encoding should affect 

performance more than Spt, whereas deactivating Spt towards the end of encoding should 

disrupt repetition more than deactivating STS.  Frontally, inhibiting Broca’s Area before 

speech onset would affect longer utterances before shorter ones, while deactivating 

Broca’s Area during the stimulus presentation should minimally affect performance of 

either long or short sequences, consistent with the symptoms of expressive aphasias.  

  Collapsing across all frequency bands and task phases, the neuroanatomical 

network we found reproduces the sparing in the rare clinical syndrome known as Mixed 

Transcortical Aphasia (MTA) (Grossi et al., 1991; Yankovsky and Treves, 2002), and 

unifies and extends past functional imaging results (Bohland and Guenther, 2006; 

Buchsbaum and D’Esposito, 2008; Dronkers, 1996; Edwards et al., 2010; Hillis et al., 

2005; Papoutsi et al., 2009; Sahin et al., 2009; Towle et al., 2008)(Figures 2-4, 8). The 

speech abilities preserved in MTA map almost one-to-one onto the functions of the 

phonological loop, and correspond closely with our putative phonological loop sites, 

including IPL, STG, PTp, PMd and PsCG, PMv, and Broca’s Area.   

 Furthermore, our results suggest that disruption in the timing of activation of Spt 

and its interaction with Broca’s Area and pre-SMA in this automatic pre-production 
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feedback loop may contribute to the phonemic paraphasias observed in conduction 

aphasia and cognitive disorders such as schizophrenia, Alzheimer’s Disease and primary 

progressive aphasia (Wherrett, 2008). For instance, accumulating evidence points to Spt 

damage as the sine-qua-non of conduction aphasia (Buchsbaum et al., 2011). If this 

feedback loop following target perception/identification but preceding speech onset 

becomes disrupted, or the representation in Spt decays before the corresponding one in 

Broca’s Area solidifies, then spoken outputs would likely become “noisy”, leading to the 

kind of error-prone paraphasic speech, coupled with the inability to correct speech errors, 

observed in conduction aphasia and some cases of schizophrenia  
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CHAPTER III 

ABBERANT AND COMPENSATORY NEURAL 

ACTIVITY DURING HEARD SPEECH PROCESSING 

IN SCHIZOPHRENIA 

 

Introduction 

 

Schizophrenia is a disabling psychiatric illness with pleiotropic impairments in 

cognitive and neural-system functioning, which are present even before the onset of 

illness and predict conversion to psychosis. Growing evidence suggests the auditory 

behavioral deficits of schizophrenia are associated with aberrant patterns of activation in 

the dorsal speech stream. However, almost nothing is known about the deployment of 

compensatory neural mechanisms, their role in the phenotypic heterogeneity of the 

disorder, and their functional significant. 

We used MEGI to examine HGP across cortex as individuals with schizophrenia 

(SZ) and healthy comparison subjects (HC) performed a syllable encoding and auditory 

working memory task.  We tested the following hypotheses:  1) SZ and HC subjects 

would show differential patterns of background at-quiet HGP; 2) SZ subjects would 

exhibit a deficit in task-related HGP responses in dorsal speech stream regions; 3) The 

normal relationships between HGP power and task performance would be altered in SZ 
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subjects; 4) Patterns of HGP activation in SZ would be associated with measures of 

clinical and functional status, and reveal compensatory mechanisms that may present 

potential targets for treatment; 5) The abnormal patterns of HGP activation would be 

significantly associated with measures of clinical and functional status, and would 

reliably distinguish SZ from HC, suggesting that they represent a fundamental neural 

signature of the illness. 

 
Methods 

 

This study was part of a larger clinical trial investigating the efficacy of 

“neuroplasticity based” cognitive training in patients with schizophrenia (registered at 

ClinicalTrials.gov, NCT00312962).  We recruited chronically ill, clinically stable 

patients with schizophrenia from community mental health treatment centers and healthy 

controls (HC) through advertisement to match the SZ subjects at a group level in terms of 

age, gender, and education.  Inclusion criteria were Axis I diagnosis of schizophrenia 

(determined by the Structured Clinical Interview for DSM-IV, First, 2002) or, for HC 

subjects, no Axis I or Axis II psychiatric disorder (SCID—Non-patient edition), no 

substance dependence or current substance abuse, good general physical health, age 

between 18 and 60 years, and English as a first language. 

 

 Cognition was assessed with measures recommended by the Measurement and 

Treatment Research to Improve Cognition in Schizophrenia (MATRICS) (Neuchterlein 

2007) and symptom severity was assessed with the Positive and Negative Syndrome 
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Scale (Kay et al., 1987). All assessment personnel were blind to subjects’ group 

assignment. Healthy controls were assessed at baseline only. Patients were assessed at 

baseline and post-training and 25 of the 40 patients who completed imaging (12 SZ-AT, 

13 SZ-CG) were available to return after 6 months for a follow-up assessment. Full group 

test scores are also reported elsewhere (Fisher et al 2009).    

 

Auditory Working Memory Task During MEG Recording 

 

The current study included a subset of participants from our larger trial who were 

willing and able to perform auditory processing tasks during magnetoencephalography 

(MEG) recording before and after training and to also receive a structural MRI.  This 

group consisted of 40 patients and 17 HC, though further data quality measures reduced 

the final subject sample to 36 SZ and 15 HC (see Data Preprocessing, below).  Of the 

several auditory tasks performed during MEG, we report here on the syllable encoding 

and retrieval auditory working memory paradigm.   

Participants were presented with two or four syllables involving mixtures of /ba/, 

/pa/, and /da/ pre-recorded from a female speaker, each lasting 470ms with 50ms inter-

syllable intervals (ISI) (as distinct from inter-trial intervals (ITI) (Figure 11).  We asked 

the participants to listen to the syllables, remember them, and repeat them out loud after a 

visual cue, which appeared at a jittered delay uniformly distributed between 2050 and 

2150ms post-stimulus onset, The entire task lasted 160 trials of approximately six to 

seven seconds each, depending on subject reaction time, and a 1s inter-trial interval (ITI), 
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with 80 four-syllable trials randomly interleaved with 80 two-syllable trials.  Two staff 

members separately listened to participant responses and indexed correct trials. 

For the between group HC-SZ comparisons, in order to balance task-performance 

between the HC and SZ group we excluded subjects that performed worse than 40% 

accuracy on the four syllable trials, reducing the number of HC to 15 and SZ to 26. The 

resulting groups did not differ in performance on the two or four syllable trials. The 

results did not differ qualitatively from the full 36 SZ and 17 HC comparisons.  

 

 

Data Acquisition 

 

We recorded neural activity using MEG with 275-channel sensory array in a 

magnetically shielded room, using the Omega 2000 Whole-cortex system (CTF Systems 

Inc./VSM Medtech, Ltd. Port Coquitlam, BC, Canada; see also (Ahonen 1993, Vrba 

2001).  To correct for distant magnetic field disturbance, we used twenty-nine reference 

sensors to calculate a synthetic third-order gradiometer (Vrba 2001, Weinberg 1984).  We 

acquired MEG signal at a sampling rate of 1200Hz and a bandpass filter of 0.001-300Hz.  

Radio-emitting coils (fiducial landmarks) were placed on the participant’s nasion, left, 

and right ear (1cm anterior to the periauricular point in the plane of the nasion) so head 

position could be monitored in relation to the sensor array throughout the recording.  

Scans were repeated for any movement greater than 2mm. 

 

Data Preprocessing 
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The data were split into epochs of -1s to 7s relative to onset of the first syllable.  

Markers for stimulus and response onset were added, and specified as to the type of trial 

(two- or four-syllable). We rejected channels and trials based on high-frequency (>50Hz) 

artifacts that occurred during the time period of interest for each particular analysis.  

Specifically, trials with high-frequency activity consistently greater than 1.5pT or in 

which the participant spoke during this interval were discarded.  All incorrect trials were 

discarded, to ensure task participation during all analyzed trials.  

 

Source reconstruction 

 

After pre-processing the data, we localized sources of high gamma (50-120Hz) 

neural activity using a time-frequency optimized spatially adaptive filter implemented in 

the Neurodynamic Utility Toolbox for MEG (Dalal et al., 2008; Dalal et al., 2011) 

(NUTMEG; http://bil.ucsf.edu). Localizations were computed using the shared 

computing cluster at the California Institute for Quantitative Biomedical Research 

(www.qb3.org).  To enable neural-source localization, high-resolution anatomical MRIs 

were obtained for each subject and spatially normalized to a standard MNI template brain 

using SPM2 (http://www.fil.ion.ucl.ac.uk/spm/software/spm2/). Tomographic volumes of 

potential dipolar source locations (voxels) were generated from these normalized MRIs, 

and co-registered to the MEG sensor arrays. Whole-head localizations were computed 

with 5mm voxels and 100ms sliding windows (fixed for the control periods) with a 25ms 

overlap. In order to avoid mis-localizations due to temporally correlated sources between 
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the two hemispheres, data from sensors above each hemisphere were analyzed separately 

(Dalal et al., 2008; Dalal et al., 2011). We did not sub-divide sensor groups within-

hemisphere to avoid weakening signal-to-noise and therefore correlated sources could 

hypothetically still affect our results, however we did not see any evidence of correlated 

source artifacts. For activations, noise-corrected pseudo-F ratios were computed between 

active windows (i.e. subjects verbal response) and a pre-stimulus control baseline. For 

contrasts between the four and two syllable conditions, noise-corrected pseudo-F ratios 

were computed for sliding windows covering the time-periods of interest for both 

conditions. 

 

Group averaging and statistics 

 

The resulting distribution of activity for each subject was spatially normalized to a 

standard MNI template brain using SPM2 (fil.ion.co.uk/spm2). The spatial normalization 

allowed group analyses to be performed, using statistical non-parametric mapping  (Dalal 

2008, Singh 2003).   Briefly, the three-dimensional average and variance maps across 

subjects were calculated at each time-frequency point and smoothed with a 

20x20x20mm3 Gaussian kernel.  From this image, a pseudo-t statistic was obtained at 

each voxel and time window for each frequency band.  SnPM T distributions were 

created by permuting voxel labels (2N permutations with N being the number of subjects), 

and the resulting p-values were corrected for multiple comparisons using the False 

Discovery Rate (FDR) procedure with a threshold of 5%  (Yekutielli 2001, Durka 2004). 
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Neurocognitive measures 

 

 The Hopkins Verbal Learning Test-Revised (HVLT-R) was used to assess verbal 

learning and memory (VLM). Raw scores for immediate and delayed recall were 

converted to z-scores using normative data published by the test authors. A composite 

VLM score was computed as the average z-score of immediate and delayed recall, and 

VLM change scores were computed as post-training minus baseline, and 6 month follow-

up minus baseline. Alternate forms of tests were administered and counterbalanced at 

baseline, post-training and follow-up.  

In addition to this standardized measure of verbal learning/memory, we calculated 

a standardized memory encoding performance score (SLP) in order to measure each 

subject’s accuracy during the high working memory load four-syllable condition, relative 

to their overall trial accuracy: 1-((2 syllable accuracy - 4 syllable accuracy)/(2 syllable 

accuracy + 4 syllable accuracy)).  This score was transformed into a Z-score with mean 

trial data from the HC subjects.  Pearson’s correlations were used to examine associations 

between behavioral outcome measures and neural activity in a whole-brain analysis, 

modified to examine each voxel and time point of the analysis.  P-values were FDR 

corrected with a threshold of 5%. 
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Results 

 

Behavioral Responses 

 

Subjects’ accuracy and reaction time varied with task difficulty (Figure 1). Both 

SZ and HC performed significantly better on the two-syllable than on the four syllable 

trials (p<0.0001) (Figure 1B).  SZ and HC did not differ in performance on the two 

syllable trials, but HC performed better than SZ on the four syllable trials that required a 

higher working memory load. HC repeated the two-syllable pattern correctly an average 

of 92 +/- 2% of trials and SZ repeated the two-syllable pattern correctly an average of 88 

+/- 2% of trials. HC repeated the four-syllable pattern correctly on an average of 66 +/- 

5% of trials and SZ repeated the four-syllable pattern correctly on an average of 51 +/- 

4% of trials.  Reaction time was assessed as the average time between go-cue and voice 

onset for each subject, using correct trials only. Reaction times did not differ between HC 

and SZ (Figure 1C). For HC, reaction times for the two-syllable repetition (0.64 +/- 

0.04s) were significantly lower than for the four-syllable repetition (0.83 +/- 0.06s), 

(p<0.00001). For SZ, reaction times for the two-syllable repetition (0.63 +/- 0.03s) were 

significantly lower than for the four-syllable repetition (0.85 +/- 0.03s), (p<0.0001).  
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Figure 11. Experimental schematic and behavioral results. A) Digitized patterns of 
sample syllable stimulus and subject vocal response. HC repeated the two-syllable pattern 
correctly an average of 92 +/- 2% of trials and SZ repeated the two-syllable pattern 
correctly an average of 88 +/- 2% of trials. Both SZ and HC performed significantly 
better on the two-syllable than on the four syllable trials (p<0.0001) but two syllable 
performance did not differ between the groups. HC repeated the four-syllable pattern 
correctly on an average of 66 +/- 5% of trials and SZ repeated the four-syllable pattern 
correctly on an average of 51 +/- 4% of trials, and the between group difference was 
significant (p<0.05). B) Reaction time was assessed as the average time between go-cue 
and voice onset for each subject, using correct trials only. Reaction times did not differ 
between HC and SZ (Figure 1C). For HC, reaction times for the two-syllable repetition 
(0.64 +/- 0.04s) were significantly lower than for the four-syllable repetition (0.83 +/- 
0.06s), (p<0.00001). For SZ, reaction times for the two-syllable repetition (0.63 +/- 
0.03s) were significantly lower than for the four-syllable repetition (0.85 +/- 0.03s), 
(p<0.0001). There were no between-group reaction time differences.  

 

Neural Activity  

 

To determine whether patients with schizophrenia engage distinct cortical 

pathways for the encoding of speech sounds for repetition, we computed differences in 
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induced HGP time-locked to the onset of the speech stimulus between the healthy 

controls and the schizophrenic patients (Figure 12). Differences between schizophrenic 

and healthy subjects emerged early in the stimulus encoding condition. In the left 

hemisphere, HCs exhibited much greater high gamma power over left DLPFC 

immediately after sound onset, peaking at 38ms and persisting until 213ms (peak MNI=(-

48 40 32), T=4.9 p<0.0002). HGP decreased more from baseline in HCs than SZs over 

VMPFC, peaking at 238ms. The peak of the maximum difference wave during the first 

two syllables and across the whole brain occurred in the left fusiform gyrus (FusG) in the 

region of the visual word form area during the first syllable. In SZs, HGP increased in 

FusG, peaking relative to HCs at 187ms and again at 637.5ms (peak MNI=(-40 -56 -24), 

T=-5 p=0.0001), and in right FusG at 113ms (peak MNI=[40 -50 -25] T=-3.4 p<0.002) 

and 613ms (peak MNI=[50 -40 -15] T=-3.3 p<0.0001). The peaks in left FusG in SZs 

alone occurred at 137.5ms ([-56 -56 -16] T=3.0 p<0.003) and at 637.5ms ([-40 -48 -16] 

T==1.6, p=0.04). To further narrow the peak in the left FusG region in SZ, we re-

localized the MEG sensor data with 5mm voxels. With 5mm voxels, the SZ 137.5ms left 

FusG peak occurred at ([-50 -55 -15] T=3.3, p=0.002), and the 637.5ms left FusG at ([-40 

-50 -15] T=1.8, p=0.03).  
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Figure 12: HC – SZ stimulus encoding High Gamma power differences. 
Brain renderings depict the T-values from the HC minus SZ unpaired ttests for the time 
points with the lowest p-values for a given region across the analysis condition. 
Renderings are cluster-size corrected at a 10-voxel level and then thresholded to p<0.005. 
Time zero marks the onset of the first syllable, which ends at 470ms. The second syllable 
begins at 520ms and ends at 990 ms.  HGP in DLPFC was significantly greater in HC 
than SZ immediately after stimulus onset, and stayed greater throughout the stimulus, 
reaching a second peak at 462.5ms. In the left fusiform gyrus, HGP rose in SZ but not 
HC after stimulus onset, reaching a maximum relative peak at 187.5ms, and a second 
peak at 637.5ms.  
 

 

Encoding Working Memory Load Effect 

 

Next, we examined whether increases in the syllable working memory load during 

encoding differentially affected HGP fluctuations in SZ and HC. We computed contrasts 

between the second two syllables and the first two syllables on four syllable trials, and 

subtracted the load-effect maps across time in SZ from HC (Figure 13). Early load-
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induced HGP changes from the first to the third syllable did not differ between HC and 

SZ, halfway through the third/first syllable contrast HGP increased in HC relative to SZ 

in several cortical regions, all of which are activated during in heathly controls alone. 

HGP increased more in left posterior planum temporale/SMG in HC than SZ, peaking at 

488ms, followed by a relative increase in dorsal premotor cortex, peaking at 563ms, and 

then left dorsal sensorimotor cortex, peaking at 713ms.  
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Figure 13: HC – SZ stimulus load effect HGP contrast between second and first set 
of syllabels on four syllable trials. Time zero marks 3rd/1st syllable onset; 4th/2nd syllable 
onset occurs at 520ms. HGP as a function of syllable cognitive load was broadly greater 
in HC than SZ. HGP in HC relative to SZ peaked at 488ms in SMG, 563ms in Pre-SMA, 
and 713ms in CSd.  HGP in pre-SMA and CSd remained greater in HC than SZ 
throughout the 2nd syllable.  
 

 

Response-Locked Preparatory Activity 
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We were also interested in whether patterns of cortical oscillatory activity differed 

between the schizophrenics and the healthy controls during the period following the go-

cue and leading up to voice onset, which we call the speech preparatory period. We 

computed the HGP time-locked to the response onset and subtracted the SZ from the HC 

(Figure 14). Only one difference survived the cluster correction and p <0.005 

thresholding, a broad peak in the left fusiform gyrus that reached a maximum at 388ms 

before voice onset ([-50 -55 -15], T=-7.8 p<0.003). The activation peak in SZ alone 

survived FDR ( [-50 -60 -15] T=3.9 p<0.0002).  

 

 

 

Figure 14: HC – SZ Pre-Response. Time zero marks voice onset. HGP differed 
between HC and SZ in only one area during response preparation, the left fusiform gyrus, 
peaking at 388ms before voice onset.  
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Pre-Response Working Memory Load Effect 

 

Following results from healthy subjects that HGP during the response preparatory 

period modulates with syllable load, we computed contrasts between the four and two 

syllable trials, and subtracted the SZ from the HC (Supplementary Figure). We found that 

SZ activated the left FusG/VWFA  at 488ms before voice onset while the HC did not ([-

45 -65 -20], T=-3.3 p<0.02). The peak for the difference cluster at this point occurred at 

[-55 -70 -15] T=-4.2 p<0.002. Examining the SZ alone, the positive peak localized to (-

50 -60 -20, T=3.3 p<0.0004, and survives an FDR correction at 5% threshold.  

 

ROI Analysis 

 

Drawing on our previous findings on the HGP functional anatomy of the auditory 

working memory and speech encoding network (Herman et al., 2013), we tested whether 

HGP in a small number of regions important for accurate auditory working memory 

performance in healthy subjects differed in schizophrenia. We examined the left DLPFC, 

left ventral premotor cortex, left STS, and left PTp in both the stimulus-locked condition 

and the working memory load- effect condition. In the stimulus-locked condition, HGP 

was greater in left PMd in HC than SZ (T=2.7, p<0.05), did not differ in PMv, and was 

lower in left STS (T=-2.1, p<0.03) and PTp (T=-3.2, p<0.004). In the stimulus load 

condition, HGP was greater in HC than SZ in left PMd (T=4.4, p<0.0003), left PMv 

(T=3.4, p<0.003), left STS (T=3.7, p<0.006), and left PTp (T-3.5, p<0.003). 
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Inter-trial high gamma power differences during baseline quiet 

 

To investigate whether altered baseline-levels of HGP may be contributing to 

aberrant task-related HGP, we compared the HGP in the pre-stimulus quiet baseline 

period in HC and SZ. We averaged the HGP during the inter-trial interval period across 

all trials, and subtracted the result in SZ from HC (Figure 15). SZ exhibited significantly 

greater HGP than HC in an inferior frontal, temporal and parietal bilateral network. SZ 

exhibited much greater baseline HGP in left inferior parietal lobe, right inferior parietal 

lobe, right posterior temporal gyrus, right inferior frontal gyrus.  

 
 
 
 

 
 
 
 
Figure 15 HC – SZ baseline high gamma power differences. HGP, averaged across the 
inter-trial interval period, was greater in SZ than HC in left IPL, right IPL, right STGp 
and right IFG.  
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Comparison of subjects with high and low auditory hallucination scores 

 
 

In order to investigate whether patients with auditory hallucinations exhibited 

different neural responses to speech sound encoding and working memory, we performed 

a median split on the SZ along hallucination score and compared the groups. The high 

hallucinations group showed higher HGP in left SPL (512ms/T=4.1 p<0.001), and lower 

HGP in in cuneus (388ms/T=-4.9 p<0.001).  

 

Interaction between DLPFC and Posterior regions 

 

          Based on past work, we hypothesized that prefrontal areas might be mediating 

responses in the posterior areas responsible for successful task performance. We 

regressed early DLPFC HGP against Area Spt and the VWFA. In patients with severe 

auditory hallucinations, the level of early DLPFC HGP predicted the HGP response in the 

VWFA during the first syllable ([-40 -50 -10] r=0.59 p<0.005).  

 

Neurobehavioral Correlations 

 

As we have previously reported, HGP during stimulus encoding in HC correlated 

with accuracy in left STS, left PTp/SMG and left PCGd.  Across all SZ, no significant 

correlation was observed in any of these areas, however a significant correlation was 

observed in left fusiform gyrus at 662.5ms ([-48 -64 -8] r=0.56, p<0.004)/837ms ([-45 -
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60 -10], r=0.47 p<0.002), and in PCL midway through stimulus encoding at 462ms, 

562.5-637.5ms, 837.5ms-987.5ms (peak [-16 -40 56] r=0.77 p=0.000007/[-5 -45 60] 

r=0.5 p<0.002), and right IFG/BA47 showed a negative correlation mid-late in encoding 

(683ms, r=-0.52).   

 

Differences between high and low hallucination groups 

 

Auditory hallucinations are a prominent feature of schizophrenia that affects 

different patients to different degrees. We sought to explore whether patients with severe 

auditory hallucinations exhibit different neural responses to speech auditory motor –

integration than patients with low hallucination levels. To this end we performed a 

median split on along a standard scale of hallucination severity measure from 1-6, and re-

analyzed each experimental condition in these group separately. We found important 

differences between the two groups and with the HC as well.  

In subjects with low hallucination scores and HCs, HGP in Area Spt and VWFA 

both correlate with performance (Low Hallucinators: 687ms [-65 -40 20], r=0.78 

p<0.002),  

 (Fig 16 & 17). However, no such correlation was found in the patients with high 

hallucination scores. When we examined the VWFA, we found correlation with 

performance in all subject groups, however the correlation was substantially higher in the 

high hallucination score group (Low Hallucinators: VWFA: 713ms [-40 -45 -15], r=0.77 

p<0.003  ([-40 -50 -15] r=0.72 p<0.009; High Hallucinators: ([-50 -60 -15] r=0.83 

p<0.0001 and at 137.5ms [-40 -60 -15] r=0.57 p<0.02). Furthermore, in low hallucinators 



	  

	   65	  

and HC VWFA and Spt are positively correlated (low hallucinators: VWFA: [-65 -40 20] 

r=0.85 p<0.002; HC: r=0.95 p<0.0000001), but in high hallucinators, VWFA and Spt are 

anti-correlated.[-60 -45 30] r=-.53 P<0.04. 

 

 

 

Figure 16 HC, SZ-High-Halluc and SZ-Low-Halluc correlations between HGP and 
performance in the left FusG.    
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Figure 17 HC, SZ-High Halluc and SZ-Low Halluc correlations between HGP and 
performance in left PTp.   
 

 

Correlations with Clinical and Functional Status in SZ 

 

In SZ, the total positive symptom score (POS) correlated positively with HGP in 

left dorsal post-central gyrus (PsCGd) and left MOG midway through stimulus encoding 

(588ms/r=0.6 and 638ms/r=0.58, respectively), and late in stimulus encoding in right 
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rostral IFG (713ms/r=0.56. Early-mid HGP in left DLPFC correlated positively with a 

functional status measure, the Quality of Life score (QOL) (Figure 18, r=0.54), as did 

HGP in left anterior insula, right MTGp, right STGp (363ms/r=0.53, 87ms/r=0.57 and 

113ms/r-0.56 respectively), while HGP in Left ITGp, MTGp and STGp correlated 

negatively with QOL (r=-0.62, r=-0. 56 and r=-0.52 respectively).  

 

 

 

Figure 18: Left DLPFC HGP correlates with functional status. HPG vs Quality of 
Life score in SZs at 362ms. r=0.55 p<0.0008. 
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Classification  

 

We developed a classification scheme to classify subjects as SZ or HC based on 

their stimulus-encoding induced HGP. The SZ were stratified by age, education, gender, 

and symptom severity, and randomly allocated either to the auditory training (SZ1) or a 

computer games control condition (SZ2).  We then performed the same comparison of 

stimulus-locked induced HGP described above, but only on HC and SZ1. We recorded 

the peak voxels and time points for all clusters that were significant at an uncorrected 

p<0.01, resulting in 9 voxels/time points.  We then extracted the HGP for those 

voxels/time-points from the SZ1 and SZ2 separately. We adopted a discriminant analysis 

algorithm to iteratively train on the SZ1 and 14/15 of the HC at a time (leave-one-out) to 

enable assessment of the classification of HC as well as SZ2. We achieved a 

classification accuracy rate of 94% on the controls and 86% on the SZ2, demonstrating 

that the altered high gamma power signature of SZ contains significant diagnostic value.
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Discussion 

 

We found that patients with schizophrenia suffer from fundamental defects in 

prefrontal cortex and the dorsal speech stream pathway during speech-motor integration, 

coupled with a compensatory activation of the visual word form area (VWFA) not seen in 

healthy controls. Posterior dorsal stream pathway defects were more pronounced in 

subjects with severe auditory hallucinations, as was compensatory activation of the 

VWFA. Although suppressed across most schizophrenic subjects, the level of early 

activity in DLPFC correlated with quality of life and with activity in the VWFA, 

suggesting that in higher functioning subjects DLPFC may mediate mechanisms 

compensatory for auditory-motor dysfunction schizophrenia.   

 As we saw in Chapter II, in healthy subjects, activation of areas lying along the 

dorsal speech stream underlies the verbal reproduction of heard speech sequences, and 

the activation of those areas proceeds in an order that corresponds to the functional stages 

of the task, and the level of activation modulates with sequence length(Bohland and 

Guenther, 2006; Herman et al., 2013; Papoutsi et al., 2009). Furthermore, the success of 

sequence reproduction varies with the level of induced HGP in these phonological loop 

regions in a temporally choreographed manner(Herman et al., 2013). For instance, during 

listening to the speech sequence, superior temporal and inferior parietal areas, along with 

dorsal premotor cortex, mediate the encoding of the target, while following the stimulus 

but preceding vocal response, an interaction between Broca’s Area and Area Spt 

underlies formation of correct motor plans for production of the sequence, in a manner 

that varies with auditory working memory load.  
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We found that in patients with Schizophrenia the normal pathways underlying 

speech auditory-motor integration during auditory-encoding are functionally disturbed. 

HGP in posterior superior temporal areas during time windows important for healthy 

subject performance was slightly higher in schizophrenic patients during the encoding of 

shorter syllable sequences, but failed to increase normally with increasing syllable length, 

consistent with fMRI results showing an inverted U shaped load response in visual 

working memory (Kim et al., 2010). Although slightly increased relative to HC during 

the first syllable, HGP in the planum temporale increased relative to SZ through the 

second and third syllable, reaching statistical significance during the fourth syllable, 

implying that an activation ceiling had been reached in the SZ during the first two 

syllables, and that SZ did not maintain or increase HGP as a function of working memory 

load as did the HC. This overall reduced ability to modulate HGP activation with task 

demands may partially explain the SZs worse performance on the four syllable but not 

two syllable trials. The observed dysregulation of HGP in PTp may be related to higher 

levels of background HGP noise. HGP in left IPL (including PTp) in SZ was found to be 

elevated during the inter-trial quiet period of the experiment, possibly implying either an 

overall higher level of baseline HGP, or a failure to effectively suppress task-related 

activity after the task ended, both of which may lead to noisy bottom-up encoding of 

stimuli during the task. Resting levels of HGP have been proposed to relate to positive 

symptoms(Sohal, 2012), although in the current study we only observed a trending 

positive correlation between background HGP and positive symptoms in left STGp 

(p<0.07). Taken together, our results provide strong overall evidence that dysfunction of 



	  

	   71	  

auditory-motor oscillatory activity in posterior temporal and inferior parietal cortex 

represents a fundamental lesion of schizophrenia.  

 During both syllable encoding and the response preparatory period the 

schizophrenic subjects activated a region in the left FusG that we identify as the VWFA. 

The peak activation point lies within 10mm (less than 2 functional voxels) of the classic 

location of the VWFA, and the activation cluster includes the VWFA and is notably 

posterior and inferior to the multimodal linguistic region in area BA37(Büchel et al., 

1998; Cohen et al., 2002; Fiebach et al., 2006).  As the name suggests, the VWFA is 

activated in tasks involving the visual presentation and remembrance of words, 

specifically the orthographic component, and the level of activity varies with the 

associated working memory load. Dysfunction of the VWFA is associated with alexia 

and dyslexia(Monzalvo et al., 2012; Turkeltaub et al., 2013; Wilson et al., 2013). While 

past studies have found that VWFA is selectively activated by visual word input, recent 

work in congenitally blind adults suggests that VWFA may perform a task-specific and 

sensory modality independent computation linking letter shapes to phonology(Striem-

Amit et al., 2012). The use of natural speech syllables in our task may have augmented 

the utilization of the VWFA, as subjects could not rely on accessing semantic 

representations to facilitate encoding and memory, and instead effectively imagined the 

written form of the syllables to form motor plans for their verbal reproduction. To our 

knowledge, the activation of VWFA we found in schizophrenic subjects represents the 

first report of a role for the VWFA in auditory verbal processing, and may represent a 

novel mechanism that develops in the brain of schizophrenics to compensate for 

fundamental auditory deficits. Deficits in the use of visual cues to augment auditory 
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speech processing have been reported in patients with schizophrenia, and our results 

suggest that this may reflect that the visual system, already co-opted for the processing of 

pure auditory speech signals, lacks full additional capacity for auditory-integration as in 

healthy subjects(Ross et al., 2007).  

 To further understand the nature of auditory speech deficits in our schizophrenic 

cohort, we divided the SZ subjects into those with high and low hallucination scores. 

Subjects with both low and high hallucination scores exhibited elevated inter-trial 

interval HGP in IPL, suppressed early DLPFC HGP during stimulus encoding, enhanced 

VWFA HGP, as well as attenuated syllable-load related HGP in PTp. but in low 

hallucination score subjects the level of PTp HGP correlated with performance as it does 

in normal subjects, while in high hallucination score subjects there was no correlation. 

However, in both high and low hallucination score subjects HGP in VWFA correlated 

with performance, underscoring a compensatory role for VWFA activation in SZ. The 

correlation between VWFA HGP and performance was higher for high than low 

hallucination score groups, as was the level of VWFA activation, perhaps reflecting the 

greater need for compensation caused by the more severe auditory-motor deficit causing 

auditory hallucinations.    

Significant debate surrounds the question of the relative contributions of deficient 

“top-down” or feedback processing vs. impaired “bottom-up” or feed-forward sensory 

processing to the pathophysiology of schizophrenia (Adcock et al., 2009; Neuhaus et al., 

2011).We found evidence that both mechanisms participate as part of a broader network 

dysregulation and may contribute to different features of the illness, as has been 

suggested by studies of altered functional connectivity in schizophrenia(Hinkley et al., 
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2011). The reduction in very early HGP in left DLPFC after stimulus onset that we found 

in SZ relative to HC is consistent with a large amount of literature on DLPFC deficits in 

schizophrenia (Callicott et al., 1999; Glahn et al., 2005; Hinkley et al., 2011; Manoach et 

al., 2000; Menon et al., 2001), and likely reflects weakened feed-back attentional 

processes that “tune” perceptual processing regions to efficiently encode the task-relevant 

incoming sensory data. In the normal cortex, prefrontal areas mediate the engagement of 

posterior temporal areas during verbal working memory, with Area Spt activated during 

auditory tasks and the VWFA during visual tasks (Fiebach et al., 2006; Herman et al., 

2013). In the present study, although attenuated substantially overall, the level of very 

early DLPFC HGP correlated with subsequent VWFA HGP in both high and low 

hallucinators, and with Area Spt HGP in low hallucinators, indicating that in 

schizophrenia DLPFC may mediate both normal responses when possible and 

compensatory responses when necessary. The high correlation we observe between 

DLPFC HGP and the overall functional status of patients further indicates that the task-

specific role DLPFC plays in modulating auditory processing in a top-down fashion 

generalizes to the mediation of normal and compensatory mechanisms more broadly in 

schizophrenia. We thus demonstrate that hypofrontality has both task-specific and 

domain-general effects. This finding cements significant past research that DLPFC 

should be a primary target for interventional therapies, and demonstrates novel 

mechanisms by which DLPFC enhancement can lead to improved quality of life in 

schizophrenia.  

The time course of VWFA HGP we observe suggests that VWFA performs a 

computation registering the identity of each incoming syllable during encoding, and 
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checking a preliminary efference copy during response preparation against that 

representation. As such, the role VWFA plays in auditory-motor tasks in schizophrenia is 

a partial overlap of the normal functions of superior temporal sulcus and Area Spt. 

VWFA is activated after each successive syllable of the first two syllables, and then again 

in the pre-response period halfway between the go-cue and voice onset, similar to the 

HGP activation patterns of STSp and Area Spt in healthy subjects(Herman et al., 2013). 

However, we did not find that VWFA HGP increased as a function of syllable load 

during the four syllable trials, as was observed for Area Spt HGP in healthy subjects. 

This most likely reflects that VWFA is not itself serving as the locus for retention of the 

syllable sequence representation, which may explain why it has not been previous found 

in studies of auditory working memory in schizophrenia and that typically focus more on 

rehearsal and lack the temporal resolution to separate out transient activations such as we 

report here.   

The co-option of the ventral visual stream in speech auditory-motor integration 

that we report here for the first time implies that the kind of profound cortical plasticity 

that operates in the case of severe sensory deprivation or lesioning also serves to 

compensate for deficits in more complex, distributed disease processes such as 

schizophrenia. To our knowledge, only one other, recent, study in the literature reports 

the activation of the VWFA in non-visual paradigm, and it involved the multisensory 

training of congenitally blind adults. While our understanding of neural plasticity has laid 

the groundwork for the successful development of targeted cognitive training that 

improves functionality in schizophrenia, the insights we provide here suggest that the 

brain can naturally shift between routing information flows from one sensory system to 
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another to compensate for network inefficiencies. Future cognitive training programs 

may attempt to exploit this natural network re-routing to overcome fundamental deficits 

such as auditory-motor dysfunction in schizophrenia.  
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CHAPTER IV 

NORMALIZATION OF ABBERANT ACTIVITY 

FOLLOWING COMPUTERIZED COGNITIVE 

TRAINING IN SCHIZOPHRENIA 

 

Introduction 

 

Emerging findings on the impaired cortical functional connectivity and abnormal 

neural oscillatory patterns that characterize schizophrenia strongly suggest that a novel 

approach to treatment for this illness is necessary (Hinkley et al., 2011) -- one that 

focuses on inefficiencies in cortical processing in distributed neural systems (Adcock et 

al., 2009; Vinogradov et al., 2012). In our previous work, we have shown that intensive 

computerized cognitive training of early auditory processing and auditory/verbal working 

memory in patients with schizophrenia results in improvements in verbal learning and 

memory (Fisher et al., 2009). This approach is based on a large body of behavioral and 

imaging data indicating that schizophrenia is characterized by widespread disturbances in 

the neural systems subserving verbal memory.  These include abnormal/inefficient neural 

activity at the earliest stages of auditory/verbal encoding, such as reduced auditory 

mismatch negativity(Hirano et al., 2008; Kasai et al., 2002; Umbricht and Krljes, 2005), 

impaired temporal integration of speech sounds (Dale et al., 2010), and difficulties in 
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tone and prosody discrimination (Force et al., 2008; Leitman et al., 2010). However, 

abnormalities are also found in higher-order operations, including verbal working 

memory, encoding, and retrieval (Kravariti et al., 2009; Mesholam-Gately et al., 2009; 

Ragland and Gur, 2004; Weiss and Heckers, 2001).  These verbal memory impairments 

are present before the onset of the first episode, often worsen as the individual progresses 

into illness, and predict functional outcome (Becker et al., 2010; Crossley et al., 2009; 

Green, 1996; Leeson et al., 2010; Milev et al., 2005). Taken together, the picture is one of 

inefficiencies in distributed feed-back and feed-forward operations linking critical early 

auditory representations with attentional control and prefrontal predictive and associative 

processes. 

This body of research served as the rationale for the development of a cognitive 

training program that would target both early auditory processing as well as 

auditory/verbal working memory operations, with the ultimate goal of improving verbal 

memory performance in schizophrenia(Adcock et al., 2009; Fisher et al., 2009). 

Specifically, we investigated the effects of an intensive 50-hour program of computerized 

training—delivered as a stand-alone treatment-- that places implicit, increasing demands 

on auditory perception and accurate aural speech reception.  The psychophysical training 

is embedded within a suite of increasingly complex auditory working memory and verbal 

learning exercises that are delivered with a frequent reward schedule and an individually 

adaptive, repetitive practice schedule.  Although our initial behavioral findings have been 

promising, the neural mechanisms that support a successful response to this form of 

cognitive training are only partially elucidated (Subramaniam et al., 2012). 
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In this study, we used magnetoencephalography (MEG) to investigate whether 

training would drive concomitant changes in both sensory and prefrontal cortical 

processing during auditory encoding, working memory and retrieval, as would be 

predicted by the nature of the training and the underlying systems neuroscience model.  

We also sought to elucidate the contribution of changes in the location and timing of 

cortical processing to functionally relevant behavioral outcomes.  Given that 

schizophrenia is characterized by impairment in high frequency neural oscillations in 

cortex (Gandal et al., 2012; Maharajh et al., 2010; Spencer et al., 2008) that are related to 

cognitive dysfunction (Lewis and González-Burgos, 2008; Uhlhaas and Singer, 2010), 

we predicted that successful training of early auditory processing and auditory/verbal 

working memory in patients would be accompanied by gains in early high frequency 

cortical oscillatory power in a distributed speech encoding network that would include 

posterior auditory cortex as well as prefrontal regions. We predicted that improved 

efficiency of this network would manifest as improvements in auditory working memory 

task performance as well as generalize to improved performance on an untrained verbal 

learning and memory list-learning task  

 In order to test these hypotheses, we performed an experiment in which 

participants listened to a string of either 2 syllables or 4 syllables, maintained the 

representation of this sequential auditory information briefly in working memory, and 

then repeated the syllable sequence aloud.  This experimental design allowed us to 

examine three aspects of cortical processing in relation to the proximal and generalized 

effects of training, and also to delineate some of the neural mechanisms supporting 

training-induced behavioral outcomes: 
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1. Proximal effects of training on improving neural efficiency during auditory 

encoding under conditions of increased working memory load:  The training was 

designed specifically to enhance the capacity and neural efficiency of auditory 

working memory.  By examining changes in stimulus-locked high gamma band 

activity during the encoding of syllables during the high working memory load 

trials (where a subject must encode a sequence of 4 syllables) vs. the low 

working memory load trials (2 syllables), we investigated whether training 

induced increases in cortical efficiency as the number of to-be-encoded items 

increased, and determined whether this increased cortical efficiency was 

correlated with gains in auditory working memory task performance. 

2.   Proximal effects of training on improving neural efficiency during auditory 

retrieval under conditions of increased working memory load: By examining 

changes in response-locked high gamma band activity just prior to the subject’s 

response during the high working memory load trials (where a subject must 

repeat back a sequence of 4 syllables) vs. the low working memory load trials (2 

syllables), we investigated whether training induced increases in cortical 

efficiency during retrieval as the number of to-be-remembered items increased, 

and determined whether this increased cortical efficiency was correlated with 

gains in auditory working memory task performance. 

3. Generalization of training as a result of improved efficiency of early cortical 

operations during auditory encoding:  A core feature of our model of training is 

to increase the fidelity and efficiency of early auditory processing and working 

memory capacity in order to drive feed-forward improvements in prefrontal 
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associative memory operations.  By examining changes in the localization and 

timing of stimulus-locked high gamma band activity in cortex during early 

auditory encoding, absent any working memory load effect, we investigated 

whether increased efficiency in early responses of the distributed fronto-temporal 

speech encoding-network were associated with distal measures of improvement 

in verbal memory as measured by a list-learning task 

 

Methods 

 

Participants 

 

This study was part of a larger clinical trial investigating the efficacy of 

“neuroplasticity based” cognitive training in patients with schizophrenia (registered at 

ClinicalTrials.gov, NCT00312962).  We recruited chronically ill, clinically stable 

patients with schizophrenia from community mental health treatment centers and healthy 

controls (HC) through advertisement to match the SZ subjects at a group level in terms of 

age, gender, and education.  Inclusion criteria were Axis I diagnosis of schizophrenia 

(determined by the Structured Clinical Interview for DSM-IV, First, 2002) or, for HC 

subjects, no Axis I or Axis II psychiatric disorder (SCID—Non-patient edition), no 

substance dependence or current substance abuse, good general physical health, age 

between 18 and 60 years, and English as a first language. 
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 Patients with schizophrenia were stratified by age, education, gender, and 

symptom severity, and randomly allocated either to the auditory training (SZ-AT) or a 

computer games control condition (SZ-CG) (Table 1).  Auditory training involved 

increasingly difficult computer-based auditory-processing exercises, focusing on 

fundamental aspects of language comprehension (e.g. changes in frequency, syllable 

recognition and memory), which are described in detail elsewhere  (Fisher et al 2009).  

Patients completed 50 hours of training over an approximately 10-week period.  Patients 

in the CG group played visually engaging commercial computer games for the same 

amount of time.  All patients were blind to group assignment. After the study procedures 

were explained, participants gave written informed consent and underwent a series of 

baseline behavioral assessments. Cognition was assessed with measures recommended by 

the Measurement and Treatment Research to Improve Cognition in Schizophrenia 

(MATRICS) (Neuchterlein 2007) and symptom severity was assessed with the Positive 

and Negative Syndrome Scale (Kay et al., 1987). All assessment personnel were blind to 

subjects’ group assignment. Healthy controls were assessed at baseline only. Patients 

were assessed at baseline and post-training and 25 of the 40 patients who completed 

imaging (12 SZ-AT, 13 SZ-CG) were available to return after 6 months for a follow-up 

assessment. Full group baseline and post-training/post-game test scores are also reported 

elsewhere (Fisher et al 2009).    

 

 

 
   SZ-AT (N=22)  SZ-CG (N=18)         

   Mean  SD  Mean SD  t  p  
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Male/Femalea 18/4 -- 12/6 -- --  --  

Age 36.41 11.91 40.28 10.35 1.08  0.29 

Education 13.27  2.23 13.56 1.92 0.43  0.67 

WASI IQ 103.41 18.07 105.61 11.76 0.45  0.66 

Chlorpromazine 321.95 268.21 296.64 232.62 -0.31  0.76 
 Equivalents 

             
a Chi-square (1, N = 40) = 1.21, p = 0.27; b Positive and Negative Syndrome Scale.  

Table 7. Demographic characteristics of subjects with schizophrenia who received 
computerized auditory training (SZ-AT) and subjects who played computer games 
(SZ-CG).  
 

 

 

 

Auditory Working Memory Task During MEG Recording 

 

The current study included a subset of participants from our larger trial who were 

willing and able to perform auditory processing tasks during magnetoencephalography 

(MEG) recording before and after training and to also receive a structural MRI.  This 

group consisted of 40 patients (22 SZ-AT, 18 SZ-CG) and 16 HC, though further data 

quality measures reduced the final subject sample to 16 SZ-AT,14 SZ-CG and 11 HC(see 

Data Preprocessing, below).  Of the several auditory tasks performed during MEG, we 

report here on the syllable encoding and retrieval auditory working memory paradigm.   

Participants were presented with two or four syllables involving mixtures of /ba/, 

/pa/, and /da/ pre-recorded from a female speaker, each lasting 470ms with 50ms inter-

stimulus intervals (ISI)  (Figure 1).  We asked the participants to listen to the syllables, 

remember them, and repeat them out loud after a visual cue, which appeared at a jittered 
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delay uniformly distributed between 2050 and 2150ms post-stimulus onset, The entire 

task lasted 160 trials of approximately six to seven seconds each, depending on subject 

reaction time, and a 1s inter-trial interval, with 80 four-syllable trials randomly 

interleaved with 80 two-syllable trials.  Two staff members separately listened to 

participant responses and indexed correct trials. 

 

Data Acquisition 

 

 All schizophrenia subjects participated in 2 MEG sessions for a total of 18.7 

minutes of MEG recording on average, before and after the intervention, approximately 

10 weeks apart.  HC subjects participated in 2 MEG sessions 10 weeks apart but did not 

undergo any intervention.  We recorded neural activity using MEG with 275-channel 

sensory array in a magnetically shielded room, using the Omega 2000 Whole-cortex 

system (CTF Systems Inc./VSM Medtech, Ltd. Port Coquitlam, BC, Canada; see also 

(Ahonen 1993, Vrba 2001).  To correct for distant magnetic field disturbance, we used 

twenty-nine reference sensors to calculate a synthetic third-order gradiometer (Vrba 

2001, Weinberg 1984).  We acquired MEG signal at a sampling rate of 1200Hz and a 

bandpass filter of 0.001-300Hz.  Radio-emitting coils (fiducial landmarks) were placed 

on the participant’s nasion, left, and right ear (1cm anterior to the periauricular point in 

the plane of the nasion) so head position could be monitored in relation to the sensor 

array throughout the recording.  Scans were repeated for any movement greater than 

2mm. 
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Data Preprocessing 

 

The data were split into epochs of -1s to 7s relative to onset of the first syllable.  

Markers for stimulus and response onset were added, and specified as to the type of trial 

(two- or four-syllable).  We rejected channels and trials based on high-frequency (>50Hz) 

artifacts that occurred during the time period of interest for each particular analysis.  

Specifically, trials with high-frequency activity consistently greater than 1.5pT or in 

which the participant spoke during this interval were discarded.  All incorrect trials were 

discarded, to ensure task participation during all analyzed trials.  To ensure adequate 

signal-to-noise ratio, we only incuded datasets for which greater than 40% of all trials 

(for the syllable encoding analysis) or of 4-syllable trials (for the increased encoding load 

and increased response load analysis) survived our quality control measures. 

 

Source reconstruction 

 

After pre-processing the data, we localized sources of high gamma (65-90Hz) 

neural activity using a time-frequency optimized spatially adaptive filter implemented in 

the Neurodynamic Utility Toolbox for MEG (Dalal et al., 2008; Dalal et al., 2011) 

(NUTMEG; http://bil.ucsf.edu). Localizations were computed using the shared 

computing cluster at the California Institute for Quantitative Biomedical Research 

(www.qb3.org).  To enable neural-source localization, high-resolution anatomical MRIs 

were obtained for each subject and spatially normalized to a standard MNI template brain 

using SPM2 (http://www.fil.ion.ucl.ac.uk/spm/software/spm2/). Tomographic volumes of 
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potential dipolar source locations (voxels) were generated from these normalized MRIs, 

and co-registered to the MEG sensor arrays. Whole-head localizations were computed 

with 5mm voxels and 100ms sliding windows (fixed for the control periods) with a 25ms 

overlap. In order to avoid mis-localizations due to temporally correlated sources between 

the two hemispheres, data from sensors above each hemisphere were analyzed separately 

(Dalal et al., 2008; Dalal et al., 2011). We did not sub-divide sensor groups within-

hemisphere to avoid weakening signal-to-noise and therefore correlated sources could 

hypothetically still affect our results, however we did not see any evidence of correlated 

source artifacts. For activations, noise-corrected pseudo-F ratios were computed between 

active windows (i.e. subjects verbal response) and a pre-stimulus control baseline. For 

contrasts between the four and two syllable conditions, noise-corrected pseudo-F ratios 

were computed for sliding windows covering the time-periods of interest for both 

conditions. 

 

Data Analysis Approach 

 

Three separate analyses were performed in order to examine three separate 

predictions. 

1.  In order to test our prediction that auditory training increases cortical 

efficiency during encoding of working memory tasks, we performed a stimulus-locked 

analysis of the effect of increased working memory load on the timing and location of 

high gamma band cortical activation patterns after training.  We contrasted trials 

requiring encoding of four syllables vs. encoding of two syllables (12 SZ-AT and 10 SZ-
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CG), by subtracting activity during the first two syllables from the second two syllables 

in four-syllable trials only, using sliding active and baseline time windows of equal 

length.  We also examined the association of the magnitude of increased gamma band 

activation during the high-load encoding condition with improvement in auditory 

working memory task performance (See below). 

2. In order to test our prediction that auditory training increases cortical efficiency 

during retrieval of encoded syllables, we performed a response-locked analysis of the 

effect of increased working memory load on the timing and location of high gamma band 

cortical activation patterns after training.   We examined response-locked cortical activity 

occurring before speech-onset of the response of four-syllable stimuli vs. the response of 

two-syllable stimuli (11 SZ-AT, 10 SZ-CG), by subtracting the 1s before subject 

response in two-syllable trials from the 1s before subject response in four-syllable trials. 

We also examined the association of the magnitude of increased gamma band activation 

during the high-load response period with improvement in auditory working memory task 

performance (See below). 

3. In order to examine our prediction that auditory training leads to early changes 

in cortical processing that generalize to broader cognitive improvement, we performed a 

stimulus-locked analysis of high gamma band cortical activation patterns during syllable 

encoding after training, absent any working memory load effect.   For this syllable 

encoding analysis (16 SZ-AT, 14 SZ-CG), we compared activity during the first second 

of stimulus response  (active window, involving the first two syllables) to an inactive 

period 500ms before stimulus onset (baseline window, 100ms in length).   We then 

performed whole brain correlations of this change in activity with the change in scores on 
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a list learning task (Verbal Learning and Memory score, VLM) after auditory training, 

and the change in the same task over 6 months.  We also correlated the change in 

encoding-related activity with the change in negative symptom score (ANS).  

 

Group averaging and statistics 

 

 The resulting distribution of activity for each subject was spatially normalized to a 

standard MNI template brain using SPM2 (fil.ion.co.uk/spm2). The spatial normalization 

allowed group analyses to be performed, using statistical non-parametric mapping  (Dalal 

2008, Singh 2003).   Briefly, the three-dimensional average and variance maps across 

subjects were calculated at each time-frequency point and smoothed with a 

20x20x20mm3 Gaussian kernel.  From this image, a pseudo-t statistic was obtained at 

each voxel and time window for each frequency band.  SnPM T distributions were 

created by permuting voxel labels (2N permutations with N being the number of subjects), 

and the resulting p-values were corrected for multiple comparisons using the False 

Discovery Rate (FDR) procedure with a threshold of 5%  (Yekutielli 2001, Durka 2004). 

 

Neurocognitive measures 

 

 The Hopkins Verbal Learning Test-Revised (HVLT-R) was used to assess verbal 

learning and memory (VLM). Raw scores for immediate and delayed recall were 

converted to z-scores using normative data published by the test authors. A composite 

VLM score was computed as the average z-score of immediate and delayed recall, and  
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VLM change scores were computed as post-training minus baseline, and 6 month follow-

up minus baseline. Alternate forms of tests were administered and counterbalanced at 

baseline, post-training and follow-up.  

In addition to this standardized measure of verbal learning/memory, we calculated 

a standardized memory encoding performance score (SLP) in order to measure each 

subject’s accuracy during the high working memory load four-syllable condition, relative 

to their overall trial accuracy: 1-((2 syllable accuracy - 4 syllable accuracy)/(2 syllable 

accuracy + 4 syllable accuracy)).  This score was transformed into a Z-score with mean 

trial data from the HC subjects.  Pearson’s correlations were used to examine associations 

between behavioral outcome measures and neural activity in a whole-brain analysis, 

modified to examine each voxel and time point of the analysis.   
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Results 

 

General Behavioral Effects of Cognitive Training 

 

Demographic characteristics of this cohort have been published elsewhere(Fisher et al., 

2009; Subramaniam et al., 2012). The cognitive and symptom effects of the cognitive 

training intervention in the larger study sample have been reported elsewhere (Fisher et 

al. 2009).  For the subsample of subjects studied here, 21 SZ-AT and 16 SZ-CG 

completed the baseline and post-intervention assessment. As in the larger cohort, the 

subsample of SZ-AT subjects showed significant improvement in VLM relative to the 

SZ-CG group (F(1, 35)=5.18, p=0.03), and no change on PANSS positive and negative 

symptom ratings. The SZ-CG group showed a small but significant improvement on 

PANSS disorganized symptom ratings relative to the SZ-AT group  (F(1, 35)=7.53, 

p=0.01) (Table 2), however, in the larger cohort, all changes in symptoms were non-

significant (Fisher et al., 2009). 

 

Auditory Working Memory Task Performance 

 

Auditory encoding task performance for the 40 patients (22 SZ-AT’s, 18 

SZ=CG’s) who completed both baseline and post-intervention sessions is presented in 

Table 2.  A three-way ANOVA showed a main effect of cognitive load (two-syllable 

trials vs. four-syllable trials, F(1,159)=115.93, p<0.01) but no significant difference 
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between sessions (baseline or post-intervention, F(1,159)=0.71, p=0.40), or group (SZ-

AT vs. SZ-CG, F(1,159)=0.86, p=0.36).   

 

 
   
 SZ-AT  SZ-CG  _________________________________  

Outcome     Baseline                Post     Baseline        Post    
Measures Mean SD Mean SD Mean SD Mean SD Fa p  
           _   

Mean Accuracy 0.67 0.09 0.68 0.08 0.68 0.08 0.73 0.74 
(95% C.I.) 
 

Mean 2ph 0.85 0.08 0.86 0.07 0.87 0.06 0.91 0.05 
  Accuracy 

   

Mean 4ph 0.49 0.11 0.50 0.11 0.49 0.11 0.55 0.11 
  Accuracy 

  

Normalized -0.64 0.54 -0.43 0.46 -0.55 0.54 -0.36 0.52 
  SLPb Score 

 

Verbal Learning -2.32 1.32 -1.79 1.47 -1.66 1.09 -1.99 1.21  5.18 0.03 
  and Memory c  

 
PANSS d Symptoms: 
 

  Positive 2.90 1.32 2.82 1.20 2.82 1.20 2.46 1.31  0.83 0.37 

 

  Negative 2.86 1.18 2.86 1.42 2.22 0.88 2.22 1.01  <0.01 0.99 

 

  Disorganized e 2.17 0.59 2.26 0.57 2.51 0.78 2.04 0.84  7.53 0.01 

______________________________________________________________________________________ 

Table 8. Behavioral data for patients with schizophrenia who underwent auditory-
training (SZ-AT) and the computer games control condition (SZ-CG).  
 

a Repeated Measures ANOVA, Condition-by-Time Interaction 
b Memory Performance  
c Within group change in VLM: SZ-AT F(1, 20) = 4.43, p = 0.05; SZ-CG F(1, 15) = 1.39, p = 0.26 
d Positive and Negative Syndrome Scale 
e Within group change in Disorganized Symptoms: SZ-AT F(1, 20) = 0.40, p = 0.54; SZ-CG F(1, 15) = 16.63, p < 0.01 
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Training-Induced Changes in High-Gamma Power During Auditory 

Encoding Under Conditions of Increased Auditory Working Memory Load  

 

 

During conditions of increased working memory load (encoding the last 2 

syllables of a 4-syllable trial, as compared to encoding the first 2 syllables), SZ-AT 

subjects showed strong high gamma power (HGP) increases in left superior parietal 

cortex and in left temporal and ventral frontal cortex, when post-training was compared 

to baseline activity (Figure 2).  In left parietal cortex (BA7 and 40), HGP increased after 

training at the third syllable onset as compared to the first syllable onset (1037.5ms, (-40, 

-40, 50), ∆t=2.63, p<0.003)12, and again during the fourth compared to second syllable 

presentation (1787.5ms, (-30, -50, 65), ∆t=4.48, p<0.0003).  Left temporal cortex 

(BA21/22) HGP also increased during third versus first syllable onset (1362.5, (-50, -35, 

10), ∆t=2.53, p<0.006) and again late in fourth versus second syllable presentation 

(BA22, 1987.5ms, (-60, -15, 0), ∆t=3.16, p<0.0003).  More rostral left temporal cortex 

HGP increased as well (1687.5ms, (-55, 5, 5), ∆t=2.83, p<0.003).  Coincident with these 

changes, left frontal lobe HGP increased early (BA8, 1687.5ms, (-30,20,50), ∆t=2.85, 

p<0.005) and later (BA 45, 1962.5ms, (-60, 10, 25), ∆t=3.23, p<0.001,) over the time 

course of syllable encoding. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Time	  points	  correspond	  to	  3rd	  –	  1st	  syllable	  onset	  occurring	  at	  1000ms.	  	  
2	  All	  voxel	  data	  given	  includes	  peak	  value	  for	  the	  relevant	  cluster	  and	  time	  point.	  	  Coordinates	  given	  
in	  MNI	  space.	  ∆t = change in t-score.	  
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Figure 19: Changes in high gamma power for the SZ-AT group in the increased 
working memory encoding load analysis (n=12).  Reconstructions are calculated by 
subtracting activity during two-syllable presentation from four-syllable presentation, then 
subtracting baseline from post-training activity.  The time scale shows third-first syllable 
onset as time 0ms, fourth-second syllable onset as 500ms, and through presentation of 
two syllables to time 1000ms. Values are given in t-score.  See Results for more details. 
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HGP changes in the CG subjects were less extensive in the increased working 

memory load condition, and were limited to the left frontal cortex  (Figure 3).  In left 

inferior frontal gyrus, HGP decreased significantly across sessions towards the end of 

third versus first syllable presentation (1312.5ms,  (-55, 50, 15), ∆t  = -4.83, p<0.002).  

More rostrally, HGP then increased in left middle frontal gyrus (1437.5ms, (-30, 50, 25), 

∆t=2.83, p<0.005).  Finally high frequency power decreased in left precentral gyrus 

(BA9, 587.5ms, (-40, 5, 40), ∆t = -3.79, p<0.002). 

 

 

 

Figure 20: Changes in high gamma power for the SZ-CG group in the increased 
encoding load analysis (n=10).  Reconstructions are calculated by subtracting activity 
during two-syllable presentation from four-syllable presentation, then subtracting 
baseline from post-training activity.  The time scale shows third-first syllable onset as 
time 0ms, fourth-second syllable onset as 500ms, and through presentation of two 
syllables to time 1000ms. Values are given in t-score.  See Results for more details. 
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Association Between Improvements in Auditory Working Memory 

Performance and Training-Induced Changes in Syllable Working Memory 

Load Related High Gamma  

 

Training-related HGP increases in left fronto-parietal cortex during increased 

auditory working memory load correlated positively with task performance as indexed 

via the SLP measure (Figure 4).  In left prefrontal cortex, the HGP increase in left BA8/9 

correlated with improvement in SLP early in the third syllable presentation (1112.5ms, 

r2=0.63, (-40, 25, 50), p<0.01, data not shown) and again later (1387.5ms, r2=0.73, (-55, 

10, 40), p<0.01).  Increase in HGP in left parietal cortex correlated with SLP at this latter 

time point (1387.5ms, r2=0.79, (-40, -40, 50), p<0.01) and again later during fourth 

syllable presentation (1837.5ms , r2=0.70, (-35, -45, 50), p<0.01, data not shown).  
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-

 

Figure 21: Correlation of auditory training-related high gamma changes from the 
increased encoding load analysis with changes in SLP. Reconstruction of significant 
(FDR<5%) whole-brain correlation between changes in high gamma power during 
increased encoding load with change in SLP 1387.5ms after third-first syllable onset.  
Plots are shown for voxels in the circled regions (BA8/9, r2=0.73, left bottom; BA40, 
r2=0.79, right bottom). 

 

 

CG subjects showed a positive correlation between HGP in left prefrontal cortex 

and SLP (-40, 55, 10, 1362.5ms, p<0.01) which is significant and close to the average 

increase seen above in MFG, though still much smaller than SZ-AT’s.  There was also a 

positive correlation that occurred late in stimulus presentation in left superior parietal 

lobe (1987.5ms, r2=0.67, (-20, -45, 65), p<0.01, data not shown).  
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Training-Induced Changes in Working Memory Load Related High-Gamma 

Power During Auditory Retrieval  

 

In this analysis, HGP increased after auditory training, though to a lesser extent 

than in the other conditions (Figure 5).  Increases occurred in left parietal cortex early in 

the retrieval period and in temporal cortex just before voice-onset response.  Specifically, 

HGP increased in left parietal cortex in the four-syllable vs. two-syllable pre-response 

period almost 1s before response (-787.5ms, (-50 -25 45), ∆t=3.44, p<0.003)3 and in left 

precentral gyrus (--662.5, (-30, -30, 60), ∆t=3.45, p<0.0005).  Just before response, HGP 

increased after training in four-syllable vs. two-syllable trials in left BA21/22  (-12.5ms, 

(-65, -25, -10), ∆t=3.21, p<0.0005), left ventral prefrontal cortex (BA11, -12.5ms, (-30, 

50, -10), ∆t=3.46, p<0.003), and left middle frontal gyrus (BA10, -12.5ms, (-30, 45, 30), 

∆t=3.04, p<0.002). 

 

 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  Time	  relative	  to	  onset	  of	  subject	  response	  (0ms).	  
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Figure 22: Changes in high gamma power for the SZ-AT group in the increased 
response load analysis (n=11).  Reconstructions were calculated by subtracting activity 
during two-phoneme task responses from four-phoneme task responses during the one 
second before the subject’s response, then subtracting baseline differences from post-
training differences.  The time-points correspond to time (in ms) before response onset. 
Values are given in t-score.  See Results for more details. 
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Interestingly, changes in the retrieval analysis were also observed for the SZ-CG 

group (Figure 6).  HGP in four-syllable vs. two-syllable trials increased slightly in left 

STG (-587.5ms, (-65, -40, 20), ∆t =2.3), in BA8 (-412.5ms, (-30, 30, 45), ∆t=3.49), and 

in left BA40 (-312.5ms, (-50, -55, 60), ∆t =4.13).  

   

 

 

Figure 23: Changes in high gamma power for the SZ-CG group in the increased 
response load analysis (n=10).  Reconstructions were calculated by subtracting activity 
during two-phoneme task responses from four-phoneme task responses during the one 
second before the subject’s response, then subtracting baseline differences from post-
training differences.  The time-points correspond to time (in ms) before response onset. 
Values are given in t-score.  See Results for more details.
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Associations Between Improvement in Auditory Working Memory 

Performance and Training-Induced Changes in Working Memory Load 

Related High-Gamma Power During Auditory Retrieval  

 

Training-induced changes in HGP in left fronto-parietal cortex during increased 

retrieval load correlated with changes in task performance, as measured by the SLP score 

(Figure 7).  Specifically, increased activity in SZ-AT subjects correlated with 

improvement in SLP rostrally in left BA8 (-312.5ms, r2=0.88, (-5, 40, 60), p<0.01), as 

well as more caudally in left BA8/9 (-312.5ms, r1=0.86, (-50, 20, 45), p<0.01) and in the 

left tempero-parietal junction (BA22) (-312.5ms, r2=0.83, (-50, -50, 20), p<0.01). 
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Figure 24: Correlation of auditory-training related high gamma changes from 
increased response load with changes in SLP. Reconstruction of whole-brain 
correlation between changes in high gamma power during increased response load with 
change in SLP 312.5ms before subject response.  Plots are shown for voxels in the circled 
regions (bottom left: BA8/9, (-55 10 40), r2=0.73; bottom right: BA22, r2=0.82, (-50, -50, 
20)). 

 

 

Several changes seen in the SZ-CG group also correlated with task performance 

(Figure 8).  Changes in left BA8 500ms before response onset correlated positively with 

the SLP score (-512.5ms, r2=0.69, (-30, 30, 45), p<0.01) and in left BA6 at the same time 

point (r2=88, (-45, 5, 65), p<0.01).
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Figure 25: Correlation of gaming-related high gamma changes from the increased 
response load analysis with changes in SLP. Reconstruction of whole-brain correlation 
between changes in high gamma power during increased response load with change in 
SLP 512.5ms before subject response.  Plots are shown for voxels in the circled regions 
(bottom left: BA8/9, r2=0.69, (-30 30 45); bottom right: BA6, r2=0.88, (-45, 5, 65)). 
 

 

Training-Induced Changes in High-Gamma Power During Auditory 

Encoding  

 

Finally, we analyzed training-induced changes in stimulus-locked activity early in the 

encoding period of the task (encoding the first two syllables compared to pre-stimulus 
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baseline), and found training-induced HGP increases in left frontoparietal networks 

(Figure 9).  In left prefrontal regions, the largest change was centered in Brodmann Area 

10, where HGP increased from onset of the first syllable to 225ms into the trial (peak: 

137.5ms, (-25, 65, 20), ∆t=3.88, p<0.0002).  In the left parietal lobe, HGP changes 

fluctuated throughout the stimulus presentation, showing significant increase in power 

initially (37.5ms, (-40, -30, 30), ∆t=307, p<0.0006), then late in first syllable presentation 

(412.5ms, (-40, -25, 30), ∆t 3.00, p<0.002), and again in late in second syllable 

presentation (762.5ms, (-45, -30, 40), ∆t=3.03, p<0.0005).  Finally, we observed a 

significant decrease in power in left Inferior Frontal Gyrus (IFG) between first and 

second syllable presentation (637.5ms, (-65, 10, 15), ∆t=-3.26, p<0.0001). 

 

 

 

Figure 26: Changes in high gamma power during auditory processing after auditory 
training in patients with schizophrenia (SZ-AT, n=17).  Reconstructions are of post-
training activity minus baseline, shown at the time-points with the most significant 
changes.  The time scale shown corresponds to stimulus onset for time 0ms through 
presentation of two syllables to time 100ms. Values are given in t-score.  See Results for 
more details. 
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The SZ-CG group also showed changes in HGP between the two sessions, though 

they occurred later during stimulus presentation and were less widespread spatially and 

temporally (Figure 10).  The only HGP increases during the first syllable were in left BA 

6 (237.5ms, (-50 5 55), ∆t=2.48).  Late in the second syllable presentation, HGP 

increased frontally in left BA10 (962.5ms, (-15, 60, 5), ∆t=2.74) and again in left BA6 

(950-975ms, (-40, 5, 65), ∆t=2.75), and decreased in left inferior parietal lobe (987.5ms, 

(-50, -50, 40), ∆t= -3.67). 

 

 
 

 

 
 
 

Figure 27: Changes in high gamma power during auditory processing after the 
controlled computer games activity in patients with schizophrenia (SZ-CG, n=14).  
Reconstructions are of post-computer games activity minus baseline, shown at time-
points with the most significant changes, and representative empty reconstructions where 
no activity is present. Timescale as in Figure 1. Values given in t-score.  See Results for 
more details 
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Association Between Improved Verbal Memory Performance and 

Negative Symptoms and Training-Induced Increases in Early High Gamma 

During Auditory Encoding  

 

The early, stimulus-locked HGP increase in left BA10 was positively correlated 

with change in VLM scores in the SZ-AT group (Figure 11a, 112.5ms, r^2=0.56, (-15, 

65, 15), p<0.01).  Later in the encoding period, HGP changes around the left central 

sulcus (BA3/4) were also correlated with improvements in VLM (Figure 11b, 337.5ms, 

r^2=0.56, (-65, -15, 35), p<0.01).  Early increased HGP at left BA10 was associated with 

higher VLM scores at a 6-month follow-up assessment (Figure 12a, n=10, 137.5ms, 

r^2=0.82, (-25, 70, 20), p<0.01).  Finally, increased HGP in left BA10 later in the 

stimulus-encoding period was correlated with a decrease in negative symptoms 

immediately after training (Figure 12b, 837.5ms, r^2=0.6498, (-25, 60, 10), p<0.01).  No 

significant positive correlations of HGP change and VLM and symptoms were found in 

the SZ-CG group. 
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Figure 28: Correlation of auditory training-related high gamma changes with 
change in verbal learning and memory (VLM) in the SZ-AT group (n=17).  (A) 
Reconstruction of significant correlations between change in high gamma power and 
change in VLM score at time 112.5ms after stimulus onset (top), with the extracted 
values from a voxel in the region circled (BA10, r2=0.56) plotted (bottom).  (B) 
Reconstruction of significant correlations at time 337.5ms after stimulus onset (top), with 
extracted values from the region circled (BA4, r2=0.56) plotted (bottom).  Values shown 
are Pearson’s correlation coefficient (r). 
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Figure 29: Correlation of auditory training-related high gamma changes with 
changes in sustained VLM and average negative symptom score. (A) Reconstruction 
of significant whole-brain correlation between change in VLM score over six months 
with change in high gamma power during auditory processing shown at 137.5ms after 
stimulus onset (top), with the extracted values from an encircled voxel (BA10, r2=0.82) 
plotted (bottom).  (B) Reconstruction of significant correlations between change in 
average negative symptoms and change in high gamma power during auditory processing 
shown 837.5ms after stimulus onset (top) with the extracted values from a voxel in the 
region encircled (BA10, r2=0.65). 
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Discussion 
 

In this study, we examined changes in cortical oscillatory activity during an 

auditory working memory task in participants with schizophrenia, after they participated 

in 50 hours of targeted training of auditory processing and auditory/verbal working 

memory.  We found that training led to an enhancement of high gamma power (HGP) in 

a prefrontal-parietal network known to play a role in auditory processing and speech 

encoding (Herman et al., 2013). Impaired high gamma activation in these networks is 

observed at baseline in schizophrenia and is associated with poorer functional 

outcome   The observed changes in HGP were stronger, earlier, and more widespread 

than those seen in a control group of patients undergoing a computer games activity for 

50 hours.   Finally and most interestingly, the enhancement of high gamma power 

correlated with both improved performance on the auditory working memory task and 

with better scores on an untrained verbal learning and memory list-learning task. 

 
Specifically, during auditory encoding under conditions of increased working 

memory load, training induced increases in HGP in parietal cortex, as well as other 

regions important for articulatory processing (superior temporal gyrus, inferior frontal 

gyrus) that fall along the dorsal auditory processing stream (Hickock 2009).  These 

findings suggest that training may have improved the efficiency of these cortical areas to 

engage in auditory encoding.  Indeed, the increased HGP in parietal cortex and in DLPFC 

correlated with improvement in task performance, even though overall task performance 

did not improve at a group level after training.  These changes were much more 
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substantial in patients who underwent training as opposed to patients who engaged in the 

computer games control condition.  

During auditory memory retrieval, enhancement of HGP in these areas was again 

seen, and improved task performance was again associated with increased HGP in 

DLPFC and the tempero-parietal junction.  In this analysis, similar enhancements were 

observed in the control condition subjects, and these enhancements also correlate with 

improved task performance.  These findings suggest that practice effects during auditory 

working memory task performance may be associated with improvements in HGP during 

the retrieval stage, and are observed in both subject groups.  Conversely, the HGP 

enhancements that occur specifically during auditory stimulus encoding are associated 

solely with the effects of training, which is also associated with more widespread HGP 

enhancements during the retrieval stage. 

Finally, we also examined the effect of training on basic aspects of auditory 

stimulus encoding, independent of working memory load.   We found a significant 

enhancement of HGP in left anterior medial prefrontal and inferior parietal areas, 

compared to the control condition.  The prefrontal enhancement occurred early after 

stimulus presentation, suggesting an improvement in prefrontal predictive operations 

that—through feedback mechanisms-- primed the temporo-parietal junction prior to 

sensory processing and induced a more efficient frontal-parietal network.  The prefrontal 

and parietal training-induced enhancement in HGP correlated with improved 

performance on a verbal list learning task immediately after training, and predicted the 

durability of improved verbal memory function six months later. This enhanced HGP 

also correlated with improvement in negative symptoms.  Taken together, these results 
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suggest that computerized training that improves the efficiency of the distributed fronto-

temporo-parietal network that subserves auditory working memory operations can induce 

enduring improvements in verbal memory function and negative symptoms in 

schizophrenia. 
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CHAPTER V 

CONCLUSION 

 

We present a time-frequency magnetoencephalography study of the cortical 

spectral dynamics of auditory-motor integration during heard speech reproduction in the 

normal healthy brain, and in schizophrenia before and after computerized cognitive 

training.  In analyzing the normal subjects, we produced a high-resolution spatiotemporal 

description of the brain network that supports the functions of the phonological loop: the 

dorsal speech stream. We then showed how parts of this network go awry in 

schizophrenia, and discovered a compensatory mechanism employed in the cortices of 

schizophrenic patients, activation of the Visual Word Form Area, that can compensate for 

posterior dorsal stream deficits. Finally, we examined changes in cortical activity in this 

paradigm in response to targeted computerized cognitive training, and found that aberrant 

activity in the dorsal speech stream is normalized in response to training, this 

normalization was mediated by enhanced prefrontal-parietal interaction, and the degree 

of normalization correlates with behavioral improvements.  

We examined neural oscillatory activity in the entire cortex during a heard speech 

reproduction experiment that served as a vehicle for testing the functions of the 

phonological loop. In the healthy brain, functional imaging and lesion studies have 

demonstrated that the dorsal speech stream supports the integration of the perceptual and 

motor components of the phonological loop, but the lack of combined high temporal and 

spatial resolution in these studies has left the specific roles of the underlying regions 
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incompletely characterized. We found that regions along the dorsal stream contribute to 

overall accuracy in the task at distinct periods of time during the task, the order of which 

suggests a bi-directional flow of processing between posterior auditory, dorsal and 

ventral premotor cortex, supplementary motor area and Broca’s Area. In particular, we 

found that Area Spt and Broca’s Area act as dissociable input and output buffers in a 

reverberating bi-directional dorsal stream for syllable perception and production. These 

buffers interact in time along a tightly controlled schedule as part of a speech-motor 

feedback loop that operates before speech onset.  

Having characterized the oscillatory correlates of the phonological loop in healthy 

subjects, we next sought to determine whether altered activity in the underlying network 

might explain well-known auditory-motor deficits in schizophrenia, and further, whether 

additional pathways are engaged to compensate for those deficits. We found pathological 

patterns of activity as well as a novel compensatory pathway. First, the schizophrenic 

patients exhibited severe hypofrontality relative to the controls both immediately after 

stimulus onset, and throughout the encoding phase of the experiment, consistent with a 

large literature on prefrontal deficits in schizophrenia.  Second, the schizophrenic 

subjects exhibited hyperactivation of the posterior dorsal stream areas during the initial 

syllable encoding, but the activation level did not correlate with performance. Third, the 

schizophrenic patients showed an inability to maintain or increase activation of the dorsal 

stream in response to increased syllable cognitive load. Finally, the schizophrenic 

patients activated the ventral visual stream, and specifically the Visual Word Form Area, 

during both encoding and pre-reponse motor plan formation, and that activation 

correlated positively with performance, particularly so in patients with severe auditory 
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hallucinations. These results demonstrate that patients with schizophrenia, and in 

particular those with severe auditory hallucinations, exhibit serious dysfunction of the 

dorsal speech stream, but that the ventral visual stream is co-opted in many of these 

patients in a manner that compensates for the posterior auditory deficits. 

We found that the training largely normalized the aberrant oscillations observed 

in Chapter II. In particular, early prefrontal and later inferior parietal activity was 

enhanced after training. These enhancements correlated with each other and with 

improvements in task performance and neuropsychiatric measures. The majority of the 

training-effects were seen in the stimulus-encoding phase of the experiment, consistent 

with this being the phase during which patients at baseline exhibited the most aberrant 

activity. Importantly, training effects also correlated with improvements in outcome 

measures as far as six-months post-training.  

These findings shed new light on potential sources of speech dysfunction in a 

range of disorders, identifying anatomically and behaviorally dissociable activation time-

windows critical for successful speech reproduction in cortex of healthy subjects and 

patients with schizophrenia. Our results indicate that treatments for clinical conditions 

that include symptoms of paraphasia and auditory working memory deficits should 

include a focus on the connectivity and timing of interaction between frontal and 

posterior areas, in order to facilitate the critical reinforcement of correct motor 

representations that occurs through input and output buffer internal-model feedback. We 

anticipate that transcranial magnetic stimulation studies could be used to tease apart the 

causality suggested by the highly temporally and spatially localized correlations with 

performance in the dorsal speech stream. 
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Future work will also help us to more fully understand the nature of the 

compensatory visual word form area activation in Schizophrenics during speech 

processing. Future multi-sensory experiments could shed light on potential trade-offs 

associated with cross-sensory plasticity in schizophrenia and other neuropsychiatric 

disorders. Additionally, the training results provide hope that such non-invasive 

interventions can provide symptom relief tied to biological markers derived from neural 

oscillations. We anticipate that the correlations we found between fronto-parietal changes 

in high gamma power and cognitive and symptom improvement, as well as the 

compensatory cross-modal plasticity exhibited by patients without training, can be used 

to improve the next generation of targeted computer training, and also to provide interim 

metrics for the assessment of progress in ongoing training studies.
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