
Asian Journal of Psychiatry 92 (2024) 103887

Available online 26 December 2023
1876-2018/© 2023 Elsevier B.V. All rights reserved.

Lesion network guided delta frequency neuromodulation improves 
cognition in patients with psychosis spectrum disorders: A pilot study 

Willa Molho a,b,*, Nicolas Raymond a,b,*, Robert M.G. Reinhart c, Rebekah Trotti a,b, 
Shrey Grover b, Matcheri Keshavan a,d, Paulo Lizano a,b,d,* 

a Department of Psychiatry, Beth Israel Deaconess Medical Center, Boston, MA, USA 
b Division of Translational Neuroscience, Beth Israel Deaconess Medical Center, Boston, MA, USA 
c Department of Psychological and Brain Science, Boston University, Boston, MA, USA 
d Department of Psychiatry, Harvard Medical School, Boston, MA, USA   

A R T I C L E  I N F O   

Keywords: 
Cognition 
Transcranial Electrical Stimulation 
Lesion Network Mapping 
Psychosis 

A B S T R A C T   

Background: Transcranial electric stimulation (tES) may improve cognition in psychosis spectrum disorders. 
However, few studies have used novel tES approaches, such as high definition tES (HD-tES) to target specific 
brain circuits. Recently, the extrastriate visual cortex (V5/MT) has been causally linked to visual hallucinations 
through lesion network mapping and this may be a promising approach for improving cognition. 
Objective: We aim to determine if causal lesion network guided HD-tES to V5/MT improves cognitive perfor
mance as measured by the Brief Assessment of Cognition in Schizophrenia (BACS). 
Methods: A single-blind pilot study with a within-subjects crossover design was performed to characterize the 
effect of cathodal HD-transcranial direct current stimulation (tDCS) and 2 Hz HD-transcranial alternating current 
stimulation (tACS) on cognition. Enrolled patients received 20 mins of HD-tES twice daily for 5 consecutive days 
applied bilaterally to V5/MT with a washout between conditions. BACS assessments were performed at baseline, 
day-5, and 1-month. 
Results: 6 participants with psychosis spectrum disorder were enrolled. 6 individuals received cathodal HD-tDCS. 
4 individuals received 2 Hz HD-tACS. HD-tACS resulted in significant (p < 0.1 baseline to 1-month improvements 
for Digit Sequencing, Verbal Fluency, and Tower of London. HD-tDCS did not result in significant improvement 
on any task. 
Conclusions: HD-tACS targeting V5/MT may be a promising treatment to improve cognitive abilities in in
dividuals with psychosis. By promoting delta oscillations, tACS may enhance cortico-cortico communications 
across brain networks to improve verbal working memory, processing speed, and executive function. Large-scale 
investigations are needed to replicate these results.   

1. Introduction 

Psychosis spectrum disorders such as schizophrenia, schizoaffective 
disorder, and schizophreniform disorder affect approximately 3% of 
individuals (Perälä et al., 2007). Psychosis stems from a disconnection 
and distortion of reality and is characterized by hallucinations, de
lusions, psychomotor disturbances, cognitive impairments, and negative 
symptoms such as emotional flattening, withdrawal, depression, and 
anxiety (Arciniegas, 2015). Cognitive impairments include deficits in 
information processing, working memory, executive function, attention, 
motor functioning, and verbal fluency (Arciniegas, 2015; Begemann MJ 

et al.). Moreover, cognitive deficits in psychosis are associated with 
delusions and hallucinations (Petrolini et al., 2020), may exacerbate 
negative symptom severity (Türközer et al., 2019),and are strongly 
predictive of worsening community functioning in individuals with 
psychosis (McCleery and Nuechterlein, 2019). 

Current treatments for cognitive deficits in psychotic disorders are 
limited but typically include a combination of psychotherapy and psy
chopharmacology (Perrotta, 2020). Psychotherapy is aimed at 
increasing an individual’s knowledge and awareness of what they are 
experiencing and increasing the early recognition of symptomology 
(Perrotta, 2020). Pharmacological treatment includes medications 
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aimed at decreasing the severity of positive symptoms; however, phar
macological interventions rarely improve cognition (Perrotta, 2020). In 
fact, relatively few options exist to manage cognitive deficits in psy
chosis outside of cognitive enhancement therapy. Cognitive therapy 
includes Cognitive Behavioral Therapy (CBT), Cognitive Remediation 
Therapy (CR) and Cognitive Enhancement Therapy (CET), which are 
aimed at improving daily cognitive ability and functioning (Medalia 
et al., 2019; Eack et al., 2009). Cognitive therapies are often successful 
(Wykes et al., 2011), but burdensome and they are not standardized, 
effective, or accessible for everyone (Hofmann et al., 2012; Lopez and 
Basco, 2015). 

Over the past decade, transcranial electric stimulation (tES) and 
transcranial magnetic stimulation (TMS) have been successful as reha
bilitation tools to enhance cognition (Bello et al., 2023). Compared to 
cognitive therapies, tES requires significantly less time and effort from 
individuals, which can be particularly helpful for people with symptoms 
of avolition and fatigue (Begemann MJ et al.). Furthermore, recent 
technological developments now allow for high definition tES (HD-tES) 
which focalizes current to specific brain regions by employing a higher 
number of stimulation electrodes (Focal Transcranial Electrical Stimu
lation, 2023). By using HD-tES, researchers may target specific regions 
of the cortex associated with symptoms. Of the few studies that employ 
tES to improve cognition in psychosis, most target the dorsolateral 
prefrontal cortex (DLPFC) due to its involvement in working memory. 
Studies targeting the region have shown improvement in multiple as
pects of cognition (Begemann MJ et al.), including working memory in 
psychosis (Schwippel et al., 2018; Papazova et al., 2018). However, 
many regions of the brain are involved in cognitive processing, and very 
few tES investigations targeting other areas have examined its effect on 
cognitive ability. 

Deficits and dysfunction of the visual cortex are heavily implicated in 
psychosis and may be related to cognitive functioning. MRI studies note 
decreased cortical thickness (Türközer et al., 2019; Adhan et al., 2020; 
Sugranyes et al., 2021) and grey matter volume in the visual cortex of 
individuals with psychosis (Onitsuka et al., 2007). Electro- and mag
netoencephalography (E/MEG) studies, which measure activity at the 
cortical level, describe visual processing impairments and delays 
involving both visual processing and cognition in individuals with 
psychosis (Tan et al., 2013; Sur and Sinha, 2009). More importantly, the 
cognitive role of the visual cortex spans a range of cognitive tasks 
including visual perception, working memory (Supèr, 2003), imagery, 
decision making (Roelfsema and de Lange, 2016), and facial recognition 
(Grill-Spector et al., 2017). A 2020 study found that tACS applied to the 
extrastriate visual cortex (V5/MT), an area responsible for higher level 
visual processing, reduced temporal perception and made patients with 
psychosis more likely to perceive and integrate consecutive stimuli as 
one combined representation (Battaglini et al., 2020). Therefore, tES to 
the extrastriate visual cortex may have effects on cognitive ability in 
psychosis. 

Previously, we investigated the effects of cathodal HD-tDCS and 2 Hz 
HD-tACS targeting V5/MT on psychosis symptoms in individuals with 
psychosis spectrum disorders (Lizano, 2023). V5/MT in the visual cortex 
was used as a target because it was causally implicated in the production 
of visual hallucinations in Kim et al., 2021. This paper describes a causal 
lesion network mapping study of otherwise healthy individuals who had 
brain injuries and then developed visual hallucinations (VH). Results 
showed that 98% of all the lesions were part of a cortical network 
involving V5/MT. In addition, decreased slow waves during motion 
related tasks have been associated with decreased cognitive perfor
mance and reduced V5/MT activation, highlighting the importance of 
oscillatory mechanisms in the extrastriate visual cortex (Martínez et al., 
2018). This prompted the current study to incorporate frequency spe
cific stimulation (2 Hz) as a means to increase this activity. In our pre
vious investigation, significant reductions in EEG visual evoked 
potentials and PANSS general symptoms were observed after 5 days of 
tDCS treatment (Lizano, 2023). Intriguingly, HD-tACS treatment 

resulted in a greater long-term effect, showing a significant improve
ment in PANSS general symptoms 1 month after treatment (Lizano, 
2023). This study also demonstrated that stimulation to the extrastriate 
visual cortex via HD-tDCS or HD-tACS was well tolerated (Lizano, 2023). 

Based on the intersections between deficits in the visual cortex and 
deficits in cognition in psychosis, this research seeks to investigate if 
cathodal HD-tDCS and 2 Hz HD-tACS applied to V5/MT will improve 
cognition in individuals with psychosis spectrum disorders. We hy
pothesize that HD-tES will improve cognition as measured by BACS. 
Based on the results of our previous study, we hypothesize that HD-tDCS 
will be more efficacious over the short term (immediately after 5 days of 
stimulation), and that HD-tACS will be more efficacious in the long term 
(up to 1 month after stimulation). We also aim to determine if one 
method of stimulation is more effective than the other at improving 
cognition. 

2. Materials and methods 

A pilot study with a within-subjects, single blind, crossover design 
was conducted in order to characterize the efficacy of cathodal HD-tDCS 
and 2 Hz HD-tACS for psychosis treatment. The within-subjects control 
was pre-stimulation compared to post-stimulation. Participants received 
20 mins of tES twice daily applied bilaterally to V5/MT for five 
consecutive days. Each participant received HD-tDCS stimulation and 
then HD-tACS stimulation separated by a washout period of four weeks. 
During the stimulation procedure for both HD-tDCS and HD-tACS, par
ticipants were asked to remain awake but not to engage in any tasks. 
Participants completed assessments at Baseline, Day 5, 1 month. See  
Fig. 1A for study design. 

Six participants with psychosis spectrum disorder received cathodal 
HD-tDCS and four received 2 Hz HD-tACS (Supplementary Figure 1). 
Inclusion criteria for the pilot study included: a diagnosis of schizo
phrenia, schizoaffective disorder, or bipolar I disorder with psychosis by 
SCID-V (First et al., 2015), a lifetime history of hallucinations, ages 
between 18 and 55, no relevant changes to antipsychotic medications in 
the month before participation, and a sufficient level of English fluency. 
Exclusion criteria included: pregnancy or breastfeeding, an IQ less than 
60, a diagnosis of current substance use disorder, a history of moderate 
to severe visual impairment, other serious medical illness, relevant skin 
allergies, and metallic or electronic implants. 

Both HD-tDCS and HD-tACS stimulation procedures used 12-mm- 
diameter Ag-Agl electrodes in high-definition electrode holders pro
vided by Soterix Medical which were filled with conductive gel. Electric 
field modeling was performed on HD-Explore by Soterix Medical in 
order to guide electrode placement. Electrode placement and stimula
tion intensity for tES were guided by current flow modeling with the 
goal of delivering a focalized current to coordinates from the Montreal 
Neurologic Institute (MNI) (− 50, − 78, 30) and (50, − 74, 4) (Kim et al., 
2021) in order to stimulate the extrastriate visual cortex bilaterally. For 
both HD-tDCS and HD-tACS, stimulation parameters including sensor 
location and stimulation intensity were: AF6, 0.333 mA; AF8, 0.35 mA; 
P6, − 0.325 mA; P9, 0.333 mA; P10, 0.65 mA; PO7, − 1.00 mA; PO8, 
− 0.675 mA; O1, 0.334 mA. Overall current intensity (peak to baseline) 
was set to 2 mA. HD-tDCS and HD-tACS operate through different 
mechanisms (HD-tDCS is cathodal stimulation and HD-tACS is 2 Hz 
delta in phase stimulation) despite having the same placements and 
charge densities (Fig. 1B). 

The measure of cognition used in this study was the Brief Assessment 
of Cognition (BAC). The BAC assessment is performed by the participant 
on an iPad (VeraSci, WCG Clinical) (Atkins et al., 2017), guided by a 
research assistant. BAC is composed of 6 different tasks that assess 5 
different aspects of cognition (Kaneda et al., 2007): Verbal Memory Task 
(VM) which measures recall of words by asking the participant to repeat 
as many words as they remember back to the researcher after hearing a 
list of unrelated words; Digit Sequencing Task (DS) which measures 
verbal working memory by asking participants to repeat a series of 
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numbers that they hear back to the administrator after putting the 
numbers in order from lowest to highest; Token Motor Task (TM) which 
measures motor coordination and motor speed by asking participants to 
use both hands in unison to place two chips into a bin as quickly as they 
can; Verbal Fluency Tasks (VF), measures of lexical access and recall 
from long term memory as well as processing speed, composed of Se
mantic Fluency (SF): which asks participants to name all the animals 
they can in 60 s and two measures of Letter Fluency (LF-F and LF-S): 
which ask participants to name all the words they can that start with 
the letter “F” for 60 s and then again with words beginning with the 
letter “S”; Symbol Coding Task (SC) which measures attention, 

processing speed and executive function (Shao et al., 2023) by asking 
participants to use a key to match a particular symbol to a number and 
encode a list of numbers from corresponding list of symbols as quickly as 
they can; and Tower of London Task (TL) which measures overall ex
ecutive function and attention; particularly problem-solving, plan
ning-ability and processing speed (Unterrainer et al., 2004) by showing 
participants an image of colored blocks arranged on 3 pegs and asking 
the participants the minimum number of moves it would take to arrange 
the blocks on the pegs so they are in the same arrangement as they 
appear on a reference image. The VM assessments were randomized for 
repeated BAC testing; different sets of words were used for assessments 

Fig. 1. A) Study design; EEG as well as clinical, visual, and cognitive assessments were performed at Baseline, Day-5, and, 1-Month. B) Stimulation electrode 
montage and coordinates in Montreal Neurologic Institute (MNI) space for the bilateral extrastriate visual cortex. The current intensity and the current flow modeling 
(field intensity) are depicted in the heatmap. Notes: HD-tDCS, High Definition Transcranial Direct Current Stimulation; HD-tACS, High Definition Transcranial 
Alternating Stimulation; BAC, Brief Assessment of Cognition. 
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at each session. Scores were converted to z-scores from normative data 
and adjusted for age and sex (Hochberger et al., 2016; HILL et al., 2008). 

Data and analyses were performed with R Software (v4.1.2) and R 
Studio using “ggstatplot” for statistical analysis and plots (Patil, 2021). 
The Amelia package was used to impute missing values for individuals 
unable to return for their 1-month assessments (HD-tDCS n = 1, 
HD-tACS n = 1) (Honaker et al., 2011). CPZ was calculated using the 
ChlorprozamineR package on R (Convert, 2023). A p-value of 0.1 was 
used to determine significance throughout the analysis for this study in 
order to achieve a balance between the probabilities of committing Type 
I and II errors when working with small sample sizes (Kim and Choi, 
2021), which in turn substantially increases the power of the effect. 
Friedman tests (Friedman, 2023) were performed to investigate 
within-group differences in performance across the six domains of BAC 
(VM; DS; TM; VF; SC; TL) as well as the composite score across sessions 
(baseline, day-5, 1-month) for HD-tDCS and HD-tACS treatment. Effect 
size was calculated using Kendall’s W in order to help determine clinical 
significance (Friedman, 2023). Pairwise comparisons were performed 
using the Durbin Conover test and Rank Biserial estimation was used to 
calculate effect sizes (Kloke and McKean, 2012). Post-hoc power ana
lyses were calculated using pairwise testing and effect sizes for signifi
cant findings on G*Power (University of Düsseldorf: G*Power, 2023). 

3. Results 

Six participants with a DSM-5 diagnosis of a psychosis spectrum 
disorder were included in the study. All six participants received HD- 
tDCS, while four received 2 Hz HD-tACS. All participants remained on 
stable medications from 1 month prior to the first stimulation through 
the 1 month follow up of the last stimulation. Baseline demographic and 
clinical characteristics are summarized in Table 1. 

In the HD-tDCS condition, no significant differences in BAC com
posite score or sub-scores were identified (Table 2). Likewise, further 
investigations revealed that no significant pairwise comparison between 
session were found for any BAC subdomains in the HD-tDCS condition 
(Table 3). 

In the HD-tACS condition, BAC composite z-scores were not signifi
cant (Table 2), however post-hoc pairwise comparisons showed signif
icant improvements in BACS Composite z-scores from baseline to 1 
month of HD-tACS stimulation [punadj.= 0.09, rank biserial= − 0.50; 
95% CI − 0.88, 0.29, power= 0.31] (Fig. 2). However, this value did not 
remain significant after FDR adjustment (Murray and Blume, 2021) [pfdr 
= 0.23] (Table 3). A Freidman test was conducted to determine whether 
there were learning effects across the HD-tDCS and HD-tACS conditions 
(sessions 1–6), which indicated that there was no learning effect of 

repeated BAC testing (Supplementary Figures 2 and 3) Additionally, no 
significant improvement was observed between the 1 month HD-tDCS 
time point (session 3) and the Baseline HD-tACS timepoint (session 4) 
(Supplementary Figures 2 and 3), indicating that HD-tDCS treatment 
was not responsible for the improvement in BAC observed during 
HD-tACS. The trajectory of the change in z-scores for each participant 
has been demonstrated for BAC Composite and tasks that significantly 
improved with HD-tACS in Supplementary Figures 4 and 5. 

Additionally, significant improvements were found in three BAC 
subdomains in the HD-tACS condition: Digit Sequencing, Verbal 
Fluency, and Tower of London. No significant changes were found in the 
Verbal Memory, Token Motor, or Symbol Coding BAC subdomains in the 
HD-tACS condition. 

3.1. Digit sequencing 

In the HD-tACS condition, z-scores for the Digit Sequencing sub
domain of the BAC assessment significantly improved [p = 0.08; Ken
dall’s W = 0.62] (Table 2, Fig. 2). Pairwise comparisons for the Digit 
Sequencing subdomain in the HD-tACS condition showed significant 
improvements from baseline to 1-month [p = 0.04, pFDR= 0.06, rank 
biserial= − 0.56] and 5 day to 1-month [p = 0.03, pFDR.= 0.06, rank 
biserial= − 0.38], but not baseline to day-5 [p = 0.81, pFDR= 0.81, rank 
biserial= − 0.19] (Table 3). However, no significant interactions related 
to condition by session were found when a two way ANOVA model was 
performed. Post-hoc power analyses using effect size= 0.62 provided a 
power= 0.42. Based on this pilot study, 18 participants would be needed 
to achieve 80% power with a p = 0.05 and a 0.62 effect size in future 
studies. 

3.2. Verbal fluency 

In the HD-tACS condition, z-scores for the Verbal Fluency subdomain 
of the BAC assessment significantly improved [p = 0.02; Kendall’s W 
= 1.00] (Table 2, Fig. 2). Pairwise comparisons for the Verbal Fluency 
subdomain in the HD-tACS condition showed significant improvements 
from baseline to 1-month [p = 0.03, pFDR= 0.09, rank biserial= − 0.38], 
but not from baseline to day 5 [p = 0.21, pFDR= 0.21, rank 
biserial= − 0.38] or from day-5 to 1-month [p = 0.21, pFDR= 0.21, rank 
biserial= − 0.31] (Table 3). However, no significant interactions related 
to condition by session were found when a two way ANOVA model was 
performed. Post-hoc power analyses using effect size= 1.00 provided a 
power= 0.66. Based on this pilot study, 8 participants would be needed 
to achieve 80% power with a p = 0.05 and a 1.00 effect size in future 
studies. 

3.3. Tower of London 

In the HD-tACS condition, z-scores for the Tower of London sub
domain of the BAC assessment significantly improved [p = 0.06; Ken
dall’s W = 0.70,] (Table 2, Fig. 2). Pairwise comparisons for the Tower 
of London subdomain in the HD-tACS condition showed significant 
improvements from baseline to day-5 [p = 0.01, pFDR= 0.04, rank 
biserial= − 0.50] and baseline to 1-month [p = 0.04, pFDR= 0.06, rank 
biserial= − 0.44], but not from 5 day to 1 month [p = 0.41, pFDR= 0.41, 
rank biserial= 0.25] (Table 3). However, no significant interactions 
related to condition by session were found when a two way ANOVA 
model was performed. Post-hoc power analyses using effect size= 0.70 
provided a power= 0.46. Based on this pilot study, 15 participants 
would be needed to achieve 80% power with a p = 0.05 and a 0.70 effect 
size in future studies. 

4. Discussion 

This study suggests that 2 Hz HD-tACS stimulation, but not HD-tDCS 
to V5/MT bilaterally, may improve attention, processing speed, verbal 

Table 1 
Demographic and Clinical Information.   

HD-tDCS (N = 6) HD-tACS (N = 4) 

Sex(M/F/Other) 2/3/1 1/2/1 
Race/Ethnicity   
African American 2 2 
White 3 2 
Other 1 0 
Age, Mean (SD) 29.7 (2.6) 29.8 (3.1) 
Primary Diagnosis 

Schizophrenia 
3 2 

Schizoaffective 1 1 
Bipolar 2 1 
CPZ Equivalence, Mean (SD) 260.9 (269.6) 314.4 (279.0) 
Years of Education, Mean (SD) 14.8 (1.3) 15.0 (1.2) 
Years of Illness Duration, Mean (SD) 11.8 (3.7) 9.5 (1.0) 
SFS, Mean (SD) 128.5 (12.4) 117.0 (10.9) 
BAC Composite z-score -0.46 -1.28 

Notes: HD-tDCS, High-Definition Transcranial Direct Current Stimulation; HD- 
tACS, High-Definition Transcranial Alternating Current Stimulation; CPZ, 
chlorpromazine; SFS, Social Functioning Scale; SD, Standard Deviation; BAC, 
Brief Assessment of Cognition 
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working memory, and executive function. Additionally, the effect of 
2 Hz HD-tACS on DS demonstrated a stepwise improvement in perfor
mance until the 1-month assessment, while performance on the TL task 
plateaued after at the 5 day assessment, and VF improvement was only 
significant after 1 month. Most importantly, the improvement in per
formance on the DS, VF, and TL tasks came close to that observed in age 
and gender matched controls based on normative data. These finding 
highlight that oscillatory mechanisms, particularly slow waves, play an 
important role in cognitive processes and may be an important target for 
future tES investigations. However, the post-hoc power for this pilot 
study ranges from 0.42 to 0.6, suggesting that at least 18 participants per 
arm would be needed in future studies investigating the effects of V5/ 
MT tES on cognition. 

As noted above, improvement in the BAC assessment was observed 

with HD-tACS stimulation for the DS, VF, and TL tasks. These tasks 
assess verbal working memory, executive function, and attention ca
pacities. While more research is necessary, there are potential mecha
nisms that may have resulted in HD-tACS improving cognitive ability 
over HD-tDCS. First, HD-tACS has been shown to alter long range 
cortical communication (Elyamany et al., 2021), influencing connected 
brain regions other than the one directly stimulated (Grover et al., 
2022). Delta waves in the brain (or slow waves in general) are necessary 
in cognitive processes involving working memory (Harmony, 2023) and 
executive functioning (Bong et al., 2020). During tasks that require 
concentration, delta waves increase in the frontal cortex (Harmony, 
2023) and sleep research shows that slow wave sleep (2–4 Hz) aids in 
storing long-term information in cortical structures (Girardeau and 
Lopes-dos-Santos, 2021). Slow wave delta frequency (2–7 Hz) was also 

Table 2 
Cognition Results for HD-tDCS and HD-tACS.   

HD-tDCS HD-tACS   

Median (IQR) Friedman P Value Kendall Effect Size Median (IQR) Friedman P Value Kendall Effect Size 

BAC Composite Baseline -0.465 [− 0.958, 0.005]     -1.280 [− 1.488, − 0.623]      
Day 5 0.095 [− 0.790, 0.545]  0.85  0.03 -0.555 [− 1.198, 0.335]  0.17  0.44  
1 Month -0.185 [− 0.950, 0.655]     -0.170 [− 0.635, 0.388]     

Verbal Memory Baseline -0.545 [− 1.470, 0.462]     -0.315 [− 0.688, − 0.033]      
Day 5 -0.050 [− 0.858, 0.683]  0.96  0.007 0.120 [− 0.633, 0.525]  0.78  0.06  
1 Month -0.025 [− 0.928, 0.510]     0.125 [− 0.313, 0.375]     

Digit Sequencing Baseline -0.880 [− 1.698, 
− 0.438]     

-1.625 [− 1.995, − 0.780]      

Day 5 -0.735 [− 1.555, 0.258]  0.83  0.03 -0.885 [¡ 1.703, 
¡ 0.008]  

0.08  0.62  

1 Month -0.880 [− 1.998, 0.185]     -0.285 [− 0.805, 0.338]     
Token Motor Baseline 1.355 [− 0.670, 3.845]     1.845 [− 0.445, 4.000]      

Day 5 2.660 [1.805, 3.583]  0.68  0.07 1.060 [− 0.493, 2.823]  0.72  0.08  
1 Month 1.060 [− 0.310, 3.007]     1.430 [− 0.860, 2.140]     

Verbal Fluency Baseline 0.210 [− 0.590, 1.040]     -0.470 [− 0.995, 0.315]      
Day 5 0.450 [− 0.035, 0.590]  0.51  0.11 0.125 [− 0.588, 1.033]  0.018  1.00  
1 Month 1.140 [− 0.445, 1.720]     0.220 [− 0.445, 1.125]     

Symbol Coding Baseline -0.325 [− 0.463, 
− 0.210]     

-0.780 [− 0.955, − 0.070]      

Day 5 -0.560 [− 1.135, 0.315]  0.74  0.05 -0.955 [− 1.023, − 0.338]  0.37  0.25  
1 Month -0.520 [− 1.025, 

− 0.015]     
-0.865 [− 0.910, − 0.245]     

Tower of London Baseline -0.660 [− 0.660, 0.225]     -0.660 [− 0.935, − 0.473]      
Day 5 0.305 [− 0.473, 1.015]  0.47  0.13 0.260 [¡ 0.198, 0.670]  0.06  0.70  
1 Month 0.085 [− 0.198, 0.353]     0.080 [− 0.105, 0.083]     

Notes: HD-tDCS, High Definition Transcranial Direct Current Stimulation; HD-tACS, High Definition Transcranial Alternating Stimulation; IQR, Interquartile Range; 
BAC, Brief Assessment of Cognition 

Table 3 
Cognition Results by Session for HD-tDCS and HD-tACS.    

HD-tDCS HD-tACS   

Durbin-Conover P 
Value 

FDR Corrected P 
Value 

Rank 
biserial 

Durbin-Conover P 
Value 

FDR Corrected P 
Value 

Rank 
biserial 

BAC Composite Baseline- Day 5 0.79 0.79 -0.22 0.15 0.23 -0.38  
Day 5- 1 Month 0.79 0.79 -0.06 0.70 0.70 -0.25  
Baseline- 1 
Month 

0.60 0.60 -0.17 0.09 0.23 -0.50 

Digit Sequencing Baseline- Day 5 0.59 0.59 -0.03 0.81 0.81 -0.19  
Day 5- 1 Month 0.79 0.79 0.03 0.03 0.06 -0.38  
Baseline- 1 
Month 

0.79 0.79 -0.03 0.04 0.06 -0.56 

Tower of London Baseline- Day 5 0.56 0.56 -0.17 0.01 0.04 -0.50  
Day 5- 1 Month 0.56 0.56 0.17 0.41 0.41 0.25  
Baseline- 1 
Month 

0.26 0.26 -0.31 0.04 0.06 -0.44 

Verbal Fluency Baseline- Day 5 0.59 0.59 -0.06 0.21 0.21 -0.38  
Day 5- 1 Month 0.59 0.59 -0.19 0.21 0.21 -0.31  
Baseline- 1 
Month 

0.29 0.59 -0.22 0.03 0.09 -0.38 

Notes: HD-tDCS, High Definition Transcranial Direct Current Stimulation; HD-tACS, High Definition Transcranial Alternating Stimulation; BAC, Brief Assessment of 
Cognition 
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found to play a major role in encoding auditory and visual sensory in
formation, particularly coordinating information across auditory and 
visual streams (Luo et al., 2010). Patients with psychosis display slow 
wave abnormalities relative to healthy individuals (Zhang et al., 2020). 
Moreover, clozapine treatment has been shown to increase slow wave 
activity (Raymond et al., 2022) and individuals have been shown to 
have increased cognitive ability after receiving clozapine (Lee et al., 
1994). 

Because the three BAC tasks that improved with HD-tACS stimula
tion heavily rely on visualization abilities (The human imagination, 
2023), it is possible that HD-tACS stimulation to the visual cortex helped 
to improve the “visuospatial sketchpad” and working memory aspects of 
cognition, as well as other aspects more attributed to the frontal cortex. 
It is possible that our stimulation montage boosted delta oscillations and 
ultimately improved working memory and executive functioning pro
cesses through a mechanism such as delta-gamma coupling (Gągol et al., 
2018). 

It is conceivable that the functionality of the visual cortex and 
neighboring brain regions may explain the observed improvement in 
cognition after HD-tACS. Studies have implicated the lateral parietal 
cortex in goal directed behavior (Tumati et al., 2019), the posterior 
parietal cortex in attention capabilities (Whitlock, 2017), and the 
occipital-parietal and visual cortices in motion processing (Martínez 

et al., 2018). Since stimulation to V5/MT may also affect surrounding 
areas and other nodes associated with cognitive networks, HD-tACS may 
have been able to enhance these aspects of cognition and result in 
improved performance on specific BACS tasks. 

The disparate results obtained from HD-tDCS and HD-tACS stimu
lation emphasizes the importance of stimulating not only at the correct 
location, but also with the optimal frequency in order to have an effect 
(Grover et al., 2022). The improvements observed with HD-tACS stim
ulation may be due to HD-tACS interacting with the relevant brain 
networks to rectify altered connectivity, while HD-tDCS stimulation by 
its design does not specifically target particular brain networks. For 
example, HD-tDCS cathodal stimulation is expected to decrease cortical 
excitability of the targeted brain region (Eskandari et al., 2019) and this 
was demonstrated in our initial study where visual evoked response 
potentials were decreased after cathodal HD-tDCS stimulation to V5/MT 
(Raymond et al., 2023). In this study, HD-tDCS was used to target 
V5/MT based on previous studies that implicate an overactivation of the 
visual cortex in individuals with psychosis spectrum disorders 
(Braithwaite et al., 2015; Coltheart, 2018). HD-tDCS did not result in 
improved cognition, but aspects of this study design including stimula
tion frequency and brain target could potentially be altered to produce 
the desired results. 

The improvements seen on these BAC tasks with HD-tACS 

Fig. 2. BACS Composite and Significant Subcategory z-scores by session with HD-tACS (n = 4) vs. HD-tDCS (n = 6) Treatment. Changes in subdomain scores of the 
BACS (Brief Assessment of Cognition in Schizophrenia) are demonstrated for A) Composite, B) Digit Sequencing, C) Verbal Fluency, and D) Tower of London across 3 
time points (baseline, day 5, and 1 month) and two groups (HD-tDCS and HD-tACS). * Depict significant (p < 0.1) findings between time points for the HD- 
tACS group. 
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stimulation to V5/MT are promising in terms of clinical utility. Atten
tion, working memory, and executive functions are particularly 
impaired cognitive domains in individuals with psychosis spectrum 
disorders (Bralet et al., 2008). Based on the results of this study, low 
frequency HD-tACS may become a viable stimulation approach to 
improve specific aspects of cognition in individuals with psychosis not 
enhanced by the antipsychotic drugs, which primarily address halluci
nations and delusions. However, further studies are necessary to repli
cate these results. Furthermore, time intervals at which cognition 
improved with HD-tACS treatment suggest that HD-tACS may have a 
long-term positive effect on cognition in psychosis spectrum disorders. 
These results are consistent with literature suggesting that tACS has a 
more long-term effect on individuals working memory and other aspects 
of cognition (Grover et al., 2021, 2023) If these results are replicated in 
larger and longer term studies, then HD-tACS may become a viable 
treatment option for cognitively-impaired patients with psychosis. 

5. Limitations 

Limitations of this pilot study include a small number of participants 
(n = 6) and limited diversity of patients, as this study was performed at a 
single site. Sample size was limited by the study falling at the height of 
the COVID-19 pandemic, but take-home stimulation units and collabo
rations with multiple collection sites provide opportunities to maximize 
recruitment and regional/demographic variability in the future. Addi
tionally, recruited subjects did not have active positive symptoms at 
their baseline assessments, and 2 subjects were unable to return for their 
one month follow-up assessment (one after HD-tDCS and one after HD- 
tACS). However, the included subjects demonstrated significant cogni
tive deficits at baseline, allowing for noticeable improvements. Per
forming this intervention in an acute population could show even larger 
effects, so future studies should aim to recruit from recent inpatient, 
treatment-naïve, and treatment resistant populations. 

Lastly, this study had a single blind crossover design, providing only 
preliminary data towards stimulation efficacy. The use of a single blind 
is likely a minor issue for the digital BAC test, as it is a relatively 
objective measure that would be less sensitive to bias than a clinician- 
rated measurement. However, most previous research has used a 
paper and pen version of the BAC assessment as opposed to the tablet 
version, and our BAC composite results to do not take into account 
differences in nonsignificant tasks on the iPad vs. on paper. Additionally, 
the Verbal Memory BAC task is susceptible to learning effects after 
repeated use (Keefe et al., 2008), however this BAC task did not improve 
with either type of stimulation so it likely did not inflate our results. For 
the crossover, each participant received HD-tDCS, underwent a washout 
period, and then received HD-tACS. In future studies, the order of the 
interventions will be counterbalanced and compared to a sham or active 
control condition to better control for practice effects. Lastly, future 
studies may want to incorporate a longer washout period and additional 
follow up timepoints in order to assess whether cognitive improvements 
may last for longer than one month after stimulation (Grover et al., 
2022). Despite the limitations associated with the pilot study, the results 
identified herein set the framework for more thorough analyses in the 
future. 

6. Conclusions 

In this study, the aim was to explore the relationship between V5/MT 
and cognition in psychosis spectrum disorders using two different 
stimulation paradigms. Two methods of altering cortical electrical ac
tivity were employed (HD-tDCS and 2 Hz HD-tACS). HD-tACS stimula
tion was associated with a stepwise improvement in cognition on the 
BAC DS task up to 1 month post-treatment, improvement in the VF task 1 
month post treatment, while performance plateaued after 5 days on the 
TL task. There were no cognitive changes associated with HD-tDCS 
treatment to V5/MT, despite the fact that we have previously 

demonstrated neural target engagement with visual event related po
tentials (Raymond et al., 2023). Ultimately, delta wave HD-tACS may be 
able to improve cognition in psychosis by altering cortico-cortico 
communication between relevant brain structures. Future large-scale 
investigations are needed to validate these results. 
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