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Abstract	

Previous	literature	has	demonstrated	the	ability	of	TMS	and	tDCS	to	

modulate	prefrontal	networks	involved	in	verbal	working	memory	and	produce	

improvements	on	verbal	working	memory	tasks.		The	goal	of	this	study	was	to	

attempt	to	recreate	these	results	using	a	novel	form	of	non-invasive	brain	

stimulation	that	uses	transcranial	ultrasound	(TUS)	to	modulate	neural	networks.			

In	this	study	20	participants	were	trained	on	the	3-back	task,	a	version	of	the	n-back	

task,	and	11	received	sham	stimulation	while	the	other	9	received	active	stimulation	

to	the	left	Dorsoal	Lateral	Prefrontal	Cortex	(DLPFC).		Subjects	then	completed	the	

3-back	task	right	after	stimulation	and	20	minutes	after	stimulation.		Additionally,	

mood	data	was	collected	using	the	Visual	Analogue	Mood	Scale	(VAMS)	before	each	

3-back	session.		Overall	the	results	of	the	study	showed	no	significant	improvements	

in	subjects	receiving	stimulation	on	the	3-back	task	or	improvements	in	mood.		

Therefore	this	study	suggests	more	research	needs	to	be	done	to	understand	how	

ultrasound	may	be	able	to	modulate	the	prefrontal	cortex	and	to	identify	potential	

TUS	parameters	that	may	be	able	to	modulate	the	prefrontal	cortex.	

	

	

	

	

	

	

	



Introduction	

There	is	a	growing	public	interest	in	ways	to	improve	human	memory	in	healthy	

individuals	as	well	as	people	with	mental	diseases,	disorders,	and	damage. This is 

due to how common memory impairment can be found in the United States between 

injury and diseases such as Alzheimer (estimated 5.3 million people in 2015 alonei), 

traumatic brain injury (estimated 1.7 million a yearii), and healthy adults experiencing 

cognitive decline due to aging.  These memory impairments can come in all shapes and 

forms: forgetfulness, wandering, slower to complete common everyday tasks, needing 

questions repeated multiple times, memory loss and confusion, difficulty learning new 

tasks, and paranoiaiii.  Commonly the only treatments for such disorders were 

pharmacological drugs but unfortunately, the ability of these drugs to target cellular 

mechanisms specific to the impairment are limited.   

In an attempt to explore alternate forms of treatment for memory disorders, 

researchers have recently began exploring the possibility of using non-invasive brain 

stimulation techniques to improve memory in healthy adults and those suffering from 

memory impairment. For	example,	transcranial direct current stimulation (tDCS) has 

shown promise for improving memoryiv.  tDCS works by creating a weak electric current 

in the brain by way of electrodes placed on the head.  tDCS biggest weakness is that it 

has low spatial resolution and it still produces inconsistent resultsv.  A slightly less 

common form of stimulation used that has better spatial resolution and consistency is 

Transcranial Magnetic Stimulation (TMS), which stimulates the brain by inducing a weak 

current through the use of constantly changing magnetic fields.  The biggest fault with 

this stimulation technique is that it is very expensive.  One emerging form of non-



invasive brain stimulation that may be more successful is ultrasound brain stimulation, 

which uses safe, non-thermal high frequency sound waves emitted through the head to 

stimulate brain activity. 

Ultrasound brain stimulation is a potential method that can be used to stimulate the 

brain with greater spatial resolution then tDCS, greater depth then both tDCS and TMS 

through use in conjunction with MRIvivii, and possibly greater consistency due to better 

spatial resolution.  Additionally, ultrasound is far cheaper then TMS.  Previous research 

with ultrasound stimulation in humans has demonstrated the ability of ultrasound to 

modulate mood and somatosensory activity in humansviii ix.  One area in specific that has 

not been well researched is whether ultrasound can modulate neural activity in a brain 

region involved in working memory – the dorsolateral prefrontal cortex (DLPFC).  

Therefore we explored whether non-invasive ultrasound brain stimulation can be used to 

improve verbal working memory by stimulating the left DLPFC.  Verbal working 

memory is defined as a form of short term memory that allows for the short term storage 

and manipulation of verbal and linguistic information.  Previous studies have shown that 

tDCS and TMS can be used to improve verbal working memory by stimulating the left 

DLPFCx.  These studies have predominantly assessed verbal working memory using a 

version of the n-back working memory task.   

The n-back working memory task is a task where subjects see single letters displayed 

on a screen and if a letter displayed is the same as the letter n before it that stimulus is a 

“target stimulus” and the subject clicks a button.  Studies have demonstrated that this task 

causes increased activation in the left DLPFC and has been correlated with measures of 

verbal working memory functionxi xii.  Therefore it was the goal of this study to explore 



whether ultrasound could produce improvements in verbal working memory by assessing 

verbal working memory using the 3-back task paradigm outlined in the Fregni et al 2005 

paperxiii.  It was the goal of this study to attempt to recreate the success of tDCS and TMS 

in improving verbal working memory in healthy adults.  We predicted that using 

ultrasound stimulation to the left DLPFC would improve accuracy on the n-back working 

memory task and decrease reaction time on target stimuli in healthy adult subjects. 

Methods 

Participants 

A total of 20 subjects ages 18-22 were selected from the University of Arizona 

introductory psychology classes (14 females, average age 18.86 and 6 males, average age 

20).  Subjects were chosen based on inclusion criteria that consisted of being right 

handed, no prior serious head injury (unconscious for more then two minutes), no 

medical conditions that would effect cognitive ability, no history of migraines, not being 

currently pregnant, being fluent in English, no current use of psychotropic medications or 

psychotherapy, and no current treatment for suicidal thoughts or behavior.  These criteria 

were chosen to best isolate what we considered to be “healthy” individuals in a subject 

population. 

Materials 

In this study a custom computer running Pentium dual-core processors and 

DMDX (Forster and Forster, 2003) was used to administer the n-back task and Visual 

Analogue Mood Scale (VAMS).  Additionally, a transcranial ultrasound device provided 

by the company Thync was used to administer the ultrasound stimulation (figure 1).  The 

transcranial ultrasound device had a mode where codes could be inputted to set the box to 



a stimulation or sham mode.  In the sham mode the ultrasound sent the sound waves out 

of the transducer to the side away from the skull, rather then into the skull like in the 

stimulation mode.  For both modes participants could feel a slight vibration on their 

scalp.  Both the experimenters and participants were blind to whether the ultrasound was 

in the sham or stimulation mode. 

 

 

 

 
 
 
 

 
Figure 1 
The images above display the transcranial ultrasound box used in the study and the ultrasound parameters 
used in the study. 
 
 
Procedure 

Participants who qualified were invited into the lab for the experiment, which 

took no more then one and a half hours.  Participants were first given a consent form and 

any questions pertaining to the study were answered.  After consenting the participant, 

the participant filled out a Medical Inquiry Questionnaire to ensure the participant still 



qualified for the study.  If the participant still qualified for the study, the participant filled 

out the VAMxiv on a computer.  The VAMS consisted of questions about mood and 

alertness that required the participants to respond by marking on a 1-100 scale how much 

they agreed or disagreed with the question (figure 2).  Following the VAMS, participants 

were run through a training protocol where participants were trained on the n-back 

working memory task.  The program started by training participants on the 1-back task 

and worked participants up to the 3-back task (figure 3) using the same design as in the 

Fregni et al. 2005 paperxv.  Once subjects were trained in the 3-back task, participants 

performed the 3-back task for either 20 minutes or until their accuracy on the last three 

training blocks were within 10% of one another.  Participants then had their heads 

measured and an EEG cap with electrodes laid out according to the 10-20 internals 

system was put on to allow the experimenter to mark under the F3 electrode with a 

washable marker.  Previous imaging studies have demonstrated that the position of the 

left DLPFC is highly correlated to the location of the F3 electrode on an EEG with 

electrodes laid out according to the 10-20 system.  A code was then put into the 

ultrasound device to set the box to either experimental or sham condition and then 

ultrasound was administered to the scalp of the participant at the location previously 

marked.  When the box was in the experimental condition it administered sound waves at 

a frequency of 500 kHz at a duty cycle of .24, mechanical index of 1.56, and peak 

negative pressure (MPa) of 1.1 for 30 seconds.  In the sham condition the same sound 

waves were sent away from the scalp for the same 30 seconds.  After stimulation the 

ultrasound was removed and the subjects were asked to fill out the VAMS once again.  

Following the VAMS, participants completed 5 blocks of the 3-back task.  Participants 



were then told to do nothing for 20 minutes, before filling out the VAMS and completing 

5 blocks of the 3-back task again.  Finally, participants answered some post-experiment 

questions before being debriefed and paid for their time. 

 

 

How alert do you feel? 

Very Little                                                                                           Very Much 

Figure 2 
Displays example question from the VAMS that would appear on the computer screen that would prompt 
participants to click on the line how they feel in regards to the question.  The line represents a 1-100 scale 
that is measured by the computer based on where on the line the participant clicked. 
 

 

 

 

 

 

Figure 3 
Displays an example of the 3-back task. The arrow on top points to a “hit”, a time when the subject would 
click the button and the arrow on the bottom denotes the order in which the stimuli were displayed.  Stimuli 
were displayed for 200ms each and there was 1800 ms delay between stimuli 
 

Statistical Analysis 

For the n-back task a 2 x 3 repeated measure ANOVA (Condition x Time of 3-back) was 

run on number of hits (times when subject correctly clicked on the 3-back task), reaction 

time on correct hits, and sensitivity.  Sensitivity was calculated by the equation: 

 d’ = Z(hits)-Z(False Alarm) 

A C B A 

Time 



For the VAMS data a 2 x 3 repeated measure ANOVA (Condition x Time of VAMS) was 

run for Global Vigor and Global Affect.  Global vigor was calculated by the equation: 

 Global Vigor = [(alert) + 300 – (sleepy) – (effort) – (weary)] / 4 

Global Affect was calculated by the equation: 

 Global Affect = [(happy) + (calm) + 200 – (sad) –(tense)] / 4 

 

Results 

 Due to the findings in previous literature with tDCS and TMS and the n-back 

task, it was decided that three measures on the 3-back task would be explored: hits, 

reaction time on hits, and sensitivity score.  For each block of 3-back trials there was a 

total of 7 possible hit trials where the subject had to click a button in response to the task.  

First, a 3x2 repeated measure ANOVA comparing average amount of hits per block of 3-

back trials by condition and time revealed no significant difference between sham and 

stim groups, F = 1.3, p > 0.05.  Secondly, a 3x2 repeated measure ANOVA comparing 

average reaction time on responding to hit trials by condition and time revealed no 

significant difference between sham and stim groups,  F = 2.190, p > 0.05.  Sensitivity is 

a measure of how well subjects can distinguish between hits and situations where it may 

seem like they should click but shouldn’t.  When subjects click when it is not a hit trial 

their response is considered a false alarm.  By subtracting the Z score of false alarms 

from the Z score of hits one can produce a value that correlates to how well a participant 

can distinguish hit trials from other trials.  A more positive sensitivity score suggests 

subjects are more likely to click on hits then click when they shouldn’t, false alarms.  A 

3x2 repeated measure ANOVA comparing sensitivity score by condition and time 



suggested no significance different between stim and sham groups, F = .154, p > 0.05.  

What all of these repeated measure ANOVA suggest is that there was no significant 

improvement for subjects in the stimulation condition on the 3-back task after 

stimulation.  All subject sensitivity scores improved over time, probably due to learning 

effects, but it was statistically the same between stim and sham groups. 

 Additionally, two mood measures were explored as the prefrontal cortex has been 

linked to mood in previous literature().  Using the VAMS, global vigor and global affect 

scores were calculated for each subject before, right after, and 20 minutes after 

stimulation or sham treatment.  Global vigor refers to a participant energy and alertness, 

with a higher score suggesting more energy and alertness.  A 3x2 repeated measure 

ANOVA of global vigor scores by condition and time suggested no significant difference 

between stim and sham groups, F = 1.194, p > 0.05.  Global affect is a measure of mood, 

with a higher score suggesting better mood levels.  A 3x2 repeated measure ANOVA of 

global affect by condition and time suggested no significant difference between stim and 

sham groups, F = .098, p > 0.05.  What these results suggest is the stimulation produced 

no significant changes in mood or energy levels in participants. 

 

 
          Sham     Stdev          Stim     Stdev          P-value 

 
        Hits            
                            1                       4.0303   1.0483         4.1850  1.281          .285 
               2           4.1270   1.8080         4.8000  1.2610 
               3           4.3820   1.1982         4.6890  1.3679 
 
        Reaction Time        

              1                    705.5479  157.5184     819.2986  213.3134  .127 
               2                    813.7694  155.5656     800.7424  235.0251 
               3        746.7910  115.0697     811.7286  194.5300 
 
 
        Sensitivity  



               1                       1.389     0.5957         1.3574  0.4228          .858 
               2           1.5429   0.8598         1.6298  0.7100 
               3           1.6448   0.7440         1.6503  0.7438 
 
Figure 4. 
The table above contains the average hits, reaction time on hits, and sensitivity scores for the stim and sham 
groups at the three different time points studied.  Additionally, the p-value for the repeated measure 
ANOVA for each measure is displayed in the last column. 
            
 
 
 

         Sham     Stdev          Stim     Stdev          P-value 
 

        Global Vigor   
              1                    63.4306   20.3991     65.4732  8.3836         .318 

               2                    63.5630   21.4451     64.1071  8.6911 
               3                    64.0139   21.7059     57.7589  14.0483 
                  
 
        Global Affect 

              1                    77.5069   13.3305     82.8661  6.5293         .907 
               2                    75.5694   16.2859     79.1696  7.3079 
               3                    75.3541   17.1172     79.6339  7.5406 

 
Figure 5. 
The table above contains the calculated average global vigor and global affect values for participants in 
each condition at the three time points studied. 
 
Discussion 

 In this study it was hypothesized that stimulation of the left DLPFC with 

ultrasound stimulation would produce improvements on the 3-back task.  The data 

suggests that participants got better over time, as would be expected, but no significant 

difference was found between the stimulation and sham groups.  Additionally, mood and 

alertness were measured to see if stimulation of the left DLPFC had any mood and 

alertness effects.  Again, the data suggests no difference in mood or alertness between 

stimulation and sham groups.  What the overall results suggest is one of a few things.  

One possibility is the ultrasound was unable to reach the brain area of interest at the right 

frequency or intensity.  The stimulation parameters used were the same used in studies 

using ultrasound to improve mood by stimulating the right temporal windowxvi.  The 



thickness of the bone in the temporal window is slightly thicker then the thickness of 

bone covering the left DLPFCxviixviii.  Therefore, it is possible the ultrasound pulses 

administered in this study were attenuated differently by the skull and hit the LDLPFC at 

a frequency or intensity unable to elicit changes in neural activity.  Another possibility is 

that the ultrasound was able to reach the brain region of interest and did indeed cause 

changes in activity, but the changes were so short lived they didn’t affect performance on 

the 3-back task.  A previous study using TUS to stimulate the human somatosensory 

cortex demonstrated that brain changes only lasted around 500 msxix.  Therefore it seems 

plausible that any neural activity changes that occurred due to the TUS stimulation were 

gone by the time participants performed the 3-back task after stimulation. What future 

studies may want to try then is stimulating just prior to each trial on the task, meaning 

right before a letter is displayed on the screen, as this might have a higher chance to 

produce increases in neural activity during stimulus exposure on the task.  This could 

lead to better processing of the stimulus and improvements on the n-back task.  Lastly, 

the results could suggest modulation of the left DLPFC with TUS has no effect on 

performance on the 3-back task.  This last theory seems unlikely due to the strong 

literature demonstrating that up-regulating activity in the left DLPFC produces 

improvements in performance on the 3-back task, but nonetheless the theory shouldn’t be 

completely discounted. Instead, the null results reported here suggest that our stimulation 

did not last long enough to influence brain activity during trials.  To conclude then, the 

study suggests more research needs to be done to better identify the ultrasound 

parameters needed to modulate the left DLPFC and what effect these activity changes 

have on cognitive function such as verbal working memory. 
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