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Increased global cognition correlates with increased thalamo-
temporal connectivity in response to targeted cognitive training 
for recent onset schizophrenia

Ian S. Ramsay, Ph.D.1, Brian J. Roach, M.S.3, Susanna Fryer, Ph.D.2,3, Melissa Fisher, 
Ph.D.1, Rachel Loewy, Ph.D.2, Judith Ford, Ph.D.2,3, Sophia Vinogradov, M.D.1, Daniel 
Mathalon, M.D./Ph.D2,3

1.University of Minnesota, Department of Psychiatry

2.University of California, San Francisco Department of Psychiatry

3.Veterans Affairs Medical Center San Francisco

Abstract

Patients with schizophrenia exhibit disrupted thalamocortical connections that relate to aspects of 

symptoms and deficits in cognition. Targeted cognitive training (TCT) of the auditory system in 

schizophrenia has been shown to improve cognition, but its impact on thalamocortical connectivity 

is not known. Here we examined thalamocortical connections that may be neuroplastic in response 

to TCT using a region of interest (ROI) approach. Participants were randomly assigned to either 40 

hours of TCT (N=24) or an active control condition (CG; N=20). Participants underwent resting 

state fMRI and cognitive testing both before and after training. Changes in thalamocortical 

connectivity were measured in 15 ROIs derived from a previous study comparing a large sample of 

schizophrenia subjects with healthy controls. A significant group by time interaction was observed 

in a left superior temporal ROI which was previously found to exhibit thalamocortical hyper-

connectivity in patients with schizophrenia. Changes in this ROI reflected thalamic connectivity 

increases in the TCT group, while the CG group showed decreases. Additionally, the relationship 

between connectivity change and change in global cognition showed a slope difference between 

groups, with increases in thalamo-temporal connectivity correlating with improvements in global 

cognition in TCT. No significant relationships were observed with changes in clinical symptoms 

or functioning. These findings demonstrate that TCT may influence intrinsic functional 

connections in young individuals with schizophrenia, such that improvements in cognition 

correspond to compensatory increases in connectivity in a temporal region previously shown to 

exhibit thalamic hyper-connectivity.
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Introduction

Connections between the thalamus and both the cerebral cortex and cerebellum are 

hypothesized to play crucial roles in aspects of consciousness and cognitive functioning. 

Findings in humans demonstrate that thalamocortical connections influence cognitive 

functioning across the lifespan (Charlton et al. 2010; Wang et al. 2012), while animal 

models have established the importance of this circuitry in aspects of sensory processing 

(Castro-Alamancos 2004), as well as working memory and attention (Bolkan et al. 2017; 

Parnaudeau et al. 2013; Schmitt et al. 2017). Disruptions in thalamocortical circuitry are 

consistently observed in schizophrenia (Giraldo-chica and Woodward 2016; Ramsay and 

MacDonald 2018; Ramsay 2019), characterized by a pattern of both functional and 

structural hypo-connections between the thalamus and prefrontal and cerebellar regions, and 

hyper-connections between the thalamus and sensorimotor cortices (including auditory, 

visual, motor, and association cortices) (Atluri et al. 2014; Anticevic et al. 2013; Woodward 

and Heckers 2016; Woodward, Karbasforoushan, and Heckers 2012; Cheng et al. 2015; 

Giraldo-Chica et al. 2017; Ferri et al. 2018). These hyper- and hypo-connections are also 

found to negatively correlate with one another, suggesting that they arise from a common 

pathophysiological mechanism (Anticevic et al. 2014; Woodward and Heckers 2016; 

Ramsay 2019), and are apparent in both related psychotic disorders (Anticevic et al. 2013) 

as well as in individuals at clinical high risk for psychosis (Anticevic et al. 2015).

Though thalamocortical dysconnectivity is a consistent finding in schizophrenia, the clinical 

significance of these aberrant connections is only just beginning to be understood. In one 

study, negative symptoms were found to correlate with hyper-connectivity in the sensory 

cortex, while positive symptoms corresponded with prefrontal hypo-connections (Cheng et 

al. 2015). In a multi-site study of 183 patients with schizophrenia, positive symptoms 

negatively correlated with connectivity to the cerebellum, and positively correlated with 

thalamic connectivity to sensory cortex (Ferri et al. 2018). Thalamocortical connectivity has 

also been shown to underlie cognitive disruptions in schizophrenia, with previous findings 

demonstrating that thalamo-prefrontal functional connectivity positively correlated with 

global cognition (Woodward and Heckers 2016). Similar findings have also been observed in 

diffusion-weighted structural connectivity, where disrupted thalamo-prefrontal connectivity 

correlated with a measure of working memory performance (Giraldo-Chica et al. 2017).

Given its consistency and clinical relevance, thalamocortical connectivity has been proposed 

as a potential biomarker and treatment target for schizophrenia (Ramsay 2019; Ramsay and 

MacDonald 2018; Woodward 2017). As such, recent work has examined whether 

thalamocortical connectivity is neuroplastic in response to targeted treatment. One study 

examined chronic schizophrenia patients who underwent 48 hours of a working memory-

focused cognitive remediation intervention. Patients in the treatment group showed 

increased resting state thalamo-prefrontal connectivity that correlated with improvements in 
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global cognition (measured by the MATRICS Consensus Cognitive Battery; MCCB) 

(Ramsay, Nienow, and MacDonald 2016). Though these preliminary findings are promising, 

it remains unclear whether thalamocortical plasticity can be evoked in other brain areas, or 

in response to cognitive training interventions targeting differing neural systems.

Targeted cognitive training (TCT) of the auditory system seeks to enhance the speed and 

fidelity of auditory processing by placing progressively more challenging and integrative 

demands on participants using computerized auditory processing speed and working 

memory exercises (Vinogradov, Fisher, and de Villers-Sidani 2012). Previous findings have 

demonstrated that TCT can improve global cognitive functioning in patients with both 

chronic (Fisher et al. 2009) and recent onset schizophrenia (Fisher et al. 2014). Additionally, 

patients who underwent TCT showed functional changes in both prefrontal and auditory 

cortices that corresponded to improvements in cognition (Dale et al. 2015; Subramaniam et 

al. 2014). In recent work related to the current study, TCT was found to evoke structural 

plasticity in recent onset schizophrenia, wherein training led to increases in left thalamic 

volume that corresponded to improvements in global cognitive functioning (Ramsay et al. 

2017). While these findings offer mechanistic evidence for the thalamus’ neuroplastic role in 

response to TCT, potential training-induced changes in the functional relationship between 

the thalamus and the rest of the cerebral cortex are unknown.

The aims of this study were to examine whether aberrant thalamocortical circuitry may be 

neuro-plastic in response to targeted cognitive training of the auditory system in recent onset 

schizophrenia (SZ). Using regions of interest (ROI) identified in a large multi-site study 

examining thalamocortical connectivity in schizophrenia (Ferri et al. 2018), we examined 

whether resting state functional dysconnections change in response to 40 hours of TCT, 

versus a computer games (CG) control condition. We hypothesized that thalamocortical 

connectivity in ROIs that showed a significant response to TCT would correlate with 

training-induced changes in Global Cognition measured by the MCCB.

Methods

Participants

Participants were drawn from a larger clinical trial (Fisher et al. 2014) (Clinicaltrials.gov 

NTC00694889), of which the imaging subset has been reported on previously (Ramsay et al. 

2017). Recruitment of SZ participants relied primarily on the Early Psychosis Clinic at the 

University of California, San Francisco as well as other community clinics in the San 

Francisco area. Enrolled participants met the following criteria: (1) confirmed diagnosis (via 

SCID; Structured Clinical Interview for DSM-IV (SCID) (First et al. 1997)) of 

schizophrenia, schizoaffective disorder, or schizophreniform disorder; (2) an onset of 

psychosis symptoms within the last 5 years (M=1.68; SD=1.36); (3) no problems with 

general physical health; (4) was 14–36 years old; (5) proficient in English; (6) IQ ≥70; (7) 

no history of a neurological disorder; (8) no reported substance dependence within the last 

year; (9) and no contraindications that would limit or prohibit participation in MRI. Eligible 

participants did not begin study procedures until they were on a stable dose of their 

psychiatric medications for at least 1 month, and had achieved 3 months of stable outpatient 

status prior to participation. Chlorpromazine equivalents (CPZ) was based on a calculation 
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accounting for haloperidol dose-year (Andreasen et al. 2010). All participants provided 

informed consent or assent (participants under 18 years old were required to have their 

parent or legal guardian provide consent), and all study procedures were approved by the 

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

randomized to either of the training conditions (stratified by IQ, gender, and severity of 

symptoms) after completing all consent and baseline assessment procedures (See 

Supplementary CONSORT diagram).

Training Procedures

Training for both conditions has been described elsewhere (Fisher et al. 2014; Ramsay et al. 

2017). Briefly, all participants completed either the targeted cognitive training (TCT; N=24) 

or computer game (CG; N=20) control intervention remotely on a laptop computer. 

Participants were assigned to 40 hours of the intervention over the course of 2 months (1 

hour/day, 5 days/week). Study staff communicated with participants 1–2 times each week to 

discuss their progress, and a formal check-in appointment was conducted after every 10 

training sessions. Participants received $5 for each hour of training they completed, a $20 

bonus for completing 10 training sessions, and a $30 bonus for finishing all 40 hours of 

training.

TCT featured a suite of computerized tasks provided by Posit Science that engaged early 

auditory processing and specifically exercised speeded accuracy and verbal working 

memory (Adcock et al. 2009). These tasks are hypothesized to target early sensory processes 

that rely on fronto-temporal-thalamic integration (Lee et al. 2013). Additionally, the training 

is adaptive and seeks to maintain a high level of accuracy across trials (80–85%). For every 

training session, participants completed 4 to 6 exercises. Early in the intervention, exercises 

focused on basic sensory processes, while exercises presented later featured more 

complicated tasks of verbal working memory. Participant compliance was remotely 

monitored.

The control condition featured computer games (CG) and sought to match the active training 

condition on the basis of interaction with the research team, computer exposure, financial 

compensation, and non-specific engagement of executive, attention, and motivation 

processes. Participants were given access to 16 commercially-available games (i.e. 

Hangman, Dominoes, and Checkers), and played 4–5 different games on each training day. 

TCT participants completed an average of 36.64 (SD=7.07) hours of training, and the CG 

condition completed 39.82 (SD=.59) hours (t=−2.10; p=.05). The total number of days in 

training (or time elapsed between the scans) was statistically equal in the TCT (M=131.95; 

SD=53.81) and CG (M=142.00; SD=57.85) conditions (t=−.59; p=.56).

Assessment Procedures

All participants received $20 for each completed assessment which were conducted blind to 

group assignment. To measure cognition, we used a battery of MATRICS-recommended 

instruments (Nuechterlein et al. 2008) (Animal Fluency; Brief Visuospatial Memory Test-

Revised; Delis-Kaplan Executive Functioning System Tower Test; Hopkins Verbal Learning 

Test-Revised; Letter-Number Span; Trail Making Test Part A; Wechsler Memory Scale-III 

Ramsay et al. Page 4

Schizophr Res. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Spatial Span;). Each subtest was converted to an agenormed Z-score before calculating a 

subtest average to derive a ‘Global Cognition’ summary score. One participant was 

subsequently removed due to perceived insufficient effort at follow-up (Z=−1.5; 2.87 SDs 

below the mean), and causing the data point to be a statistical outlier. Therefore, the final 

sample included N=23 in the TCT condition and N=20 in the CG condition.

Neuroimaging Procedures and Pre-processing

Resting state functional MRI was acquired using a Siemens 3T TIM TRIO scanner at 

UCSF’s Neuroimaging Center. Acquisition relied on a 6-minute whole-brain echo-planar 

imaging sequence: 180 images acquired (32 axial slices; 3.5mm slice thickness; 1.05mm 

inter-slice gap; TR=2s; TE=29ms; flip angle=75°; FOV=24cm). In the scanner, participants 

were asked to remain awake with their eyes opened. These images were collected in the 

same previously described session in which high-resolution T1-weighted structural images 

(MPRAGE) were also acquired (Ramsay et al. 2017).

Preprocessing and data analysis relied on procedures described by Ferri et al. (2018) and 

was conducted using Statistical Parametric Mapping (SPM8; http://

www.fil.ion.ucl.ac.uk/spm/software/spm8/). The motion correction relied on INRIAlign 

(http://www.fil.ion.ucl.ac.uk/spm/ext/#INRIAlign) to perform affine registration that 

realigned each image to the first acquired image. Slice-time correction adjusted for 

acquisition timing differences within each TR. Next, the artifact detection tools toolbox 

(http://www.nitrc.org/projects/artifact_detect/) identified volumes where the global image 

intensity was >Z = 3, and motion was >2mm translational movement in the x, y, or z plane or 

>0.02°rotation in roll, pitch, or yaw. Next, we carried out a regression-based de-noising 

approach called aCompCor, which uses a timeseries principal components analysis to derive 

white matter and CSF noise regions from an individual’s high-resolution anatomical map 

(Behzadi et al. 2007). White matter parcellation was identified using FreeSurfer (http://

surfer.nmr.mgh.harvard.edu/), and cerebrospinal fluid (CSF) parcellation relied on 

segmentation performed using SPM8. Using these regions, a binary noise ROI was co-

registered to each subject’s mean functional scan. The time series of the noise ROI mask 

were then submitted to a PCA, and used a bootstrap procedure to yield a number of noise 

components that comprised weighted averages of white matter and CSF voxel time series. 

The motion-corrected mean functional image was normalized to standard space based on the 

Montreal Neurological Institute’s EPI template (http://www.bic.mni.mcgill.ca), resulting in 

3mm3 isotropic voxels, with the normalization parameters applied to each image’s 

timeseries. Data were then spatially smoothed using a 6mm full-width half-maximum 

Gaussian kernel.

The first-level GLM included the mean connectivity seed time series for each individual 

subject, which was derived from an anatomical mask of the thalamus on unsmoothed data. 

Additionally, seven motion parameters (6 temporal derivatives and a composite measure of 

total head motion) were included as nuisance regressors to account for BOLD fluctuations 

attributable to movement. We also regressed out data points identified as outliers by the ART 

toolbox, in addition to noise components (statistically significant p<.05) from the denoising 

procedure retained from each scan based on a Monte Carlo simulation (Behzadi et al. 2007). 
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Correlation maps underwent a Fisher r-to-z transformation prior to group analysis. 

Movement calculated using the median frame-wise displacement did not differ between 

groups at baseline (t=1.40; p=.17) or follow-up (t=1.78; p=.08), and showed no group by 

time interaction effect (F=.27; p=.60). We then used the CONN toolbox in Matlab 

(Whitfield-gabrieli and Nieto-castanon 2012) to carry out a seed-based connectivity analysis 

of the thalamus. Voxel-wise correlation (i.e., positive) and anti-correlation (i.e., negative) Z-

maps were generated for each subject, which represent a correlation value between the 

bilateral thalamus timeseries and every voxel in the brain.

Planned Analyses

To account for potential individual and group differences in brain maturation, effects of age 

were removed from individual subjects’ scans using a statistical norming procedure. To do 

so, we modeled the effect of age within the 12–35 year age range in a sample of healthy 

controls (N=85) who underwent the same scanning procedures previously described (Fryer 

et al. 2016). We then derived age-adjusted Z-scores for each subject based on an age-

regression against healthy controls, resulting in voxel-wise maps reflecting functional 

connectivity expressed in standard deviation units.

Statistical analyses were limited to ROIs that were previously defined in a large multi-site 

study examining thalamocortical connectivity in 183 schizophrenia patients (SZ) versus 178 

healthy controls (HC) (Ferri et al. 2018). That study used a family-wise error correction and 

voxel-wise height threshold of p=.001, and identified 4 HC>SZ ROIs (including regions of 

the thalamus and cerebellum), and 11 SZ>HC ROIs (including areas of pre- and post-central 

gyrus, temporal gyrus, lingual gyrus, and occipital lobe). We identified individual subject 

connectivity z-score values by extracting the mean z-value of each individual ROI. Next, we 

performed repeated measures ANCOVAs in each ROI, covarying for baseline global 

cognition and the baseline connectivity in each region to identify a group × time interaction 

between the treatment groups. Using a conservative Bonferroni correction, we only retained 

results for tests where p<.003 (.05/15). In significant ROIs, we then performed follow up 

analyses with linear regressions examining the relationship between change in Global 

Cognition and changes in thalamocortical connectivity. This also allowed us to determine 

whether slope differences were observed between the TCT and CG groups. Last, we 

examined relevant Pearson correlations to identify the directionality of the linear model.

Results

The TCT (N=23, Males=16) and CG (N=20, Males =12) groups did not differ on factors 

related to age, duration of illness, education, clinical symptoms, medication, global 

cognition (See Table 1), or thalamocortical connectivity in any ROI (all p’s>.05; See Table 

2). Behavioral results of the full trial have been reported previously (Fisher et al. 2014). 

Among the patients in the current study, patients in the TCT group showed a significant 

increase in global cognition (t=2.85; p=.009; Mean ΔZ=.18; SD= .54) while those in the CG 

condition did not (t=1.10; p=.29; Mean ΔZ=.10; SD=.41). Next, we performed repeated 

measures ANCOVAs controlling for baseline global cognition and baseline thalamocortical 

connectivity in the 15 ROIs previously identified by Ferri et al. (2018). Only one ROI where 
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SZ>HC in the left superior temporal gyrus (STG; See Figure 1A) showed a significant group 

by time interaction that survived a Bonferroni-correction of p<.003 (F=12.12; p=.0008; See 

Table 2 and Figure 1B).

We followed up on the effect in the left STG ROI to examine its directionality and whether 

changes in thalamic connectivity within this region reflected changes in Global Cognition. 

The effect in the left STG was characterized by a marginal increase in connectivity in the 

TCT condition (t=1.92; p=.07), and a statistically significant decrease in connectivity in the 

CG condition (t=−2.65; p=.02). Next, we examined the relationship between change in 

thalamo-STG connectivity and change in Global Cognition. We placed group, change in 

thalamo-STG connectivity, and their interaction into a linear model predicting change in 

Global Cognition. A group × connectivity interaction was observed (t=2.85; p=.007; See 

Figure 1C), indicating a significant slope difference between groups. We followed this with 

correlation analyses between change in connectivity and change in Global Cognition in each 

group individually. Increases in thalamo-STG connectivity in the TCT group were 

significantly correlated with increases in Global Cognition in the TCT group (r=.50; p=.02), 

while this relationship was not observed in the controls (r=−.34; p=.14).

Last, we followed up on the significant relationship between change in thalamo-STG 

connectivity and change in Global Cognition in the TCT group by examining cognitive 

domains individually in post-hoc analyses to determine whether changes in a specific 

domain were driving the global effect. Speed of processing (r=.24; p=.26), working memory 

(r=−.14; r=.53), verbal learning and memory (r=.09; p=.68), and visual learning and memory 

(r=.37; p=.08) did not have significant relationships with change in thalamo-STG 

connectivity, while problem solving (r=.42; p=.04) showed a significant positive 

relationship. We also conducted a post-hoc test to determine whether changes in thalamic 

connectivity with the left STG may also reflect changes in clinical symptoms or functioning. 

No effect was observed on the PANSS total score (r=.11; p=.73), and none of the positive, 

negative, or general symptom subscales were found to be significant (all p’s>.64). 

Additionally, no relationship was observed with changes in global functioning (all p’s>.21).

Discussion

We found that patients with recent onset schizophrenia (SZ) show improvements in global 

cognition that coincide with increased thalamocortical connectivity in the left superior 

temporal gyrus (STG) after 40 hours (over ~4.5 months) of auditory targeted cognitive 

training (TCT). This pattern was not observed in a computer games (CG) control group, 

which showed decreases in thalamo-STG connectivity, and no significant improvements in 

global cognition. These results suggest that targeted training in SZ evokes intrinsic 

functional plasticity in auditory processing networks, and may do so by influencing 

thalamocortical networks found to be aberrant in patients with schizophrenia (Giraldo-chica 

and Woodward 2016; Ramsay and MacDonald 2018; Ramsay 2019; Ferri et al. 2018).

Interestingly, the observed group by time interaction effect in the left STG was an area 

previously shown to exhibit hyper-connectivity with the thalamus in schizophrenia. This was 

found to be the case in both groups in the current study, who also showed no baseline 
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connectivity differences. Increased thalamic hyper-connectivity with this region not only 

corresponded to marginal increases in connectivity in the TCT group, but these increases 

also corresponded to improved global cognition. Previous studies have demonstrated that 

aberrant thalamo-temporal connectivity is associated with increased psychiatric symptoms 

(Cheng et al. 2015; Ferri et al. 2018), while dysconnections with the prefrontal cortex appear 

to more closely underlie cognitive dysfunction (Woodward and Heckers 2016; Giraldo-

Chica et al. 2017) . However, given the auditory focus of the training, it is perhaps not 

surprising that the intervention would have a direct effect on the relationship of thalamus to 

primary auditory cortex.

A wealth of animal studies indicate that the auditory cortex is structurally and functionally 

malleable in response to training strategies well into older adulthood (e.g., Blundon et al. 

2017; Villers-sidani et al. 2010), and that long-term potentiation of the auditory cortex is 

driven by projections from medial geniculate nucleus (MGN) of the thalamus (Soutar et al. 

2016). There is also meta-analytic evidence suggesting that cognitive training for 

schizophrenia evokes increases in thalamic activation (Ramsay and MacDonald 2015), 

which likely is associated with plasticity in cortical areas.

Work in our own laboratory suggests that TCT influences left thalamic volume in a manner 

that correlated with changes in cognition (Ramsay et al. 2017). Relatedly, in overlapping 

subjects, TCT was found to improve N1 suppression in auditory cortex during vocalization, 

suggesting that the intervention may influence efference copy/corollary discharge 

mechanisms (Roach et al. 2019). Other work from our laboratory demonstrated that TCT 

evoked plasticity of the M100 response in primary auditory cortex, that not only correlated 

with plasticity in the dorsolateral prefrontal cortex (PFC), but also corresponded to improved 

executive functioning (Dale et al. 2015). Taken together, these results offer a mechanistic 

framework for how TCT may influence the thalamo-sensory-prefrontal system: intensive 

training of auditory processing influences thalamic structure and drives both compensatory 

plasticity in the thalamo-STG circuit, and restorative plasticity in the PFC by strengthening 

functional connections in a manner that is associated with cognitive improvements. 

However, other work in a related sample showed that TCT had no influence on the auditory 

mismatch negativity (MMN) response (Biagianti et al. 2017), which has been previously 

shown to relate to cognition in patients with schizophrenia. It therefore remains unclear how 

aspects of connectivity may relate to other viable neuroplasticity targets in this population.

An opposite pattern was apparent in the computer games (CG) condition, where thalamo-

STG connectivity decreased following 40 hours of commercially available games with no 

systematic demands on the auditory, working memory, or executive neural systems. These 

decreases appeared to moderately coincide with improved global cognition, though this 

relationship was not significant. While this result was unexpected, it does align with 

previous findings suggesting that video games may have a small effect on cognition (Powers 

et al. 2013), and can influence functional plasticity (Gleich et al. 2017). However, we note 

that in the current study, TCT appears to influence thalamocortical connectivity in a 

fundamentally different pattern than CG, suggesting that while a sustained computerized 

intervention may influence neural plasticity, only TCT was shown to significantly improve 

Global Cognition.

Ramsay et al. Page 8

Schizophr Res. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Previous work examined thalamo-prefrontal connections in response to a working memory-

focused cognitive training intervention, showing increased resting state connectivity that 

correlated with improved global cognition (I.S. Ramsay, Nienow, and MacDonald 2017). 

These findings follow from animal studies establishing thalamic projections from the medial 

dorsal (MD) nucleus to the prefrontal cortex as critical for attention and working memory 

(Marton et al. 2018; Bolkan et al. 2017), and malleable in response to training (Parnaudeau 

et al. 2013). Because the current study focused on ROIs established by Ferri et al. (2018), we 

did not specifically interrogate thalamo-prefrontal connections, as they did not survive the 

stringent false-discovery rate correction in that study. Cerebellar and thalamic connections 

may be more robust when comparing HC>SZ, though numerous other studies have reported 

prefrontal effects (Ramsay 2019). We also did not observe relationships between changes in 

thalamo-STG connectivity and changes in symptoms. This is perhaps not surprising, given 

that the treatment was not targeting psychotic symptoms, and the left STG did not 

correspond to positive, negative, or disorganized symptoms (Ferri et al. 2018).

Major limitations of the current study were the small sample size and lack of a healthy 

control training group. Though small samples are not uncommon for this type of research, 

the findings should still be interpreted cautiously. Especially as the current results supported 

a compensatory conclusion, when one might also have hypothesized that TCT evokes 

restorative neural plasticity (i.e. TCT may have reduced aberrant thalamo-temporal hyper-

connectivity). As such, replication will be necessary to draw more firm conclusions about 

the manner in which TCT can influence neural pathophysiology. Relatedly, having a control 

group also undergo TCT could strengthen the interpretability of this study by identifying 

whether training elicits similar compensatory thalamo-temporal connectivity in healthy 

individuals.

Another major limitation was that this study used a whole thalamus seed, potentially 

masking more nuanced effects driven by specific sub-thalamic nuclei. Future work may 

leverage higher resolution imaging and multi-modal approaches to resolve these questions. 

Finally, we observed small behavioral group differences at baseline, with the CG group 

showing slightly faster processing speed, the TCT group showing moderately better problem 

solving, and the CG group having moderately higher baseline symptoms. While accounting 

for these variables did not change the primary outcomes, it does belie the importance of 

personalizing cognitive training interventions tailored to an individual’s cognitive and 

symptom profile. Recent work has sought to identify behavioral predictors of response to 

TCT (Ian S. Ramsay et al. 2018), as well as neurophysiologic predictors that offer further 

insights into the neural circuitry that may be systematically targeted with TCT (Biagianti et 

al. 2017; Hochberger et al. 2019, 2018; Perez et al. 2017).

Overall, the current study demonstrates that targeted cognitive training of auditory 

processing in young individuals with early schizophrenia drives increases in thalamocortical 

connectivity in the left STG, which correlated with improvements in Global Cognition. This 

may reflect a neural compensatory process, as this increased thalamic connectivity is 

observed in a cortical region previously found to be hyper-connected in schizophrenia. 

These findings coincide with previous work establishing that increases in left thalamic 

volume correlate with improved global cognition in response to training (Ramsay et al. 

Ramsay et al. Page 9

Schizophr Res. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2017). We speculate that training-induced plasticity in thalamo-auditory-prefrontal networks 

leverages both pre-existing compensatory circuitry (between thalamus and auditory cortex) 

and may also engage restorative changes (between auditory and prefrontal cortex) in a 

manner that facilitates improved cognitive performance. Continued research will be required 

to confirm this neural mechanistic model and to further elucidate the relationship between 

neuroplastic and behavioral changes in response to targeted cognitive training strategies in 

individuals with schizophrenia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Note: (A) Region of the left superior temporal gyrus (STG; Z=10) found to show a group × 

time interaction in response to TCT versus CG. (B) Significant group × time interaction 

(F=12.12; p=.0008) characterized by increased connectivity in the TCT group, and 

decreased connectivity in the CG group. (C) Slopes difference between groups correlating 

change in connectivity and change in global cognition (t=2.85; p=.007), characterized by a 

positive correlation in the TCT group (r=.50; p=.02), and a non-significant negative 

correlation in the CG group (r=−.34; p=.14).
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Table 1.

Demographic Information

TCT (N=23, Males=16) CG (N=20, Males=12)

Mean SD Mean SD t-value p-value

Age (Years) 23.7 4.55 21.3 3.87 1.87 0.07

Duration of Illness (Years) 1.52 1.23 1.85 1.48 −0.76 0.45

Education (Years) 12.95 1.94 12.47 3.34 0.54 0.59

Global Cognition (Z-score) −0.97 0.85 −0.78 0.75 −0.77 0.44

Processing Speed (Z-score) −1 1.03 −0.46 0.8 −1.93 0.06

Working Memory (Z-score) −0.29 0.71 −0.5 1.05 0.76 0.45

Visual Learning and Memory (Z-score) −1.56 1.85 −0.83 1.46 −1.49 0.14

Verbal Learning and Memory (Z-score) −1.48 1.41 −1.49 1.13 0.02 0.98

Problem Solving (Z-score) 0.04 0.67 −0.42 0.72 2.17 0.04

PANSS Total 58.77 9.34 67.11 18.46 −1.74 0.09

Medication (CPZ Equivalence) 413.95 474.33 351.51 374.27 0.36 0.72
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Table 2.

Baseline and Group × Time Interactions Across 15 ROIs

Baseline TCT v CG Group × Time

ROI Contrast Cluster Size x y z t-value p-value F-value p-value

-

Left Cerebellum HC>SZ 141 36 −43 −44 −0.92 0.37 0.03 0.86

Thalamus HC>SZ 574 12 −10 −5 0.53 0.6 0.04 0.83

Right Cerebellum HC>SZ 60 27 −61 −44 0.18 0.86 0.14 0.71

Right Cerebellum HC>SZ 24 39 −46 −47 1.04 0.3 0.17 0.68

Left Lingual -

Gyrus SZ>HC 12 15 −64 −8 −0.84 0.4 0.62 0.43

Left Superior -

Occipital Lobe SZ>HC 35 18 −85 31 −2.02 0.051 2.78 0.1

Left Middle

Occipital/Middle -

Temporal Gyrus SZ>HC 86 54 −79 1 0.23 0.82 0.05 0.82

Left Superior -

Temporal Gyrus SZ>HC 63 57 −43 10 −1.41 0.17 12.12 0.0008

Left Middle/Superior -

Temporal Gyrus SZ>HC 971 66 −10 10 −1.04 0.31 4.97 0.03

Right Middle

Temporal Gyrus SZ>HC 34 18 −52 −8 −0.48 0.63 0.82 0.37

Left Superior

Occipital Lobe SZ>HC 23 30 −79 25 −1.14 0.26 0.46 0.5

Right Middle

Temporal Gyrus SZ>HC 96 54 −34 1 −1.47 0.15 6.55 0.01

Right Middle

Occipital/Temporal Gyrus SZ>HC 308 57 −73 1 −0.41 0.69 0.24 0.62

Right Middle

Temporal Gyrus SZ>HC 58 63 −1 −23 −0.68 0.5 2.67 0.11

Right Pre/Post

Central Gyrus SZ>HC 1037 69 −7 13 0.73 0.47 3.51 0.06
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