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About this collection

Keeping our brains healthy is vital to maintaining independence as we age and can improve our performance on school, sports, and all the activities we enjoy. The need to improve brain health has led to a new wave of technologies aimed at problems in neuroscience. A few examples of this can be seen in how scientists use virtual reality in research, apply electricity to the brain to improve brain health, and use video games to improve our memory. Understanding how the brain communicates and how disease and injury disrupt this communication is important for guiding future medical and research interventions.

In this special topic, we will learn about how new technologies are being applied to classical neuroscience problems such as improving our memory and attention as we age, or learning new skills like languages and music. Here, readers will learn how science can be moved out of the laboratory with the use of technologies you likely use on a daily basis. As science and technology continue to advance and work together, new medical breakthroughs will improve our brain health and lead to longer, healthier lives.
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Your brain is constantly changing as you grow up and get older. Throughout your life you have all kinds of experiences, and your brain has the amazing ability to respond to those experiences in various ways. For example, when you learn something new, such as how to play a new game or speak a new language, your brain makes new connections, and these connections get stronger the more you practice or use what you learned. The experiences you had when you were younger can have lasting effects on your brain as an adult. In this article, we will talk about how playing musical instruments and creating visual art can change your brain, how these changes affect your future adult brain, and examples of a few technologies that have been used to help scientists visualize brain changes.


THE CHANGING BRAIN

Have you ever noticed that learning something new, like how to ride a bike, feels difficult at first, but the more you practice the better you get and the easier it feels? That is because when you learn something new, your brain is creating new cells called neurons and making new connections between neurons. With repeated practice, these connections get stronger, making it easier for neurons to communicate with one another which, in turn, makes you do better.

Your brain’s ability to make new neurons and strengthen connections is called neural plasticity. Neural plasticity is an important part of development, but your brain can continue to change all throughout your life, allowing you to learn new things even when you are older. Engaging with music and art are examples of experiences that can change your brain (Figure 1).
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Figure 1

Playing music or making art can help the brain create new neurons and strengthen the connections between neurons (Image created using Canva.com).





PLAYING MUSIC

When you play a musical instrument, many processes must come together to make it sound good. Your hands might be doing two different things, you might be reading sheet music, all while you are listening and keeping track of how fast or loud you are playing, coordinating your playing with that of others, and ignoring distractions that might cause you to make a mistake. Thus, playing an instrument requires many brain skills including executive functions. Executive functions help us to set goals, learn, pay attention, and control our behaviors.

Repeated musical practice is believed to put a high demand on the brain areas that control executive functions, leading to changes in these brain areas. This is important because these brain areas and the skills they control help you navigate your daily life—and the more you use and exercise them, the stronger and more efficient these neural connections become. Playing music does not just create functional changes in your brain, it can also change the brain’s physical structure. Researchers have found that musicians who have practiced and played for many years show structural differences in brain areas involved in hearing, movement, and visual skills as compared with non-musicians. These structural differences may be related to better skills—for example, musicians may have better hearing skills than non-musicians [1].



MAKING ART

Visual art, specifically drawing from observation, is another creative skill that requires executive functions. Drawing from observation means to draw what you are looking at, like your favorite cartoon character or pet. During this process, you are using your working memory, a particular type of executive function, by keeping track of what you are drawing. Another important executive function is the ability to switch attention between the bigger picture and the details. When sketching, you first map the larger shapes and then gradually add details, while making sure these details fit the larger image. Studies that compare visual artists to non-artists show that artists are better at storing visual information in working memory [2]. Furthermore, college art students can process things they see more quickly and accurately than non-art students can [3]. The reason for these findings might be because drawing uses many of the same brain regions responsible for skills that might help people pay attention in class, for example.



MUSIC, ART, AND THE AGING BRAIN

Did you ever notice that you adapt quickly to changes in your environment or to new technologies, without putting in much thought? While adapting to new technologies is easy for young people, it often requires more work for older adults. This is because our brains change as we get older. The brain reaches maturity, or stops growing, when people are in their mid to late 20s, which is when executive functions and memory are at their best. In older adults, executive functions and memory start to show age-related changes and gradually become less optimal. This can make some things more challenging, such as reacting quickly or remembering to get a cake for someone’s birthday [4]. However, some individuals experience these changes earlier or later than other people do. Both our genes and what we experience in our day-to-day lives could cause these differences in brain changes. Specifically, life-long engagement in certain activities may protect the brain against age-related cognitive decline [5]. Playing a musical instrument and making art are examples of activities that can contribute to a healthy brain.

Researchers have found that older adults who have been musicians for more than 10 years have better executive functions compared with non-musicians [6, 7]. Older adult musicians also have better hearing skills than non-musicians. For example, they may have an easier time hearing conversations in noisy environments [8]. Such results suggest that musical training and practice when you are younger can have long-lasting impacts on your adult brain, and might even slow down the negative effects of brain aging. How? Scientists believe that practicing music over time may lead to permanent physical changes in brain structures that affect brain performance as adults, even if adults do not practice music as much anymore.

Visual art and drawing from observation are also gaining attention as tools to improve memory and executive functions which contribute to healthy aging. For example, older adults taking art classes in their 60s show increased connections between brain regions responsible for working memory [9]. Additionally, using drawing as a memory strategy can improve memory in older adults [10]. Although this field is still developing, current research suggests that taking time to create visual art can cause lasting brain changes. Artistic training may be particularly impactful during in early education, as the brains of young children are more ready to change.



HOW DO WE KNOW WHAT THE BRAIN IS DOING?

Scientists use various technologies to see what our brains look like and how they function while doing specific tasks. Commonly used technologies include magnetic resonance imaging (MRI) and functional magnetic resonance imaging (fMRI).

An MRI scanner allows scientists to collect images of soft tissues within our bodies, like our brains (Figure 2A). The MRI scanner uses powerful magnets and radio waves to create detailed 3D images, allowing scientists to capture the brain’s exact shape and structure. For example, scientists can use MRI to test whether there are structural differences in brain areas when people play music or do art for many years.
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Figure 2

(A) An MRI scanner. (B) fMRI images of the brain surface (top) and “slices” through the brain (bottom) while the person is completing two memory-related tasks. In one task, the person was asked to listen to two melodies and decide whether they were the same. The verbal task was similar but used words. Colors represent brain areas activated while completing these tasks. Red shows activation of the brain while doing the music task. Blue shows activation while completing the verbal task. Yellow shows brain areas that were used for both the music and verbal tasks (Figure credits: A Getty Images; B [11]).



What if we want to know what parts of the brain are especially active while we are doing something like moving our hands or using working memory? The same kind of MRI scanner can produce an fMRI scan, which allows researchers to see differences in oxygenated and non-oxygenated blood in the brain. Whenever your brain is engaged with a certain task, oxygen-containing blood flows to those areas to help the neurons to work. In comparison, brain areas that are less involved in the task need less oxygenated blood because they are not working as hard. For an fMRI scan, a person lies down in an MRI scanner and is given a task to do, such as looking at pictures or doing mental math. The scanner’s computer creates a color-coded map of brain activity, which can identify brain regions that are active during certain tasks or whether there are differences between individuals performing the same task (Figure 2B). For example, fMRI can be used to see differences in brain activation between musicians and non-musicians when they are listening to pleasant and unpleasant sounds [12]. fMRI can also show which brain regions are active following art production. This technique has been used to study the connectivity between brain regions in older adults who create art compared to those who examine art in a gallery [9]. To learn more about fMRI, check out this Frontiers for Young Minds article.

Scientists can also use a special technology to detect the brain’s electrical activity. The brain is an electrical system that works by constantly sending signals through a network of neurons. Electroencephalography (EEG) measures the electrical activity that occurs when large groups of neurons are active while you are doing a task, using an electrode-containing cap worn on the head (Figure 3).
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Figure 3

For EEG, a person wears a cap with electrodes that can record the brain’s electrical signals. The waves on the screen in the background show what an EEG recording may look like. Each line shows the activity from a different electrode (Image from Getting Images via Canva.com).



EEG records the brain’s electrical activity as a series of waves. The sizes and shapes of the waves indicate different brain states. EEG is very good at capturing tiny signals and giving precise information right when something is happening in the brain—within a fraction of a second. But compared to fMRI, EEG is not as good at telling scientists specifically where something is happening in the brain. Nonetheless, in art research, EEG has shown differences between artists and non-artists when they are performing tasks that require executive functions. This research has shown that when drawing from memory, artists have an easier time staying focused on the task as compared to non-artists. As a result, artists work faster and can capture more details [13]. If you want to learn more about EEG, check out this Frontiers for Young Minds article.



SUMMARY

Overall, music and art can influence how your brain functions, and being engaged in music and art leads to changes in your brain that can last into adulthood. The more you practice playing music or making art, the more you shape your brain and exercise important mental skills like your executive functions. Exercising your executive functions through music and art can help you learn and navigate your daily life and can help ensure that your brain stays healthy as you get older. Finding an activity that you enjoy, whether it is music, drawing, knitting, or dancing, can enrich your life in many ways. The next time you play music or draw, not only will you be having fun, but you will know that those activities can change your brain, too!
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GLOSSARY

NEURON

A brain cell that sends messages back and forth between the brain and body.

NEURAL PLASTICITY

The brain’s ability to make new neurons and strengthen connections between neurons in response to experiences.

EXECUTIVE FUNCTIONS

A set of mental skills that allow a person to effectively set goals, learn, pay attention, control their behaviors, and manage their daily life.

WORKING MEMORY

The information that you actively keep or manipulate in your mind, such as solving a math problem in your head.

AGE-RELATED COGNITIVE DECLINE

A decrease in some brain processes that happens because of getting older.

MAGNETIC RESONANCE IMAGING (MRI)

A technique used to make images of the inside of objects, like the brain, using a magnetic resonance scanner.

FUNCTIONAL MAGNETIC RESONANCE IMAGING (fMRI)

A technique used to measure changes in blood flow using a magnetic resonance scanner, a machine that works using magnetic fields and radio waves.

ELECTROENCEPHALOGRAPHY

A method that measures the brain’s electrical activity using electrodes that are put on a person’s head.
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For many of us, listening to our favorite songs makes us feel happy, energetic, and inspired. One goal of brain research is to understand the role of the brain as we listen to music. For years, researchers have hypothesized that the brain areas involved in processing the music we hear are involved in musical pleasure—but they had no hard proof. By stimulating people’s brains using strong magnets, along with a brain-imaging technique that could see which areas of the brain were active, scientists have unraveled why we feel so awesome when we listen to our favorite jams. Now there is good evidence to show that our favorite tunes involve connections between specific brain areas, including the brain’s “reward center”—an area that makes us feel good when we do something that we like. These brain circuits provide a solid piece to this complex puzzle of why music makes us feel so good.


MUSIC CAN MAKE US FEEL EMOTIONS

Many of us love listening to music. Sometimes we listen to feel better when we are sad. Other times, we listen to music to celebrate special occasions like birthdays, weddings, and holidays. It seems like listening to music is a common activity shared across people and cultures around the entire world. Scientists do not yet know exactly what happens in the brain to cause these feelings of happiness, energy, and inspiration, but they are making lots of progress.

In the last 20 years, researchers have discovered that listening to music uses many areas of the brain. For example, rhythm is processed by the motor cortex and cerebellum. Pitch and tone use the auditory cortex, cerebellum, and prefrontal cortex. Anticipation of your favorite parts of a song engages the prefrontal cortex (Figure 1A).
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Figure 1

(A) Brain areas involved when listening to music. Auditory cortex is involved in perceiving the acoustic features of music. Prefrontal cortex is involved in focusing and keeping track of music. The motor cortex, sensory cortex, and cerebellum are involved in playing, singing, and moving to the beat of music. The visual cortex is involved in reading music and watching music performed (adapted from [1] and see The Kennedy Center). (B) A cortico-striatal circuit in the human brain. The image shows a brain that has been cut halfway between the face and the back of the head. The arrows show connections that are known (solid) and believed (dotted) to transmit messages between brain regions. Th, Thalamus; SN, Substantia nigra; GP, Globus pallidus. Adapted from Mas-Herrero et al. [2].



What about emotions triggered by music? Previous brain-imaging studies [1] have shown that, when people get pleasure from music, connections within the brain called cortico-striatal circuits are active. The name “cortico-striatal” means these connections involve both surface and deep brain areas (Figure 1B) [3]. When people listen to music that they like, these circuits, which are important for perception and for pleasurable sensations, become active [1]. However, these studies are correlational, meaning that they only show which brain regions are active—they cannot tell us which of those brain regions are actually causing the pleasurable feelings people experience with music. To address this question, a new study used a method of stimulating the brain with magnets, to discover if activating or blocking those cortico-striatal circuits can change the amount of pleasure people experience from music [4].



TESTING THE ROLE OF THE BRAIN IN ENJOYING MUSIC

The researchers hypothesized that if the brain’s cortico-striatal circuits were involved in generating the pleasure we feel when we listen to music, then stimulating or blocking those connections should increase or decrease people’s pleasure, respectively. To stimulate or block the circuits, the scientists used a technique called transcranial magnetic stimulation (TMS), in which a magnet activates or blocks brain areas, causing them to wake up or calm down, respectively.

To see exactly which brain regions within the cortico-striatal circuit were responsible for the effects of music, the scientists also used a method called functional magnetic resonance imaging (fMRI). fMRI is used to take pictures of the brain’s activity patterns while a person does certain jobs or tasks (for more information of fMRI, see this Frontiers for Young Minds article).



EXACTLY WHAT DID THE RESEARCHERS DO?

Eighteen participants (11 females, seven males, mean age 24.3 years) with no formal music training took part in the experiment. One participant did not complete one of the sessions and was excluded from the study. Participants had no history of brain diseases or hearing impairments. Each participant was asked to provide five song excerpts (45 s each) that made them feel intensely pleasant emotions. Based on these excerpts, the researchers selected 10 similar songs using a music app called Spotify. The songs they selected were meant to be familiar (so that they would cause similar pleasant reactions in the listeners) but not easily recognizable.

Participants listened to each researcher-selected song and rated how much they liked it according to these choices: no pleasure, low pleasure, high pleasure, or chill. While they were listening, researchers used TMS over the left top prefrontal cortex to alter the brain circuits involved in reward by either activating them or blocking them. This site was chosen based on previous experiments by the same researchers [2]. As a control, the experiment also included a “fake” TMS session. This control was used as a baseline, so that the researchers could know whether activating or blocking the circuit actually caused differences in how each participant felt about the music.

After TMS, individuals had their brains imaged in an fMRI scanner. While inside the scanner, each person listened to their own favorite and experimenter-selected musical clips and rated how much pleasure they experienced from the music. fMRI imaging was performed without any brain stimulation (fake TMS control) or after the circuits were activated or blocked using TMS. fMRI was used to create images of various regions of the brain whose activity was changed by TMS.



RESULTS

When the results were collected, the scientists made several important discoveries. The first was that, consistent with their hypothesis, activating the cortico-striatal circuits using TMS led to more pleasure when listening to music, while blocking these same brain circuits led to a less pleasurable experience (Figure 2). Second, using fMRI, the researchers identified a small portion of the striatum, called the nucleus accumbens, caudate, and putamen, as the key brain regions driving musical pleasure (Figure 3A). The nucleus accumbens is considered the brain’s reward center. It is responsible for the joy we experience with many activities, like eating our favorite foods or when we have fun playing or exercising (Figure 3B).
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Figure 2

When participants’ brains were activated with TMS, their brains showed that they liked the music more (white dot in blue shape) than when their brains were inhibited by TMS (white dot in red shape). “Liking rates” were measured by pressing a corresponding button to no pleasure, low pleasure, high pleasure. Figure adapted from Mas-Herrero et al. [4].
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Figure 3

(A) During musical pleasure, results showed activation (i.e. Activating TMS) or inhibition (Inhibiting TMS) of the nucleus accumbens, caudate, and putamen. The y-axis shows the amount of the activation (positive number) and inhibition (negative number; adapted from Mas-Herrero et al. [4]). N Acc, nucleus accumbens; vmPFC, ventromedial prefrontal cortex. (B) Side view of the brain showing locations of the nucleus accumbens, caudate, and putamen—areas involved in reward and pleasure.



The individuals who reported the greatest difference in enjoyment between the activating and blocking TMS sessions were the same individuals who showed the greatest changes in the strength of the connections between the left dorsolateral prefrontal cortex (where TMS was administered) and the reward circuitry, specifically the left nucleus accumbens and caudate. In addition, researchers found that communication between the nucleus accumbens and cortical auditory (sound-processing) regions was also essential for the experience of musical pleasure. Brain regions work together—if the communication between the nucleus accumbens and other brain regions involved in hearing music is disrupted, individuals are less likely to experience pleasure from the music. If this communication is increased, people enjoy music more.



CHANGING BRAIN ACTIVITY CHANGES HOW WE FEEL ABOUT MUSIC!

These findings are extremely important because the cause of music’s effects on the brain has finally been revealed—not only through correlations. This study demonstrated which brain regions are causing the feelings of pleasure people experience with music, not just showing which brain regions are active. In other words, this is the first study to show that, if you change these brain circuits, a person’s emotional response to music will change, even if they really like music!

However, the study did have a few limitations. For example, 17 individuals is not a huge number, and there were a lot of differences between individuals in their responses to TMS. Further studies will be done to make sure these results are correct. Based on the results from the experiments we discussed, the researchers concluded that cortico-striatal pathways are needed to experience pleasure from music, because the researchers could disrupt the enjoyment of music by using TMS to turn that brain connection up or down. If they turned it up, people experienced more pleasure. If they turned it down, people experienced less pleasure. In conclusion, using technologies like TMS and fMRI can help researchers understand more about why people everywhere enjoy music.



GLOSSARY

CORTICO-STRIATAL CIRCUITS

The connections, interactions, or communication highways between the cortex (outer layer of the brain) and striatum (located deep within the brain).

CORRELATION

Relationship between two things that happen (ice cream sales and hot weather increase in summer) but do not necessarily cause each other (eating ice cream does not cause hot weather).

TRANSCRANIAL MAGNETIC STIMULATION (TMS)

A magnet that activates or blocks brain areas, causing them to wake up or calm down, respectively.

FUNCTIONAL MAGNETIC RESONANCE IMAGING (fMRI)

A way to “take picture” of the brain to show which parts of the brain that are active when a person is thinking, feeling, or doing something.

CONTROL

The part of an experiment where conditions are kept constant to provide a baseline for comparison.

STRIATUM

Helps control movements and is involved in planning actions, making decisions, and feeling motivated.

NUCLEUS ACCUMBENS

The brain’s pleasure center, which helps regulate feelings of pleasure and reward.



ORIGINAL SOURCE ARTICLE

Mas-Herrero, E., Dagher, A., Farrés-Franch, M., and Zatorre, R. J. 2021. Unraveling the temporal dynamics of reward signals in music-induced pleasure with TMS. J. Neurosci. 41:3889–99. doi: 10.1523/JNEUROSCI.0727-20.2020



REFERENCES

1. Särkämö, T., Tervaniemi, M., and Huotilainen, M. 2013. Music perception and cognition: development, neural basis, and rehabilitative use of music. Wiley Interdiscip. Rev. Cogn. Sci. 4:441–51. doi: 10.1002/wcs.123

2. Mas-Herrero, E., Dagher, A., and Zatorre, R. J. 2018. Modulating musical reward sensitivity up and down with transcranial magnetic stimulation. Nat. Hum. Behav. 2:27–32. doi: 10.1038/s41562-017-0241-z

3. Hayhow, B. D., Hassan, I., Looi, J. C., Gaillard, F., Velakoulis, D., and Walterfang, M. 2013. The neuropsychiatry of hyperkinetic movement disorders: insights from neuroimaging into the neural circuit bases of dysfunction. Tremor Other Hyperkinet. Mov. 3:tre-03-175-4242-1. doi: 10.7916/D8SN07PK

4. Mas-Herrero, E., Dagher, A., Farrés-Franch, M., and Zatorre, R. J. 2021. Unraveling the temporal dynamics of reward signals in music-induced pleasure with TMS. J. Neurosci. 41:3889–99. doi: 10.1523/JNEUROSCI.0727-20.2020

SUBMITTED: 21 February 2023; ACCEPTED: 05 September 2024; 
PUBLISHED ONLINE: 25 September 2024.

EDITOR: Theodore Zanto, University of California, San Francisco, United States

SCIENCE MENTORS: Pranoot Tanpaiboon and Jill Crittenden

CITATION: Izbicki P, Colon-Rodriguez A, Mas-Herrero E and Zatorre RJ (2024) Changing Your Love of Music by Stimulating the Brain. Front. Young Minds 12:1171168. doi: 10.3389/frym.2024.1171168

CONFLICT OF INTEREST: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

COPYRIGHT © 2024 Izbicki, Colon-Rodriguez, Mas-Herrero and Zatorre. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




YOUNG REVIEWERS

[image: image]

ARAN, AGE: 13

My name is Aran and I am 13 years old. I like to play soccer on my team and just with friends. I enjoy playing games, one of my favorite games is Zelda:Breath of the Wild. I am currently reading The Odyssey and I really enjoy it. I hope to one day become an architect or a lawyer, I like STEM fields and debating. I find AI especially interesting and I think it will hugely impact many fields of research.
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CARINA, AGE: 13

My name is Carina and I am 13 years old. I have many interests including soccer, music, reading, math, and science. I find science very fascinating, especially biology. My dream is to work in medicine. I am very interested in how our bodies work well and malfunction; I want to help people in the future achieve their best health. I am quite intrigued about how technology will improve our abilities to detect illness earlier and track how well therapies are working.
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ERICA, AGE: 12

My name is Erica and I am 12 years old. I love video games, science and judo. My favorite game is Zelda, and I want to become a game director someday. In science, I like questioning new information and trying to figure out things I do not know based on what I do know. I also play judo, and I am currently an orange belt.
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KALLIE, AGE: 13

My name is Kallie and I am 13 years old. I enjoy playing lacrosse on my team! I enjoy learning about neuroscience and I am interested in iPS cells. I participate in debate workshops. Some of my other hobbies are painting, reading, using Pinterest, and creating digital art! I am fascinated by butterflies, and all cats big and small. I am a member of my school’s student council and school council. I love writing poetry and even won an award for one of my poems.
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MARY, AGE: 13

My name is Mary and I am 13 years old. I do many sports including competitive Irish dance, softball, running, and sailing. I love doing anything with my friends and family. I am interested in human biology and physics. I hope to become a physical therapist someday. I also like learning about how animals communicate and interact with each other.
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NORAH, AGE: 11

My name is Norah. I am 11 years old. I play the violin and really want to learn how to play the guitar. I like listening to Mitski and playing rhythmic games such as Colorful Stage. I enjoy drawing (especially manga), taking pictures of flowers and plants.
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HOW GAMES HELP US RESEARCH AGE-RELATED MEMORY CHANGES

Charlotte Ashton and Fiona McNab*

Department of Psychology, University of York, York, United Kingdom
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AGE: 10



Working memory is the ability to hold information in our minds for a short time, often while we work on it. We need it for schoolwork, solving problems, and many aspects of life. Some people can hold more information in mind than others, and as we get older the amount we can hold tends to decline. If we understand what limits working memory and how working memory changes with age, we can figure out ways to improve it. A person’s ability to focus on relevant information and ignore distraction seems to be important. Our research group looked at how well people can ignore different types of distraction, which might limit their working memory. To sample a large number of people with a range of abilities, we used a game played by 29,631 people. The results gave us clues about how our ability to ignore distraction affects our working memory, and we identified a specific type of distraction that seems to particularly affect working memory in older adults.


WORKING MEMORY AND OUR ABILITY TO IGNORE DISTRACTION

In our daily lives, we constantly need to hold information in our minds for a very short time (seconds). We must keep instructions in mind while we follow them. When reading or listening to someone talk, we must hold the first part of a sentence in mind while we process the rest of it. When solving problems or making decisions, we must keep in mind all the relevant pieces of information while we work on them. This type of memory is known as working memory. Some people can hold more information in working memory than others. People also seem to be able to hold less information in working memory as they get older [1], which can affect quality of life and independence in older age. With our research, we are trying to understand why working memory is limited, why it varies between people, and why it tends to decline as people get older.

Research suggests that our ability to focus on relevant information and ignore distractors is a limiting factor, stopping us from holding more information in mind. There is good evidence for this. Researchers showed people pictures of colored shapes and asked them to hold some of the shapes in working memory but to ignore others [2]. By measuring their brain signals using a technique called electroencephalography (EEG), researchers estimated how many colored squares each person was holding in mind. They found that people who have a good working memory and could hold a large amount of information in mind only held the colored shapes in mind that they were asked to remember. In contrast, those with poorer working memory seemed to hold in mind more colored shapes than they needed to, suggesting they were failing to ignore the shapes they did not need to remember. The researchers suggested that our ability to hold only relevant information in working memory, while keeping other information out, might be what limits working memory.



CONTRADICTORY RESULTS

Using a brain scanner, it is possible to measure how blood flows in the brain, and to see how different parts of the brain become active when we are doing certain things. We used this type of brain scanning, known as functional magnetic resonance imaging (fMRI), to measure brain activity while people were doing a working memory task [3]. We identified a region of the brain that seemed to be involved in keeping distractors out of working memory [4]. This brain region might act as a gatekeeper, letting some information into memory and stopping other information from getting into memory. Although this was an exciting finding, it did not seem to fit with some other research. For example, patients with Parkinson’s disease (a disease that affects movement and also memory) have less of the brain chemical dopamine in this same brain region. If this brain region was indeed the gatekeeper, we would expect Parkinson’s patients to be less able to ignore distractors compared to non-patients. However, research showed that they seemed to be better able to ignore distractors than non-patients [5].

Looking closely at the different experiments, we found there was a small difference in when the distracting images were shown. In our study, the distractors appeared at the same time as the information the volunteers were asked to hold in mind. This would be like hearing a dog bark just as you are trying to put a phone number into your working memory, before you enter it into the phone. In the Parkinson’s disease study, the patients were first shown the images they were asked to put in mind, and then, while they were holding those images in mind, the distractors appeared. This would be like hearing the dog bark when you have already put the phone number in your working memory, and you are just about to enter it. We needed to find out whether this difference in timing of the distractors could explain the differing findings. Could it be that the brain deals with these two types of distractors in different ways? If there are separate brain mechanisms for ignoring these two types of distractors, how are they affected by aging and do they each limit working memory?



THE SMARTPHONE GAME

To investigate this possibility we needed to measure how well different people can ignore each type of distraction, to understand how these abilities might limit the amount of information a person can hold in mind. A large number of volunteers were needed, of different ages and with a wide range of abilities. The standard approach of inviting people to the laboratory is time consuming and expensive, so instead we used a smartphone game. We asked people to remember the positions of red circles and ignore yellow circles, which could appear with the red circles or after the red circles (Figure 1). As participants played the game, the number of red circles increased, making the game more challenging (and exciting!), until they eventually could not hold any more red circles in mind, and we had found the limit of their working memory. From this information we could estimate how well participants could ignore the two types of distraction. With this approach, we collected data from 29,631 people aged 18–69.
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Figure 1

The smartphone game. Red circles were shown for 1 s and then disappeared. After a 1-s delay, the player was asked to tap where the red circles had been. (A) Sometimes only red circles were shown. Other times, yellow circles (distractors) appeared. The yellow circles could appear (B) at the same time as the red circles, or (C) during the 1-s delay before the players were asked to tap their response. This allowed us to estimate how many red circles the player could remember and how much their performance was affected by the two different types of distraction.



As we expected, performance was affected by the distractors, as players could hold fewer red circles in mind when yellow circles were present. Older people seemed to be particularly affected by the distractors, which we also predicted. However, the new finding was a striking difference between the two types of distraction. Although older adults were affected by the yellow circles shown at the same time as the red circles, they were much more affected by the yellow circles presented after the red circles, when the red circles were already in working memory (Figure 2). This suggests that there are indeed separate mechanisms involved in ignoring the two types of distraction, and that age affects these mechanisms differently.
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Figure 2

The average maximum number of red circles the players could remember is shown for each condition: no distractors, when the player was only shown red circles; encoding distractors, when the yellow circles appeared while the player was encoding the red circles into working memory; and delay distractors, when the yellow circles appeared during the delay before the player was asked to make their response. For each condition, performance declines as age increases, but there is more rapid decline for the delay distraction condition compared to the other two conditions.





AN AGE-RELATED CHANGE IN THE WAY INFORMATION IN HELD IN MIND

As we had so many people in our study, we could also explore other patterns in the data. We found that we could predict how much information a person could hold in mind by looking at the person’s ability to ignore each type of distraction. However, as people got older, the relationship between these abilities changed. For older people, the ability to ignore distractors shown at the same time as the information to remember seemed to be much more important in predicting their working memory, and to have a greater limiting effect on their working memory. This suggests that, as we get older, we adapt how we hold information in working memory and rely more on mechanisms involved in ignoring distraction that occurs together with the relevant information.

There is a lot we still need to find out, but this work showed us that people seem to use separate mechanisms to ignore different types of distractors and, as we get older, these mechanisms limit working memory in different ways. It seems that aging does not just involve a decline in working memory, but a change in the way different brain mechanisms work to shape working memory. A simple working memory game made this discovery possible!
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GLOSSARY

WORKING MEMORY

The ability to hold information in mind for a short period of time.

DISTRACTORS

Stimuli or information that is not relevant to the task a person is completing and should be ignored.

ELECTROENCEPHALOGRAPHY (EEG)

A way of recording the brain’s electrical activity.

FUNCTIONAL MAGNETIC RESONANCE IMAGING (fMRI)

A way of recording changes in blood-flow associated with brain activity.

PARKINSON’S DISEASE

A condition that affects the brain and is associated with a reduction in the brain chemical dopamine.

DOPAMINE

A brain chemical associated with memory.
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FAIRVIEW INTERNATIONAL SCHOOL—BOFA, AGE: 14

We are a group of year 10 students studying in Fairview BofA, who share common interests in neuroscience and psychology
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GABRIEL, AGE: 10

Gabriel is in fifth grade. He is a swimmer and ultimate Frisbee player. He is interested in computers and science, and wants to help stop climate change and make the world more clean.
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MEMORY LOSS AND AGING: HOW CAN WE USE SMARTPHONES TO BETTER REMEMBER?
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Our brains grant us the amazing ability to remember and relive the events from the past—however, memory for these events tend to worsen as people get older. Our memories serve several important functions, helping us to guide our future actions, connect with others, and understand ourselves. As a result, memory loss can greatly impact the lives of both those who lose their memory and their loved ones. Fortunately, there are things that people can do to help support memory as we age! For example, by combining smartphone technology and findings from decades of memory research, scientists can develop new and exciting tools to improve memory. In this paper, we will describe some of our work creating and testing a smartphone application that helps older adults better remember the unique moments from their lives.


MEMORY AND FORGETTING: WHAT IS NORMAL AND WHAT IS NOT?

Let us try a little exercise! Take a minute to reflect upon some events from your life. Can you remember what you had for dinner yesterday? A fun day you had at an amusement park? How about when you learned about something fascinating in school?

As you reflect on these memories, you will likely find that details for these events come flooding back. This might include who was there, what you were doing, where you were, and when the event took place. The ability to remember personal events like these is called episodic memory. One famous scientist even called episodic memory “the time machine in the brain”, because it allows people to re-experience past events in the mind’s eye [1]. Episodic memories are critical for helping people make decisions in the future (e.g., “I tried hummus for the first time yesterday and it was great—I will make sure to get it next time!”), connect with others (“That was the tallest roller coaster I have ever been on—I need to make sure I tell my friend Jenny next time I see her!”), and better understand who we are (“I loved learning about the brain—I am really passionate about neuroscience!”).

Episodic memory is separate from other types of memory, such as semantic memory or procedural memory. Semantic memory is memory for facts and general knowledge about the world, such as knowing the capital city of Canada, while procedural memory is memory for how to perform actions or motor skills, such as knowing how to ride a bicycle.

One brain region that is particularly important for supporting episodic memory is the hippocampus, a seahorse-shaped structure buried about 1.5 inches deep inside the brain on each side of the head (Figure 1). The hippocampus is critical for preserving episodic memories as they are first being learned. If someone’s hippocampus is not working properly, their semantic and procedural memory will be largely unaffected, but they will have difficulty forming episodic memories for new events. Interestingly, memories for events that took place when the hippocampus was healthy would likely still be remembered because older memories become less reliant on the hippocampus with time. If you want to learn more about a famous patient who helped us learn about the role of the hippocampus in memory, check out this Frontiers for Young Minds article.
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Figure 1

This is a side view of the brain with the hippocampus in teal. In the box, you can see an outline of the hippocampus compared to one of a seahorse—the name hippocampus comes from the Greek word for seahorse because of their similar shape. Brain image adapted from Gray’s Anatomy of the Human Body (1918).



Forgetting is not necessarily a bad thing though—as you were thinking back on your life events a moment ago, you likely experienced some forgetting yourself. For example, do you remember what shirt you were wearing in your memory of learning something interesting at school? Forgetting is a completely normal process that is actually useful because people do not need to hold onto every single piece of information that they encounter. However, as people age into older adulthood, they may notice that their episodic memory starts to decline, making it more difficult to relive past events. This is because, after approximately age 65, the hippocampus tends to dramatically decrease in size. Episodic memory problems can be especially severe for those with conditions that affect the hippocampus, including dementias like Alzheimer’s disease. Given the importance that episodic memories hold in people’s lives, losing the ability to remember past events can make people lose confidence in themselves, isolate from others, and experience depression.



HOW CAN PEOPLE PRESERVE THEIR MEMORIES?

The good news is that people can take steps to protect against memory loss. It is estimated that over 40% of dementias could be prevented or delayed by lifestyle changes, such as increasing exercise, improving diet, and reducing smoking and alcohol consumption [2]. Additionally, keeping engaged with new activities can improve memory and promote healthy aging.

Moreover, people can use technologies to better remember the activities they participate in. In fact, one powerful piece of technology can be found in many people’s pockets or bags—a smartphone! Smartphones can perform a wide variety of functions that can benefit memory, including keeping in contact with others, setting reminders, and making information available. One feature that people commonly use to help preserve their memories of specific events is the camera. You have probably taken a picture or video of an event that you wanted to commemorate, and with smartphones being so commonplace, many people can easily do so.

However, research suggests that people may need to be careful, because taking photos can actually impair memory. This is called the photo-taking-impairment effect, where information that is photographed is remembered more poorly than information that is not [3]. What might explain this? It could be that people pay less attention to the event itself because they are too concentrated on taking a good photo. They might also feel less motivated to focus on an event in great detail because they know they have a photo to jog their memory later—however, as we take and collect more and more photographs, it becomes harder to find a specific photo to cue a given memory.

Fortunately, using smartphones to take photos or videos of an event does not necessarily need to impair memory. For decades, scientists have been studying different strategies that people can use to improve memory. By taking what scientists know about how people best remember, scientists can actually use photos or videos to benefit memory.

For example, one important aspect to keep in mind when first trying to remember something is the level of processing, which describes how much effort and engagement a person puts into remembering. This can range from shallow to deep, and people are better able to remember information if they engage with it using deeper levels of processing. As you are reading this article, let us say that you want to remember that episodic memory allows people to remember specific personal events. If you are engaging with the material at a deep level, you will focus on how what you learn relates to other things you know, such as how episodic memory compares to other types of memory. If you are engaging with the material on a shallow level, you might focus on more superficial aspects, such as the shapes or sounds of the letters in the words “episodic memory”. Although it often takes more time and effort to engage in deep levels of processing, it is an effective strategy to boost memory.

Additionally, when people need to study material, the way they study can impact memory of what they learn. To understand this, let us pretend that you have a big test in a week, for which you must remember a lot of information. One way you might study is by trying to cram—to review everything you need to know for the test on the day before. This is referred to as massed practice, in which you review a lot of information in a single study session. On the other hand, you could break up what you need to know and study smaller amounts every day in the week leading up to the test. This is referred to as distributed practice, in which you review information in multiple study sessions spaced out over time. Massed practice might be sufficient if you only need the information for a short period of time, but distributed practice helps you retain information for much longer.



COMBINING SMARTPHONE TECHNOLOGY AND MEMORY SCIENCE

Our research group developed a smartphone application called HippoCamera (Figure 2) to help overcome the photo-taking-impairment effect. With HippoCamera, users record and review cues for life events using key strategies and best practices from memory science [4]. This makes it different from simply using a smartphone to capture photos and videos in the typical way. When a user has an event that they wish to remember, they stop to capture a video snippet and an audio description of the event. This multistep process makes users stop to think about the event and why it is important. In this way, HippoCamera forces a deep level of processing and makes people pay more attention to the events of their lives.
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Figure 2

(A) HippoCamera guides users to record a video snippet and an audio description of an event they wish to remember. (B) HippoCamera then combines these into a powerful cue, which can be replayed using effective learning strategies. (C) Our experiments showed that participants recalled over 50% more details for events that were recorded and reviewed using HippoCamera. This was accompanied by changes in how memories were stored in the hippocampus. In the figures, Early Test refers to memory during or immediately after using HippoCamera, while Delayed Test refers to memory 3 months after participants stopped using the app.



To create a memory cue, HippoCamera combines the audio description and a sped-up version of the video, providing a lot of distinctive information about the recorded event. This helps people to mentally travel back in time to re-experience it. HippoCamera puts together replay sessions that show up to five memory cues, and users can review these in their free time. Each cue is played in multiple replay sessions that are spaced out over time, meaning that HippoCamera uses the principle of distributed practice to preserve these memories for the long term. Altogether, recording and replaying events with HippoCamera can be done in a few minutes each day.

In two experiments, we had older adults use HippoCamera for either 2 or 10 weeks, to record and replay events from their daily lives. Later, when we asked them to describe these events, we found that participants were able to recall over 50% more details for events that were recorded and reviewed using HippoCamera. These memory benefits were seen even 3 months after users stopped using the app. By using functional magnetic resonance imaging to measure brain activity, we also found that reviewing memory cues with HippoCamera changed the way that participants’ memories of those events were stored in the brain. Specifically, we found enhanced activity in the hippocampus, with memories being made more distinct from one another. This means that memories were less likely to be confused with one another, making them easier to recall in great detail. Our work provides an example of how new tools can be created that combine scientific research and technology to help people improve their memories.



SUMMING IT ALL UP

Memories make people who they are, so creating solutions to improve memory can significantly benefit the lives of those affected by memory loss. One way to create easy-to-use, effective, and inexpensive tools that support memory is by using the technologies that people interact with daily, like smartphones. By combining the current scientific understanding of memory with modern technology, researchers can create new and exciting innovations that complement how the memory system works, helping people to better re-experience the moments that make their lives meaningful.
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GLOSSARY

EPISODIC MEMORY

Memory for specific events that people have personally experienced.

HIPPOCAMPUS

A seahorse-shaped brain region that is important for supporting episodic memory.

DEMENTIA

A term describing decline of cognitive function, including memory, language, and decision-making, that is severe enough to affect daily living. This results from diseases affecting the brain, like Alzheimer’s disease.

PHOTO-TAKING- IMPAIRMENT EFFECT

A phenomenon in which people show poorer memory for information that they photograph compared to information that they do not photograph.

LEVEL OF PROCESSING

A term describing the amount of effort and engagement people put into remembering something—people are more likely to remember information when they use deep vs. shallow levels of processing.

MASSED PRACTICE

A learning strategy in which people review information in a single, long study session, like cramming for a test.

DISTRIBUTED PRACTICE

A learning strategy in which people review information in multiple, short study sessions over time. This is more effective for long-term retention than massed practice.
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The ability to remember detailed information is called high-fidelity long-term memory. We use high-fidelity long-term memory to remember the details of our favorite stories and how to track which family member a green pair of socks belongs to. As we age, the ability to remember these details declines as the health of the brain changes. We created a virtual reality video game called Labyrinth-VR, with the aim to restore memory. When playing Labyrinth-VR, participants practice figuring out where they want to go using the shortest route to get there. In Labyrinth-VR, participants learned a virtual neighborhood and then had to find their way around to run errands. In our study, 49 older adults played either 12 h of Labyrinth-VR or 12 h of iPad games. The results of tests of high-fidelity long-term memory showed that playing Labyrinth-VR, but not iPad games, led to improvements in participants’ scores.


WHAT IS LONG-TERM MEMORY?

Think back to your 1st day at a new school, do you remember how big the building felt and complicated it was to find your classroom? After a few months it felt like you would be able to find your way around blindfolded. You could even show a new student how to get from your classroom to the cafeteria without getting lost. Your memory allows you to recall and use information you learned earlier. The memory system in the brain works in three steps. The first step is called learning, or encoding, and it involves taking in information. Before we can retrieve information, we first must pay attention and encode it.

In the second step, the encoded information is stored in the brain. Each day, our brains encode a lot of information. For example, when your teacher first showed you your classroom, you encoded information about the room number, whether you had to go upstairs, and which other rooms were nearby. Most of that information is stored in the brain in a more stable state when we sleep. These memories can be updated over time, or they can fade away. Long-term memory is the ability to remember information that we encoded and stored from a past experience. The third step of memory is called retrieval. Retrieval is when we try to remember specific information, either using effort, such as for a test, or more automatically, such a walking to your classroom every morning.

There are several forms of long-term memory, but one of the most important forms is called high-fidelity long-term memory. Sometimes when we recall our memories, we leave out or confuse certain details because we cannot remember exactly what happened. The word “fidelity” means that something is accurate or loyal, so “high-fidelity long-term memory” means that we remember experiences with specific details about how they happened. This type of memory is demanding on the memory system because it requires us to encode detailed information, store its details in long-term memory, and retrieve it accurately. This process is dependent on a part of the brain known as the hippocampus [1].

High-fidelity long-term memory often declines as the brain ages and goes through normal, age-related changes in the health of the hippocampus [2]. As people get older, they have a harder time learning, remembering, and maintaining fidelity in their long-term memories. This means that when they remember—or retrieve—something, they may leave out key details. There are currently no treatments that can restore high-fidelity long-term memory.



WHAT IS SPATIAL NAVIGATION?

Have you ever found your way out of a corn maze? Then you have used spatial navigation! Spatial navigation refers to the ability to take information from our surroundings and navigate from where we are to where we want to go, in the most efficient way. Spatial navigation uses many of the same brain systems that are used for long-term memory. From studies in animals, we know that exploring in new, complicated environments can improve function in these same memory systems [3–5].

We were curious whether the same type of spatial navigation tasks that showed memory improvement in animals could also improve memory in humans. Since older adults often experience a decline in long-term memory, we believed they would benefit the from spatial navigation training as a way to strengthen their long-term memory system.



HOW CAN A VIRTUAL REALITY VIDEO GAME IMPROVE LONG-TERM MEMORY?

For our experiment, we developed a virtual reality video game called Labyrinth-VR, for human participants to practice spatial navigation. Virtual reality is a 3D computer-simulated environment that participants can interact with and move through by wearing a special headset (Figures 1A, B). In Labyrinth-VR, participants learn new neighborhoods, then demonstrate what they have learned by efficiently navigating to complete assigned errands. For example, a participant may be assigned to navigate to a grocery store, a bank, and a restaurant as their errands.
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Figure 1

In our experiment, participants were assigned to one of two groups. One group played Labyrinth-VR and the other group played the control iPad games. (A) A participant wearing a VR headset and playing Labyrinth-VR. (B) The participant’s view within the Labyrinth-VR game. (C) An example of a control iPad game.



Labyrinth-VR gets more difficult the more people play, to make sure participants are consistently challenging their memory systems. When a participant successfully completes the errands in a neighborhood, they then move up a level and they must complete all the errands again in a thick fog that limits their visibility. Once they complete all the levels in a neighborhood, they move up to a bigger, more complex neighborhood with new errands.

Labyrinth-VR is designed to train spatial navigation by challenging participants to navigate through completely unfamiliar surroundings. Additionally, wearing sensors on their ankles, participants can walk through the virtual game environment just like they would in real life. Walking around in the game makes the experience feel more real, and participants get some exercise, which has been shown to improve memory and brain health [6].



TESTING LONG-TERM MEMORY

In our study, we wanted to see whether playing Labyrinth-VR could improve memory more than playing other video games could. To test this, we randomly assigned 49 healthy older adults (average age 68.7 ± 6.4 years, 20 females and 29 males) into two groups. One group played 12 h of Labyrinth-VR and the other group, called the control group, played 12 h of commercially available iPad games at home over 3–4 weeks (Figure 1C). Each training session was 45 min.

The games played by the control group were rated as being similarly engaging as Labyrinth-VR but different enough from our game so they would not train the memory system. None of the iPad games required navigation, long-term memory, or physical exercise.

How did we measure long-term memory to see whether it improved or not? First, we needed a starting measure of memory performance before participants started training. We did this by testing all the participants in both the control and Labyrinth-VR groups with the same memory task. We then tested them again after they completed all 12 h of training, to see if their performance changed.

The task we use to measure long-term memory is called a mnemonic discrimination task. The task is designed to assess how accurately participants can remember details about images they were shown (Figure 2). First, participants completed an encoding phase by studying images of common objects, such as a red balloon. After a 30-min break, participants were tested on their memory of the objects. They were shown one image at a time and were asked if they recognized the object from the encoding. They were shown three types of images: the exact object they saw in the encoding phase, like the red balloon; an object that was not in the encoding phase, like a table; and an object that was not in the encoding phase but was similar to one that was, like a yellow balloon.
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Figure 2

We used a test called a mnemonic discrimination task to measure long-term memory in our participants before and after they trained with either Labyrinth-VR or control iPad games. During the test, participants first had to encode target images. Then, they took a 30-min break. After the break, they were shown images and asked whether they were “old” (meaning the same image they saw during the encoding phase) or “new” (meaning they had not seen the image before).



If a participant remembered detailed information about the objects in the encoding phase, they would be able to correctly identify the red balloon as an “old” object they had seen before, and the table and yellow balloon as “new” objects they had not seen. If a participant could not remember detailed information about the objects in the encoding phase, they might incorrectly identify the yellow balloon as “old” because they did not remember the color of the balloon from the encoding. The proportion of correctly identified objects gives us a score to use as a starting measure of a participant’s long-term memory.

After participants completed their training with either Labyrinth-VR or the iPad games, they took the same test of long-term memory. We wanted to see if, in the post-training test, they could correctly identify more objects, the same number of objects, or fewer objects compared to their starting score [7].



PLAYING LABYRINTH-VR HELPS LONG-TERM MEMORY

When we compared the starting and post-training memory scores for each participant, the results showed that the participants in the Labyrinth-VR training group gained greater improvements in high-fidelity long-term memory than the iPad control group did. We found that participants in the Labyrinth-VR group correctly identified more objects than before their training, which means their ability to remember detailed information had improved (Figure 3). They also improved more than the iPad control group did. This tells us that the increase in their scores was likely due to the Labyrinth-VR training and not to other factors [8].
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Figure 3

Participants that played Labyrinth-VR showed improvement in long-term memory after 12 h of training. The Y axis shows the difference in their mnemonic discrimination task score from pre-training to post-training. The group that played the control iPad games did not show any improvement in long-term memory.



Because participants made it to different levels of difficulty in Labyrinth-VR by the end of their training, we also looked at whether the level a participant got to was related to how much their scores improved on the memory test. The results showed that the higher the level they achieved in Labyrinth-VR, the greater the gains in memory test scores.



WHY IS THIS IMPORTANT?

In this study, we compared long-term memory performance before and after older adults trained with Labyrinth-VR or with control iPad games. We found that, after 12 h of training, the Labyrinth-VR group improved their long-term memory performance more than the control group did. We also found that the achievement of higher levels in Labyrinth-VR led to greater improvement in long-term memory.

High-fidelity long-term memory declines as people age, and this decline can impact daily functioning. There are currently no treatments or medicines available to help prevent this decline. Our study showed that training using a virtual reality game led to improved long-term memory capabilities in healthy older adults. Our findings also led us to new questions that can be answered by future research. For example, would Labyrinth-VR that did not involve exercise also improve memory? Could Labyrinth-VR improve memory for people experiencing memory loss as they age? What can we learn about the brain’s memory system by scanning people’s brains before and after they complete Labyrinth-VR training? By answering these and other questions, we may be able to develop a treatment to help adults maintain the health of their long-term memory systems as they grow older.
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GLOSSARY

ENCODING

The initial learning and storage of information into our brains.

LONG-TERM MEMORY

The ability to remember information that we encoded from past experiences.

HIGH-FIDELITY LONG-TERM MEMORY

The ability to remember highly detailed information from an experience.

HIPPOCAMPUS

A brain region that is necessary for learning, memory, and spatial navigation.

SPATIAL NAVIGATION

The ability to learn your surroundings, to navigate your path to where you want to go using the most efficient route.

VIRTUAL REALITY

Computer-code generated 3D images that you can interact with via a special headset. These are not at all actual images.

CONTROL GROUP

The group in a study that does not get the experimental treatment, but completes the entire experiment procedure. Scientists compare the results of the experimental group to the control group to see if the experimental treatment had an effect.

MNEMONIC DISCRIMINATION TASK

A task designed to test how well people can remember details about objects and tell the difference between identical and similar images.
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The brain controls how we see, hear, think, learn, and interact with the world. Importantly, the brain is not set in stone. It can be changed over time by the things we do. One of those things is playing video games! Playing video games can lead to a number of changes in the brain, some of which allow us to see, hear, think, and learn better. Crucially though, not all video games are equal. Just like eating different kinds of foods will affect the body in different ways, playing different types of video games will affect the brain in different ways. In this article, we will describe how scientists can measure changes in the brain and how playing video games can change the brain.


THE BRAIN AND COGNITION

The brain is responsible for cognition, or the way we process and understand information. Cognition includes things like seeing, hearing, paying attention, learning, remembering things, planning actions, and making decisions. One interesting thing about the brain is that, over time, it can be changed. This quality is called brain plasticity. As we experience and learn more things from the world around us, plasticity allows the brain to physically change, creating stronger connections between certain brain regions. Many of our everyday activities, from daily interactions with others, to things we learn in school, to after-school hobbies, can have an impact on our brains and our cognitive functions. Video games are one of those things! The good news is that some of these changes in the brain caused by video games may help improve our cognitive functions. Under the right conditions, video games provide an ideal environment that allows players to exercise various cognitive functions and promote brain plasticity [1].



MEASURING BRAIN ACTIVITY AND COGNITION

To measure how our brains change after playing video games, cognitive scientists can use a few types of techniques (Figure 1). One is called magnetic resonance imaging (MRI), which uses strong magnetic fields to show the brain’s structure. Using an MRI, scientists can see whether and how the cells that make up the brain have changed after some type of experience [2]. Another technique, called functional magnetic resonance imaging (fMRI), measures how much blood has flowed through specific areas of the brain, which tells scientists which brain areas have been active. A third technique is called electroencephalogram (EEG), which measures the brain’s electrical signals. This tells scientists how much activity is happening in a given brain region at any moment.
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Figure 1

Examples of brain-imaging techniques. (A) An MRI of a person’s brain, showing brain structures. (B) An fMRI showing brain activity in the colored areas. (C) An example of EEG signals showing five different types of brainwaves, which indicate different types of brain activity.



While these brain imaging techniques help scientists to visualize changes in the brain, they also need to know whether video game playing actually changes cognitive functions. To determine that, cognitive scientists developed tasks designed to test various components of cognition, which we will call cognitive tasks for simplicity. These cognitive tasks include tasks to measure how well people can think about and remember information that is constantly changing (called working memory), how well they can direct their attention while ignoring distractions, and how well they can problem solve (Figure 2).
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Figure 2

Example of a cognitive task. Raven’s Progressive Matrices [3] is a measure of problem-solving ability. The person completing this task sees a matrix of images and must select the image that completes the matrix. Here, the answer is 4.



Using both brain imaging and cognitive tasks, cognitive scientists can conduct experiments to determine whether playing a specific video game changes the brain and/or cognitive functions (Figure 3). For example, maybe they want to know whether playing the video game Fortnite can improve people’s brains and cognition. First, the scientists recruit participants and conduct a series of brain imaging scans and cognitive tasks. This is called a pre-test because it tells scientists about participants’ brain structure and cognitive performance before they are asked to play a video game. The scientists then assign participants to play either Fortnite or a different video game that they do not expect to affect cognition. This second game is called the control, and it is used for comparison with Fortnite. Participants then play their assigned video games for an hour a day for several weeks, for example. Then, the scientists conduct the same brain scans and cognitive tasks as in the pre-test. This is called a post-test, because it tells scientists what the participants’ brain structure and cognitive performance is like after they have played the video game. Finally, the scientists compare participants’ brains scans and cognitive task performance between the pre-test and post-test. If the participants who played Fortnite are found to have certain brain changes, such as a greater volume of brain tissue in some brain areas, or if their performance on cognitive tasks has increased more than the participants who played the control video game, researchers can conclude that playing Fortnite positively impacts the brain and cognition more than the control game does.
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Figure 3

In a typical video game training experiment, participants first take a test measuring their cognitive function (pretesting). They are then assigned to play either an action video game or a control video game for some number of hours (no more than 1 h per day, with the whole thing being spaced out over several weeks). They then return and take the same test from before again (post-testing). If the target video game group improved more from pretesting to post-testing than the control video game group, then we know that playing that game improved cognitive function [Adapted from [1]].





SO, HOW DOES PLAYING VIDEO GAMES AFFECT THE BRAIN?

Across many experiments, research has found that playing video games can change many brain areas. As just a few examples, playing certain video games can increase the volume as well as the activity in small regions in many parts of the brain (Figure 1) [2]. However, some research has also found that playing video games can decrease activity in some of these areas, like the frontal lobe. How can video games both increase and decrease activity in the brain? One explanation is that exposure to a video game may at first increase activity in regions associated with gameplay. Then, as a player’s performance improves and playing becomes more automatic, less “brain power” is needed, resulting in a decrease in activity of those brain regions [2]. Thus, depending on the length of training or the timing of the post-test, either increases or decreases in brain activity can be associated with playing video games.

Along with the changes seen in the brain, playing video games has also been shown to improve some aspects of cognition, including the ability to identify information that comes into the senses (like vision and hearing); the ability to understand the surrounding space, like remembering where objects are located or how to navigate to a specific location; the ability pay attention; the ability to ignore distractions; the ability to multi-task; and working memory [4, 5].



EFFECTS ON THE BRAIN AND COGNITION ARE COMPLEX

The extent to which video game play alters the brain and cognition depends on many factors, such as age, amount of time spent playing video games, and what kind of video games are played. For instance, while playing video games does seem to have at least a small positive effect across all ages, video games tend to improve cognitive functions more in younger adults than in older adults over the age of 65 [4].

Similarly, while any duration of video game play likely leads to some brain changes, research suggests that the more time individuals spend playing video games, the larger the changes will be [4]. Critically though, all the available research suggests that binging on video games (playing for very long sessions) is not a good idea. Video game play most powerfully affects the brain in a positive way when the play sessions are distributed across a wide range of time. For instance, when we are trying to use video games to improve brain function in our lab, we only allow participants to play for 1 h per day.

Finally, not all video games affect the brain equally. In general, cognitive scientists assume that the types of cognitive skills that are required to play a certain game and the brain regions associated with those cognitive skills would be the skills and brain areas to change after playing that game for some time. This is similar to practicing sports. Soccer and basketball require different physical skills. If you practice kicking a soccer ball, you can expect that your leg muscles will get stronger and you will get better at kicking, but you would not expect your arms to get stronger or to get better at shooting a basketball.

Action video games are one gaming genre that has been studied extensively and consistently shown to improve some aspects of cognition. Action video games include first-person shooter games, like Fortnite, and third-person shooter games, like Splatoon. Games like Animal Crossing and Minecraft, however, would not be considered action video games. Researchers have found that action video games improve perception, spatial cognition, and attention more than other parts of cognition [4]. Other video game types, such as puzzle games, like Portal 2, or strategy games, like Starcraft 3, may tap into problem-solving abilities, suggesting that these games could improve those parts of cognition. However, the findings on the effects of these games on cognition have been mixed, so more research is needed [6].



CONCLUSIONS

In summary, the effects of video games on the brain and cognition are somewhat complex. Research has shown that playing video games can positively impact some parts of the brain and cognition, but the impact largely depends on the type of video game being played. Keep in mind that this field of research does not necessarily consider how playing video games affects other parts of a person’s life besides cognition. For example, other lines of research have focused on the potential addictive features of video games or how they affect kids’ social and emotional development. When thinking about how video games can affect us, it is important to look at their impact on all aspects of our lives.



GLOSSARY

COGNITION

An umbrella term encompassing many different sub-functions involved in learning, understanding the world, and making decisions. These include things like perception, attention, intelligence, memory, and the use of language.

BRAIN PLASTICITY

The capacity of the brain to change and/or grow. Typically, this occurs in response to experience and results in the brain functioning better when similar experiences are encountered again.

COGNITIVE FUNCTIONS

Mental processes that allow us to carry out tasks, including attention and memory.

COGNITIVE SCIENTISTS

Researchers who study the mind and how it works.

WORKING MEMORY

A cognitive function that allows us to hold a small amount of information in a readily accessible form.

CONTROL (OR CONTROL GROUP)

By comparing an experimental group with a control group (that doesn’t receive any active treatment), scientists can better tell whether the experimental treatment has benefits.
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Have you heard of ADHD? It stands for attention deficit hyperactivity disorder, a condition that makes focusing difficult. Under the right conditions, video games can be used to treat ADHD. People with ADHD often have a harder time completing tasks than people without ADHD. When playing a serious video game designed as a treatment, a person with ADHD can improve their ability to concentrate on completing a task. This works when video games are designed to reward the player after each success, because it trains the player’s brain to focus on one task at a time. In this article, we will provide an overview of attention and ADHD, discuss the benefits and risks of video games, describe the features of serious games, and highlight the first video game that doctors prescribe to kids with ADHD.


ATTENTION AND ADHD

Dean notices that his friend Maurice is always playing one specific video game after school. Dean asks Maurice why he likes the game so much, and Maurice explains that it helps him focus better in class. These special types of video games have actually been recommended as a form of treatment for Maurice’s attention deficit hyperactivity disorder (ADHD)!

What exactly is ADHD? People with ADHD have low levels of something called intrinsic motivation, which can be defined as the drive to complete a task because it is internally rewarding. You are intrinsically motivated if you find the task fun or enjoy the challenge. This contrasts with extrinsic motivation, which is being motivated by an outside source, like a sense of duty or a desire to get a prize for completing the task. For example, intrinsic motivation may cause someone to travel because they love exploring the world and connecting with others. On the other hand, extrinsic motivation may cause someone to travel because they must do so for work or they get paid to do it. A low level of intrinsic motivation causes people with ADHD to become bored quickly [1]. ADHD affects about 5% of kids, making it one of the most common conditions in young people [2].

There are two types of ADHD: genetic and acquired. Genetic ADHD is passed on from parents to their children, through the genes. Acquired ADHD happens as a result of an event or incident, such as a traumatic brain injury [2]. Like with Maurice, certain video games can be used to treat kids with ADHD. In this article, we will describe the scientific evidence related to the benefits and risks of video games, and discuss how games can be used to treat ADHD.



THE BENEFITS OF VIDEO GAMES

Before we begin, let me ask you an important question: do you like Minecraft, The Legend of Zelda, Super Mario, or other video games? Many kids love video games, but a lot of parents think that video games are harmful and addictive. However, recent studies have shown that is not always the case! Video games can help people with ADHD train their brains to function better. Are you wondering how?

People with ADHD can have trouble concentrating on one task at a time, which is where video games come into play. Most video games are goal oriented: the player is given a task and then rewarded after the task is complete. This reward system helps kids improve their intrinsic motivation by directing their attention to accomplishing one task at a time. People with ADHD struggle with this and they are more likely to procrastinate and leave tasks unfinished [1, 3]. Video games help because many are designed to bring in new challenges that inspire their players to keep going. It is important to note that not all video games can be treatments for ADHD (more on this later). For now, we want to emphasize that there is growing evidence of video games’ positive effects, including how they can help increase a person’s focus and attention span [1].



THE RISK OF VIDEO GAMES

Kids with ADHD are at a higher risk of becoming addicted to video games…so there is some cause for parents’ worries. Certain studies have shown a relationship between ADHD and video game addiction, but the extent of the relationship is not fully understood [3]. Video game addiction can impact physical health if players sit still for too long (as seen in Figure 1) [2]. For example, the desire to keep playing a video game on the couch all day could lead to a loss of interest in other things, like hanging out with friends at the playground. The good news is that people can get the benefits of video games while minimizing the risks, if they are intentional about how long they play for. It might be helpful for kids to set a timer when they start playing, to remind them it is time to switch to another activity like playing outside. The ability to work efficiently within certain blocks of time is a great skill to have and can be developed and practiced with good video game playing habits. Building time management and efficiency through video games may be especially helpful to people with ADHD since these are common problems in ADHD. Limiting video game time might sound hard, but doing so actually helps people to enjoy them more in the long run [3].
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Figure 1

Playing video games for long periods of time, like 3 h or more, is not healthy and can lead to addiction.





SERIOUS VIDEO GAMES

Serious games are any type of games (e.g., video games, board games) designed with a primary goal beyond just being fun to play. This includes games that work as treatments! What is the best serious video game to help with ADHD? Well, there is no one serious game that is the best. Rather, there are a bunch of games that have the right features to help with ADHD. For a serious game to be useful for ADHD, it must meet three requirements [3]. First, the game must be easy to understand. Second, the game must not be too hard to remember. Last but not least, each level must get a little harder (as shown in Figure 2). These three features keep players focused and involved for longer and longer. It is important for these games to be challenging, but not impossible—that way, players do not get frustrated and stop playing. If a video game has these characteristics, it can help train the brain to have a longer attention span!
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Figure 2

Important aspects of serious video games used to treat conditions like ADHD include being easy to understand and getting harder with each level.



One serious video game that was developed with ADHD in mind is The Secret Trail of Moon (TSTM). In TSTM, there are mini-games that take place in the forest because virtual interaction with nature can also help people with ADHD [3, 4]. There are other video games being studied as possible ADHD therapies. For example, EndeavorRx was developed to improve the player’s attention by encouraging them to accomplish the game’s goals in a fun and engaging way. A group of 8–12-year-old patients with ADHD took a test that measured their attention before they played EndeavorRx. After playing the game for 1 month, the patients did better on their second test, proving that playing this game helped patients improve their focus. The game was so effective at treating ADHD that EndeavorRx became a U.S. Food and Drug Administration (FDA)-approved video game for ADHD therapy in the United States, meaning that doctors can prescribe it to kids to help with attention span [4]. In the future, additional video games may have sufficient evidence to become FDA-approved therapies as well.



CONCLUSION

As you can see, video games often have a bad reputation, but science is now showing that they may not be harmful and might even be better than a neutral way to pass time. Some video games can even be a form of ADHD treatment! Still, it is important to be careful with this method, as people with ADHD are more likely to become addicted to video games [2, 3]. Researchers are aware of this and are making video games specifically designed to treat ADHD, instead of repurposing existing games. With time and additional research to demonstrate their benefits, more video games may soon become used as proven ADHD treatments.



GLOSSARY

ATTENTION DEFICIT HYPERACTIVITY DISORDER (ADHD)

A condition that makes it difficult for people to focus.

INTRINSIC MOTIVATION

The ability to complete a task because of the desire to do so, not because of an external award.

EXTRINSIC MOTIVATION

Doing something to be rewarded in some way.

GENETIC

When referring to health conditions like ADHD, “genetic” means caused by the person’s genes which were passed down to them by their parents.

ACQUIRED

When referring to health conditions like ADHD, “acquired” means it was caused by some exposure, event, or injury rather than being passed down from the parents (as in genetic conditions).

PROCRASTINATE

To avoid a task that needs to be done.

ADDICTED

Unable to stop doing/taking something because of mental and or physical dependence.
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While there have been many new treatments discovered for brain disorders over the past few decades, we are still facing a major problem when it comes to treating these disorders throughout the world. This means we need better tools for improving mental health. Meditation is a technique that people have used for thousands of years to learn how to better regulate their minds. Although the benefits of meditation are well known, many people never learn how to meditate, often because it can require having many meetings with people who teach meditation. To try to solve this problem, scientists have begun to use modern technology (like smartphones) to help people learn how to meditate. This article will explain how meditation can improve the brain’s ability to focus, how apps can be important tools for teaching people how to meditate, and how using meditation apps can benefit mental health.


WHAT IS MEDITATION?

Meditation is an exercise in controlling attention, and people have been practicing it for thousands of years. Meditators use a range of practices, such as keeping their focus on their breathing, or trying to pay attention to the body, the mind, and the world all at the same time. By using these attention exercises, meditators strengthen the ability to take control over what their minds are doing, and they learn introspection, which is an awareness of their current internal thoughts, sensations, and actions. Experienced meditators carry the lessons they learn from meditation into other areas of their lives. As a result, they are in better control of their focus, stress, and moods, making them better at keeping calm during hard times.

While the communities that have traditionally practiced meditation have experienced its benefits for thousands of years, science in the U.S. only recently discovered that meditation is a way to improve mental health. Modern technologies, such as electroencephalography (EEG) and other tools for measuring brain activity, have helped scientists understand that meditation is a powerful tool for improving focus and the health of both the brain and the body [1].



HOW IS MEDITATION GOOD FOR OUR BRAINS?

To understand how meditation is good for our brains, we first need to understand some of the thought processes that happen inside our heads while we meditate. Cognition is a term that describes all the thoughts and behaviors (like focusing, making decisions, learning, and remembering) that allow us to make sense of the world and live happily in it. Meditators are really good at using several cognitive abilities while meditating. They work hard at staying focused. When they lose focus, they do not beat themselves up about it, but instead they simply say, “ok, my focus slipped,” and they bring their attention back to the meditation. They know they have lost focus through introspection. Meditators quickly learn that their minds wander a lot, and that no one is perfect at meditating! Accepting this allows them to have patience with themselves when they lose focus.

The mental effort of meditation is good exercise for the brain. Science has shown that this exercise can improve sustained attention, which is how well a person is able to keep their attention on something hard for a long time—like when you take a long test. Scientists can measure improvements in sustained attention by looking for increases in certain brain waves, using EEG, while a person is keeping their attention on a boring task. Scientists believe that these changes in brain waves caused by meditation tell us that it is easier for the brain areas involved in attention to communicate with each other [2]. Groups of brain regions that communicate are called brain networks, and good mental health depends on the ability of brain networks to communicate well.

Each time meditators bring their attention back to their focus after their minds wander, it is like doing a mental push-up. All these mental push-ups end up strengthening their cognitive flexibility, or their ability to change their thoughts based on what they are doing right now (like switching from doing math to reading when you change classes). Meditation can even change the way that their brain networks communicate, by bringing new, helpful brain regions into the conversation or getting rid of a brain region that is too loud and distracting. As a result, meditators get better at focusing their attention away from negative thoughts and feelings that are putting them in a bad mood and into a good mood instead. They notice more easily when they are in a bad mood, too.

These changes take a long time and a lot of work. One day of meditation will not do it. People need to meditate consistently by making it a habit. When people are first learning how to meditate, guidance from an experienced meditation teacher can be very helpful for staying on track. It is important for people to feel good about what they are doing when they meditate and to get advice to make sure that they are doing it right. A high-quality app that teaches beginners how to meditate can help to make meditation a habit.



MAKING MEDITATION AVAILABLE TO EVERYONE

If we want to make meditation available to everyone, the biggest challenge is teaching more people how to do it. Learning how to meditate can be hard. Expert meditation teachers who can guide people through meditation lessons and give them personalized feedback can be helpful, but the number of teachers available is limited. Because so many people have access to smartphones and are used to using apps, some scientists (including the authors of this paper) have made apps that can train people how to meditate [3, 4]. Like the lessons a meditation teacher would give, these digital meditation apps provide tips and they make the meditation times longer (or shorter) as people get better (or worse) at staying focused on their breath. We call this feature a closed-loop design, and it is the key ingredient for making sure everyone is meditating at their own level. Some people can focus on something for a very long time without being distracted and others (most of us!) need to start at an easier level and work our way up. The closed-loop design makes sure that the people who can focus for longer have to meditate for longer, and the people who have a harder time focusing get more small breaks throughout meditation sessions. Of course, the goal is to be able to focus for longer, so the meditation sessions get longer as the person gets better at focusing. Figure 1 shows an example of what a meditation app with a closed-loop design looks like [4].
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Figure 1

Screenshots of a digital meditation app. The meditator rests the tablet on their lap while the screen on the top right is shown. The app asks whether the meditator has been maintaining focus throughout the session. Answering “yes” will extend the length of the meditation session and answering “no” will shorten it. This makes the meditation training harder or easier, depending on how the meditator is doing. This is the closed-loop feature. This app also provides a library of meditation teachings, a calendar to track progress, and a graph to show people their daily progress (Figure credit: Ziegler et al. [4]).





HOW DO WE KNOW THAT THE APPS WORK?

Showing that a meditation app is an effective way of teaching people how to meditate is hard to do. When designing studies, scientists are careful to show that meditation apps can affect the brain in the same ways that old fashioned meditation does. The most common way of testing if these apps work is by measuring people’s brain waves with EEG before and after they use a meditation app for several weeks. While measuring brain waves, the people do experimental tests on a computer that challenge a number of cognitive abilities, such as cognitive flexibility and sustained attention. Figure 2 shows the parts of the brain where a specific type of brain wave increased after people meditated using an app for 6 weeks [4]. The brain waves seen in these areas are known to be very important for sustained attention.
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Figure 2

Brainwave changes after 6 weeks of digital meditation. Participants who completed a digital meditation training had changes in brain waves (A) in the fronts and (B) in the backs of their brains while doing a sustained attention test. These areas are parts of a network that is important for sustained attention (Figure credit: Ziegler et al. [4]).



New studies like this have found that some meditation apps can make people better at sustained attention tasks, as well as increase the strength of brain waves and the brain networks that make it possible to focus [3, 4]. One of these studies tested whether a meditation app (MediTrain), created based on scientific data, could improve brain function in teenagers (ages 10–18) who were in foster care in India. The results were pretty cool—researchers saw that using the app for 6 weeks improved the teenagers’ sustained attention, made them less hyperactive in school, and they even started getting better grades [3]! Overall, scientific studies suggest that meditation apps can improve brain health and lead to real-world improvements.



DIGITAL MEDITATION AS MEDICINE

Digital meditation could even be used to help people with certain mental health issues. For example, people with depression have changes in some cognitive abilities that meditation can improve, such as sustained attention and cognitive flexibility. In fact, scientists believe that one of the key features of depression is the inability of a person to pull their attention away from bad or dark thoughts. Using digital meditation to boost cognition in depressed people may be a new way to help lessen their depression [5].

Another condition that digital meditation might be used to treat is attention-deficit/hyperactivity disorder (ADHD). As the name suggests, people with ADHD have trouble with attention and focus. Because digital meditation appears to improve attention and focus, it makes sense that it could be a great tool for helping people with ADHD improve their sustained attention. At least one study has found that digital meditation can help improve difficulties associated with ADHD [6].

Right now, the main treatments for depression and ADHD are medicines, but the medicines that are most often used to treat these conditions can have bad side effects and they do not work for everyone. This means there is a need for other therapies to help these patients. Digital meditation could become a powerful new treatment for depression and ADHD because it can challenge and improve attention in these patients without any bad side effects. It is unlikely that digital meditation will completely cure these disorders, but it could help to decrease patients’ symptoms.



CONCLUSIONS AND FUTURE DIRECTIONS

In this article, we have reviewed how meditation can improve brain health, and how these benefits can be delivered to more people using digital meditation apps. While some digital meditation apps have been carefully studied by scientists, there are some commercially available apps that have been less carefully evaluated. Not all apps are equal. So, it is important to be skeptical at first about whether an app can really improve attention and focus. Some apps available in app stores may say they can improve attention, but do not have any supporting research. In general, apps that have scientific studies to back up their claims are likely to be more effective (such as the Headspace app [7]). Once the quality of most digital meditation products in the app store is as good as the ones that have been carefully studied, more people everywhere will have access to this powerful tool for improving their focus. Also, while the potential for using digital meditation apps to improve cognition in conditions such as depression and ADHD seems promising, more research is needed before we will know for sure if digital mediation can be used as a type of medicine. If so, we will also need to figure out if it will replace medicines or if it will be used in addition to other treatments.



GLOSSARY

INTROSPECTION

An observation or awareness of one’s own thoughts, actions, and feelings.

ELECTROENCEPHAL-OGRAPHY (EEG)

A tool for measuring brain waves.

COGNITION

Various types of thinking that allow us to make sense of the world, like focusing, making decisions, learning, and remembering.

SUSTAINED ATTENTION

The ability to hold focus on something for a long time.

BRAIN WAVES

Electrical activity produced in the brain.

BRAIN NETWORKS

Groups of brain regions that communicate with each other.

COGNITIVE FLEXIBILITY

The ability to purposefully redirect thoughts and attention.

CLOSED-LOOP

A feature of a digital meditation app that uses information from the user to drive the app’s difficulty.
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Getting a good night’s sleep is essential for development during childhood, for health throughout adulthood, and a long life. Getting less than 8 h of uninterrupted sleep can lead to poor performance at school the next day. Today, most of us have easy access to technology in our daily lives, and young people often bring their devices to bed with them. While it might be a fun way to unwind after a long day of classes, nighttime electronics use can interfere with the ability to recover from the normal wear and tear on our bodies that builds up each day. Using technology close to bedtime interacts with the body’s natural processes that help us fall asleep and help us recover so that we are prepared to take on the next day. As technology use continues to grow, it is important that our devices go to sleep at least an hour before we do.


THE SLEEP-WAKE CYCLE IS CRITICAL FOR HEALTH

Sleep is a part of the body’s natural 24-h clock, which is called the circadian rhythm. The circadian rhythm regulates the body’s sleep-wake cycle by using information from the environment to help our bodies wake up in the morning and go to sleep at night. The cycle depends on messenger chemicals called hormones produced in the body, and it is in a delicate balance. When it is in proper balance, the circadian rhythm allows us to stay awake and alert during the day, and we have enough energy to complete our tasks. A balanced circadian rhythm also allows us to go to sleep on time at night, recover from tiredness, eliminate cellular waste products that have built up, and repair any minor damage to our muscles that we developed during our daytime activities—making us feel refreshed and ready to go again in the morning.

We depend on light in the morning and darkness at night to help the body’s clock continue turning on schedule, regulating the body’s processes. When it gets dark outside, the absence of light sends a signal to the brain that it is time to start the sleep cycle part of the 24-h clock. The brain interprets darkness as a message saying “there is no need to stay awake and alert”, and a pea-sized gland in the brain called the pineal gland begins to release a hormone called melatonin into the bloodstream. Melatonin is essential for the sleep-wake cycle and it helps promote good-quality sleep so that your body recovers and feels rested in the morning.

The sleep cycle has four stages: N1, N2, N3, and rapid eye movement (REM) (Figure 1). All the stages are important. During N1–N3, growth occurs, the muscles and the immune system are repaired, and the body and mind recover from tiredness. In the REM stage, the brain is highly active just like when we are awake, and this stage is important for memory development, learning, and dreaming, as well as for decreasing the level of a type of cellular waste product called free radicals [1]. When free radicals are present in high concentrations, they can damage both the body and brain cells.
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Figure 1

The sleep cycle has four stages. N1, which lasts a few minutes, the body is falling asleep but has not fully relaxed. The heart and breathing rates begin decreasing. N2 lasts about 25 min, during which the body relaxes and body temperature and brain activity decrease. N3, known as deep sleep, lasts 20–40 min. This is when the body is the most relaxed and when the most repair happens. During the REM stage, vivid dreaming happens and memory and creativity are boosted. REM stages begin after about 90 min of uninterrupted sleep, and they increase in length throughout the night.



For healthy, restful sleep, we must go through several sleep cycles each night. Interruption or a decrease in the number of completed cycles can lead to poor-quality sleep, leading to poor cognitive performance, decreased recovery, and incomplete free radical elimination. Repeated interruption or decreased time sleeping can lead to a condition called oxidative stress, in which the level of free radicals gets dangerously high. This happens because bodily processes that normally slow down while we sleep keep running instead, like a car that never shuts off and keeps producing exhaust. Elevated levels of free radicals can decrease health and cognitive performance [1]. Interestingly, melatonin can help to neutralize excess free radicals in the body, so it is believed to have a strong protective effect against oxidative stress [2].



HOW DO LIGHT AND DARKNESS REGULATE THE SLEEP-WAKE CYCLE?

All pathways that control essential functions in the body exist in balance with other pathways that produce the opposite effects. This way, the pathways can regulate each other. This is the case with the hormones melatonin and cortisol (Figure 2). Cortisol is a stress hormone released by the adrenal glands, which sit atop the kidneys, and it is responsible for creating the state of being awake and alert. In the morning, as the light from the sun enters our eyes, a signal is sent to the brain that acts like a wake-up alarm. The release of melatonin stops and the level of cortisol in the bloodstream rises, causing us to feel awake and alert. This process aligns the body’s clock to the time of day.


[image: image]

Figure 2

The circadian rhythm aligns the body with the 24-h day. Cortisol and melatonin regulate the sleep-wake cycle. (A) In the morning, sunlight enters the eyes and signals the brain to release cortisol to awaken the body, so that we can be alert and productive. During the day, cortisol remains elevated, and melatonin is decreased. (B) As the sky darkens, melatonin is released by the pineal gland to start sleep. Melatonin release depends on darkness sending a signal to the brain. Cortisol levels remain decreased while melatonin levels are elevated.



However, the same wake-up alarm effect happens when we use technology at night. The light from electronic devices enters our eyes, sending a signal to the brain that it should still be awake, alert, and on duty. One type of light produced by most devices, called blue light, is especially good at preventing melatonin release. The sun emits more blue light in the morning as it rises than at night when it sets—so our bodies are designed to respond to blue light by “waking up” [3].

By preventing melatonin from being released when it should be, the brain is tricked into thinking it is still daytime even though it is dark outside. Therefore, we do not fall asleep when we should—a condition called sleep latency—because the brain is receiving the message that it should be awake, alert, and functioning. Sleep latency puts the circadian rhythm off balance, which can lead to a number of problems.



TECH AT NIGHT AFFECTS MENTAL HEALTH

Just like our battery-powered devices, our bodies need to “recharge” to function at their highest capacity. If our bodies’ “batteries” run down and we do not stop to recharge, our bodies will not run as efficiently nor function at their best (Figure 3A). Furthermore, the bodily systems for regulating mood depend on sleep. When sleep latency happens, other pathways that regulate cortisol levels will also be affected [4]. In this case, people can develop mood disorders related to elevated cortisol, including depression and other mental illnesses [3, 4]. Scientists have discovered that people who work night shift jobs are 40% more likely to develop depression [4], probably due to the interruption of the circadian rhythm and general lack of sleep.
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Figure 3

For the best sleep, it is important to put electronics away about an hour before going to bed. (A) Using electronics close to bedtime or while in bed prevents the normal release of melatonin and keeps cortisol levels high, leading to sleep latency, poor sleep quality, and increased oxidative stress. When this happens, the brain cannot fully “recharge”, which leads to poor cognitive performance, tiredness, and poor recovery. (B) Shutting down electronics before sleep and decreasing blue light exposure at bedtime can help with melatonin production, which promotes quality sleep, restfulness, recovery, and good cognitive performance the next day.





PROTECTING YOURSELF FROM SLEEP PROBLEMS

Even if you currently use your devices at night and experience the negative effects lack of sleep can have, there are ways to help reverse the effects and fix any imbalance in your circadian rhythm. While scientists found that depriving rats of REM sleep for 96 h increased free radicals and oxidative stress in the rats’ brains, these effects were reversed after the rats had some restorative sleep [1]. This means that, even if you feel unwell after a few nights of poor sleep, you can restore your circadian rhythm, reduce your levels of free radicals and oxidative stress, and get yourself back to functioning normally—simply by getting some good-quality sleep.

Furthermore, limiting or completely eliminating the use of electronic devices before bedtime can prevent interruption of the circadian rhythm, which will prevent sleep latency and help the natural sleep-wake cycle (Figure 3B). Switching the lights in your home to lower the amount of blue light you encounter leading up to bedtime can help, too. Red light has been shown to improve sleep quality, and yellow and orange lights have little to no effect on the circadian rhythm and may increase melatonin production.

Finally, if you must use technology at night, using a pair of blue light-blocking glasses and turning on “nighttime mode” in the evening can help to decrease the amount of blue light your devices give off. This will limit the signals to your brain that prevent melatonin release and cause sleep latency, which can help you get a better night’s sleep [3, 4].

Overall, sleep is one of the most important contributors to our mental and physical health and cognitive function. Taking care to place our devices aside about an hour before bedtime makes a world of difference in the sleep quality we have each night as well as our overall physical and mental health. As a result, our circadian rhythm will be in balance and we will be able to fall asleep and wake up around the same times every day. Through making these efforts, we can ensure we get regular, good-quality, and uninterrupted sleep to stay healthy and productive.



GLOSSARY

CIRCADIAN RHYTHM

The body’s clock, which is in a delicate balance and is aligned with daytime and nighttime.

MELATONIN

A hormone produced and released by the pineal gland, to begin the sleep stages of the sleep-wake cycle. Levels of melatonin are increased in the absence of light.

FREE RADICALS

Cellular waste products that, when present at high levels, can damage cells and lead to oxidative stress.

COGNITIVE PERFORMANCE

The ability to think, reason, solve problems, pay attention, and remember things.

OXIDATIVE STRESS

A condition in which high levels of free radicals cause damage to the brain and body, which can lead to disease.

CORTISOL

A stress hormone released from the adrenal glands, responsible for the wake stage of the sleep-wake cycle. Cortisol levels increase when light enters our eyes.

SLEEP LATENCY

The delay of the start of the sleep stages of the sleep-wake cycle, which can occur when we use devices at night.
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Did you know that exercise may help your brain work better? Scientists are studying how kids’ brains respond to exercise and how physical activity may help kids learn better in school. Using equipment that can help them to see the structure and function of the brain, scientists can measure and record what the brain is doing while kids engage in tasks that require attention and memory, or while they are just resting. Physical fitness and physical activity can help kids’ brains function better, help them to stay focused in school, and help them do well on tests. In this article, we explore research aimed at how being physically fit and participating in physical activities may not only benefit kids’ bodies, but also benefit their brains and improve skills like attention, memory, and learning.


INTRODUCTION

You have probably heard that being physically active can make you stronger, faster, and generally healthier. However, does it surprise you to learn that physical activity (PA) can also make you smarter and help you do better in school? Recess, physical education, and playing sports helps more than just our bodies: it benefits our brains, too! Over the past several decades, scientists have learned a lot about how PA can improve our brains.

Much of the earliest research on PA and the brain was done in animals, mostly rats and mice. Scientists found that when rodents ran on a running wheel each day for several weeks, their brains got healthier and they had better memory for learning how to complete a maze. The rodents’ brains were healthier because they grew new neurons (brain cells that send information throughout the brain and body), developed new connections between neurons, and improved the brain’s blood supply [1]. Recently, there have been studies of how PA affects humans, from children to senior citizens, including people with medical conditions such as attention deficit hyperactivity disorder, Parkinson’s disease, autism spectrum disorder, Alzheimer’s disease, and many others.

PA is defined as any bodily movement that uses more energy than the body uses at rest. We focus on aerobic fitness, which refers to how well the lungs and heart pump oxygen and blood through the body. We measure physical fitness and PA in the lab, using high-tech equipment and special sensors. To measure fitness, kids run on a treadmill that keeps getting steeper, while wearing a mask that measures how much air goes in and out of their lungs with every single breath (Figure 1). We also measure how many times their hearts beat in 1 min. The kids’ hearts beat faster as they continue running on the treadmill. Kids who are more fit use more oxygen while they are exercising.
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Figure 1

A 14-year-old performing an exercise test on a treadmill to measure aerobic fitness. The blue mask measures how much oxygen the child’s body uses while exercising (Photo credit: Alyssa Stone/Northeastern University).



Research suggests that kids who are more physically active and more physically fit score better on standardized tests of math and reading [2, 3]. Fit kids also have better attention and memory. For example, they are better able to remember names and locations on a map compared to kids who are less physically fit. Kids who are more fit perform better on tests that measure a specific type of thinking known as executive functions. Executive functions help us to concentrate and pay attention (this is called inhibition), remember things (called working memory), and perform multiple tasks at once (called cognitive flexibility). You do these activities every day, especially in school! You use inhibition when you ignore other classmates who are being distracting and focus on your teacher instead. If you are multiplying numbers in your head or being creative, you are using working memory. Cognitive flexibility is sometimes called multi-tasking, like when you ride a bike and also watch out for cars and people in your path. Executive functions are associated with an area in the front part of the brain known as the prefrontal cortex, which is still developing in kids. In fact, executive functions are not mature until college, but being physically active helps kids’ executive functions while their brains are still developing [4].



EXERCISE AND THE ELECTRICAL ACTIVITY OF THE BRAIN

In the laboratory, scientists can study how the brain’s structure and function change because of PA and fitness. One way to do this is by measuring the electrical activity in the brain using a technique called electroencephalography (EEG). The child being studied wears a special cap that looks like a swimming cap, with many sensors placed in it. The sensors measure the electrical activity happening in the brain. EEG caps are very safe for kids and have no side effects. Sometimes scientists measure what the brain is doing while the child is resting, and other times they measure what the brain is doing while the child completes tasks that require attention or memory. Kids who are more fit are better at blocking out distractions and have more efficient brain activity. But, the good news is that it may only take 20 min of walking to see improvements in brain activity [5]. Experiments have shown that, after kids walk on a treadmill for 20 min at a pace that makes them sweat but allows them to talk easily, they are better able to temporarily pay attention and ignore distractions. After walking, kids’ brain activity is more efficient and faster than it is after sitting for 20 min (Figure 2). Importantly, after an entire school year with extra PA, kids were physically healthier, their brain activity was better, and they were better able to ignore distractions and pay attention [6].


[image: image]

Figure 2

(A) Child wearing an EEG cap while completing a thinking task on the computer. The EEG cap contains 64 sensors that measure the electrical activity of the brain (Photo credit: Alyssa Stone/Northeastern University). (B) After either 20 min of rest or 20 min of walking, the child’s brain activity was measured while they performed a challenging mental task. You can see that, after walking for 20 min, there was much more activity in the brain [4] (Image credit: Alyssa Stone/Northeastern University).





EXERCISE AND BRAIN STRUCTURE

Scientists can also measure brain structure and function using a technique called magnetic resonance imaging (MRI). MRI machines are safe and painless for children if the children do not have any metal objects in their bodies, and kids are always safety checked before getting into an MRI scanner. Kids must stay very still in the MRI scanner, but sometimes they get to watch movies or engage in tasks of attention and memory. These machines, which look a bit like spaceships, have very strong magnets that make loud noises. The MRI machine lets scientists take many pictures of a kid’s brain from multiple directions. These pictures allow scientists to measure the various structures in the brain.

Using MRI, scientists have found that a small but important area in the middle of the brain, called the hippocampus, is larger in kids who are more fit compared to kids who are less fit (Figure 3) [7]. The hippocampus looks like a seahorse and is important for learning and memory. A larger hippocampus has been associated with better memory. The hippocampus plays a special role in a type of memory called relational memory. This is the type of memory that helps you make connections, such as remembering a new student’s name, along with what that student looks like and what you last talked to them about. It is important to keep the hippocampus healthy, and we can do so by staying physically active, eating a well-balanced diet, and getting adequate sleep.
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Figure 3

(A) An MRI scanner, used to measure brain structures (such as the hippocampus) and brain function. (B) These brain images show the location of the hippocampus, in red. (C) This graph shows that the hippocampi of children with higher levels of fitness were significantly larger than the hippocampi of children with lower levels of fitness [7] (Image credit: Northeastern University).





EXERCISE AND BRAIN FUNCTION

MRI also allows scientists to study brain function, in which case it is called functional magnetic resonance imaging (fMRI). fMRI lets scientists take pictures of children’s brains while they are working on specific activities. The blood carries oxygen to the brain and the brain uses oxygen while doing activities. fMRI measures brain activity by measuring changes in blood flow (and thus oxygen flow) to the brain (for more information on fMRI, see this Frontiers for Young Minds article). So, fMRI helps scientists to see how separate regions of the brain communicate with each other when a person is resting, or when the person is performing a task such as remembering numbers or faces. In this case, higher fitness is related to better communication between the separate regions of the brain.



LET’S GET ACTIVE!

The good news is that we can improve how our brains function with PA! Doctors and scientists suggest that kids get at least 60 min of PA every day—the kind that makes your heart beat faster and makes you sweat! But more than 50% of kids do not get this much exercise. Why? Kids may not have a safe place to be active, or some of them many not have found an activity that they like. Other kids may feel embarrassed when learning a new activity or sport—so it is always good to cheer on others who are being active! Any activity that gets the heart pumping, like bicycling, swimming, or jogging, would be a good choice. Even walking is really good for the brain. It is also important to perform exercises that build muscle strength (like pushups or sit ups) and exercises that build strong bones (like jumping rope). Try to rotate between a few types of physical activity that you enjoy! Scientists are currently trying to figure out what types of sports and activities are best for the brain, and how to keep kids engaged and interested in physical activity.

When you talk to your parents and grandparents about PA, you can let them know that being physically active will help their brains stay healthier, too—keeping their executive functions in shape as they age. Brain structures like the hippocampus are often smaller in older adults, like your grandparents, compared to when they were younger. However, after walking for an hour 3 days a week for 1 year, older adults had larger hippocampi, which led to better memory.

While being physically fit is important for your brain to operate at its best, there are many other important ways to build a healthy brain and body. For example, eating healthy foods like vegetables and playing musical instruments also benefit brain health. Getting enough sleep is important too, so your brain can rest and form memories, as well as pay better attention the next day. Scientists think these lifestyle activities that make kids’ brains healthier are good for people of all ages—from your younger siblings to your grandparents. So, grab a friend or family member, go for a walk, and talk about all the ways we can keep our brains healthy!



GLOSSARY

EXECUTIVE FUNCTIONS

Important brain functions that we use every day that help us concentrate and pay attention. They include inhibition, working memory, and cognitive flexibility.

INHIBITION

This is an executive function that allows people to concentrate and pay attention.

WORKING MEMORY

This is an executive function that helps people process and remember things.

COGNITIVE FLEXIBILITY

This is an executive function that helps people shift their attention based on environmental demands and perform multiple tasks at once.

ELECTROENCEPHALOGRAPHY

A technique that records electrical brain activity. Small sensors on the scalp pick up the electrical signals produced by the brain to create brain waves.

MAGNETIC RESONANCE IMAGING (MRI)

A technique that uses a really strong magnet to look at brain structures.

HIPPOCAMPUS

An important brain structure that looks like a seahorse that is important for learning and memory.

FUNCTIONAL MAGNETIC RESONANCE IMAGING (fMRI)

This technique is similar to an MRI, but this looks at how the brain is working based on where oxygen is moving in the brain.
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GABRIEL, AGE: 9

Gabriel Garrigues is 9 and he is in fourth grade. He is interested in chemistry and he also likes to be a leader. For example, he likes organizing things and planning ahead. He also swims competitively. Finally, he wants to help stop climate change and make the world more clean.
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LICEO STATALE M. G. AGNESI, AGES: 14–15

Hello there! That is us, a class of 29 students: 1°Bs of Liceo Scientifico Maria Gaetana Agnesi, in Italy. This year, we have taken part in many projects organized by our school and now we are happy to do this scientific project since it is different from the others and is definitely the best we have done so far. We enjoyed this activity a lot and we are looking forward to reading the final article!
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WHAT CAN HAPPEN WHEN BRAIN CELLS COMMUNICATE IMPROPERLY?
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YOUNG REVIEWERS:
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GRACE

AGE: 11
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RAY

AGE: 13



Nerve cells, also called neurons, behave like tiny messengers in our bodies that help us sense and move. When brain cells chat with each other, it results in electrical brain waves. Sometimes brain cells chat with each other in a calm and slow way, while other times they are excited and brain activity is faster. This fast electrical activity is called oscillations. Equipment can be used to measure the electrical activity in the brain. The fastest activity that can be measured is called high frequency oscillations (HFOs). Fast brain activity can be super helpful in daily life, helping us to do things like memorize locations and activities, for example. However, if neurons start firing too fast, people can experience a sudden loss of control of certain body parts or even the whole body, which is called epilepsy. In this article, you will learn about brain function and epilepsy and how scientists count the speed of brain waves. So, let us have a look at how HFOs help our brains to function.


HOW DO NERVES WORK?

Brain cells called neurons behave like tiny messengers. They help us sense and move by sending messages from the brain to different parts of the body. Neurons consist of a small cell body and very long extensions that form the nerves, connecting the brain to body parts that are close by, like the eyes, as well as those that are further away, like the fingers and toes (Figure 1). You can imagine the nerves as a bunch of computer wires that carry messages. Similar to a computer, these wires are very well organized, with the brain being the control center and the body parts receiving the messages.
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Figure 1

The brain is connected to the spinal cord and nerves (purple). The yellow stars represent electrical activity, which is carried by the nerves. This electrical activity enables communication between the brain and the other body parts.



When you touch something, like a soft blanket or a hot stone, a message is sent to your brain through the nerves. Your brain then gets the information and tells you, “Hey, that is a soft blanket!” or “Ouch, that is hot! Take your hand away!”.

Neurons also help us move our bodies. If you decide to move your hand, for example, your brain sends a message via your nerves to the muscles in your hand. A different set of nerves will let you know that your hand is actually moving. That means that messages can go in both directions: away from the brain and toward the brain.



NEURONS TALK TO EACH OTHER

The “arms” or extensions of two nerve cells are connected via switch points called synapses. As you just learned, information travels along the neurons in the form of electrical activity. Once the information reaches the end of one neuron, it must cross the synapse to get to the next neuron. The electrical activity changes to chemical activity to allow the information to pass from one neuron to another.

The brain consists of more than 80 billion neurons, and they all manage to communicate with each other in an organized and effective way. When neurons communicate with each other, it results in electrical brain waves that can be measured by scientists or doctors. Sometimes brain cells chat with each other in a calm and slow way, but other times they are excited and brain activity is fast. Brain waves reflecting that fast brain activity are called high frequency oscillations.



HOW CAN WE MEASURE BRAIN ACTIVITY?

Electrical activity can be measured by a test called electroencephalography (EEG). For EEG, scientists or doctors place tiny metal sensors called electrodes on a person’s head (Figure 2A). The electrodes can detect the small electrical signals produced by the brain, so it is a bit like having lots of mini-microphones on your head! Those metal electrodes (they all together create a metal cap, which can be seen in Figure 2A) can measure change in electric current and send the signal along wires to a computer. If you want to read more about EEG, there is another great article in Frontiers for Young Minds about this method.
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Figure 2

(A) A person is wearing an EEG cap with electrodes. Wires connect the cap to a computer, where brain waves can be seen on the screen. On the screen, you can see an HFO. (B) Brain waves look a bit like ocean waves. If you draw a horizontal line through the middle of the wave, you can count how many times the wave crosses the line in 1 second. The frequency of this wave is 4 Hz. (C) Brain waves are characterized by their frequency and named after Greek letters. Each kind of brain waves occurs during specific activities, shown on the right.



The EEG activity is displayed on the computer screen and looks like waves going up and down, like the waves in the ocean. The faster the brain works, the faster the waves are. Researchers can even tell if the electrodes are measuring a higher signal on the left or right side of the brain.

The speed of waves is called their frequency, which is measured in a unit called Hertz (Hz). If you draw a horizontal line through the middle of the wave, the frequency is essentially how often the wave crosses that line (Figure 2B). You can see that the wave line goes 9 times past the middle line. For the frequency, you only count the top peaks of the wave (black arrows) within 1 second.

Brain waves are named according to their frequency using letters from the Greek alphabet (Figure 2C). Slower waves are called delta and theta waves, and they mostly occur when the brain is sleeping. Theta waves can also occur when people daydreaming. In healthy children, theta waves can also occur while they are awake. Faster alpha waves can be seen when people are awake and relaxed. Beta waves are dominant in those who are alert or anxious or who have their eyes open, but we can also see beta waves during sleep, when vivid dreams are happening. In this article, we will focus on super fast waves, called high frequency oscillations (HFOs). HFOs are 10 times faster than the usual brain activity (between 80–150 Hz) and can be a sign of the brain working really hard or being in trouble [1, 2].



WHEN DO WE NEED SUPER FAST BRAIN ACTIVITY?

HFOs have been seen by EEG whenever people are engaging in a very focussed activity that requires many brain areas to work together with high precision. Two types of computer games are great examples of when our brains use HFOs. First, games that requires fast finger movements and quick reactions, like fighting, jumping, or race car driving, cause the brain to use HFOs to plan movements. Second, HFOs are also needed to memorize locations and activities in more complicated games. Have you ever lost track of where you are in an imaginary world, or forgotten where the villain is hiding? If not, you can thank your brain for doing a great job storing your memories (Figure 3). Storing memories largely happens during sleep. HFOs help to transport memories between parts of the brain that allow you to know your way around in a computer game—not only the same day, but even weeks later [3–5].
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Figure 3

Illustrates an important brain function: On the right, you can see the same screen after placing trees, plants and houses. To be able to look on the left screen and remember in which part the house, trees, plants and birds were placed, your brain had to do the job storing memories before.





WHEN THE BRAIN GETS TOO ACTIVE

You just learned that fast brain activity can be super helpful in our daily lives. However, sometimes neurons start communicating too fast or in a way that is less coordinated than usual. This can happen in adults and kids who have epilepsy. Epilepsy is a condition in which people experience a sudden loss of control over their body functions because their body parts are not receiving the proper information. These events are called epileptic seizures. During a seizure, the body starts to move uncontrollably or the person experiences a feeling, a scent, or a lack of awareness (almost like daydreaming) for a brief moment. Epilepsy is a fairly common disease, affecting around 1% of children. This means that if you have 500 kids at your school, it is likely that 4–5 of them have epilepsy.

EEG is a very useful test when scientists or doctors want to learn about brain activity in individuals who have seizures. EEG can tell us when the brain’s electrical activity is out of order. Recent research has shown that HFOs can be seen in the EEGs of patients with epilepsy. In contrast to the HFOs that help with thinking, planning, and memorizing, we believe that epileptic HFOs are a sign of the brain being overactive and out of control. This is exciting news because measuring HFOs using EEG can help us to better understand a patient’s epilepsy [6]. HFOs have helped doctors to predict which kids might only have one seizure and which might have epilepsy and be prone to more seizures. It can also help doctors to know whether a person needs medication for their epilepsy and whether that medication is successful in treating seizures [6].

HFOs can also help scientists and doctors to learn which parts of the brain are causing epileptic seizures. This is really important, as some epilepsy patients only have seizures from small regions of their brains. Surgery to remove the seizure-causing brain region can cure these patients (see this Frontiers for Young Minds article for more information) [7]. We think that HFOs are what is called a biomarker for epilepsy. This means that measuring HFOs can help doctors to know how active the disease is and how to successfully treat it.



WHAT DID YOU LEARN?

The brain is like a super storage unit for all the things you have ever experienced. It remembers your favorite moments, like birthdays, family vacations, or adventures with your friends. You have learned that the brain also controls the body’s movements, directing all the different body parts to work together in harmony. HFOs help the brain to function properly and engage into focussed activity that requires many brain areas to work together. However, if HFOs get out of control, a seizure can result. HFOs are an exciting biomarker that can help researchers and doctors to understand how the brain works and help them to diagnose and plan treatments for patients with epilepsy.



GLOSSARY

NEURONS

Nerve cells with bodies located in the brain and long extensions going into different parts of the body. Their job is to pass along important messages helping your body do things like move, think, and feel.

SYNAPSES

Small gaps between neurons that information must cross to travel from one neuron to another.

ELECTROENCEPHALOGRAPHY (EEG)

A method to look at the brain’s electrical signals using tiny sensors called electrodes, which send the information to a computer where it can be analyzed.

FREQUENCY

A measure to determine the speed of waves. It is measured in a unit called Hertz (Hz).

HIGH FREQUENCY OSCILLATIONS (HFOS)

Superfast brain waves caused by excessive and sometimes uncoordinated electrical activity inside the brain.

EPILEPSY

A condition of the brain in which a person is prone to having epileptic seizures.

EPILEPTIC SEIZURE

A sudden burst of electric activity in the brain, which can cause loss of control of the body or parts of the body.

BIOMARKER

A clue that helps doctors understand how the body is doing. HFOs as a biomarker can help to know how active the disease is and how to successfully treat it.
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GRACE, AGE: 11

Grace enjoys reading books, exercising, and playing sports. She likes cake, sandwiches, cheese, and mushrooms. She is good at studying, drawing, doing presentations, and P.E. She is naturally curious and likes to experience different activities, cultures, and whatnot.
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RAY, AGE: 13

I have many interests such as birdwatching, mathematics and unicycling. I like psychology and neurology since they are interesting fields of science with a diverse array of different topics.
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DIGITAL TOOLS FOR YOUTH MENTAL HEALTH
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LUCAS, ATREYU, SARAH, KATHERINE, LENA

AGE: 15



Do you ever feel sad, lonely, anxious, or stressed? Everyone experiences these feelings sometimes, but there are resources that can help. Some people think that technologies like social media and video games are leading to stress and anxiety, but technology can actually support people’s mental health. In fact, some technologies are made to help people feel happier and less stressed or anxious. Lots of these technologies exist, maybe too many, which makes finding helpful ones hard. Young people are tech-savvy, which might make these tools especially useful for them. To make sure these technologies are helpful for youth, it is important to involve young people in their development. In this article, we will talk about types of digital mental health tools and how they can help. We will also talk about ways to involve young people in the development and testing of these tools.

Unfortunately, many young people experience mental health challenges. For some, these challenges might be occasional feelings of sadness, anxiety, loneliness, or stress. Others might have more serious and long-lasting mental health challenges, including thoughts of suicide, the desire to hurt themselves, or seeing or hearing things that are not really there. Many mental health challenges start in adolescence to early adulthood, around the ages of 13–24. This makes these years an important time to provide mental health support. Although therapy is a common solution, it is only one option and many people cannot get or do not want therapy. So, researchers and companies are developing a growing number of digital tools for mental health and testing whether they can help young people.


WHAT ARE DIGITAL TOOLS FOR YOUTH MENTAL HEALTH?

When we talk about technology and youth mental health, many people immediately think about the negative effects that social media and video games can have on young people’s mental wellbeing. But when we say digital tools for youth mental health, we mean software programs or hardware devices that are made to help people’s mental health. Most types of digital tools for this purpose are apps that teach young people about the brain and mind, or that keep track of things, like a journal for thoughts or feelings [1]. Some tools are even games meant to help improve the way that young people think and feel. Surveys of young people have shown that over two-thirds have used these tools, usually to sleep better, reduce stress, keep track of how they are feeling, or improve depression [2].

Digital tools can be used in several ways to help support young people (Figure 1). Some can be used on their own, others while seeing a therapist, and still others might help young people to connect with therapists through a technology platform. Self-help tools might be especially helpful when someone is not able to see a therapist, or if someone has to wait a long time to be seen after making an appointment. These tools might also be an ongoing form of support after therapy is complete. Digital tools can teach young people about mental health challenges and provide training in the skills or exercises needed to help them manage their own conditions. An example would be a mindfulness app, like Headspace, that has various audio tracks or videos for people who feel stressed, or to help distract and calm people’s minds before they go to sleep. Using self-help tools requires a lot of motivation and effort.
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Figure 1

Self-help tools, therapy extenders, and virtual care platforms are three ways that digital tools are used for youth mental health care.



Tools called therapy extenders can support the skills and strategies learned in therapy, and they can offer young people relief when a therapist is not available—like after office hours or late at night. These tools give therapists more ways to teach mental health skills or ways for their young patients to take the lessons and skills home with them. Many therapy extenders are based on a type of therapy called cognitive-behavioral therapy, which is meant to help people feel better by changing how they think and what they do. Therapy extenders can shorten the time needed for therapy and make that time more helpful. An example would be a cognitive-behavioral therapy app with interactive exercises and a journal for thoughts, feelings, and behaviors, which a patient can bring into sessions to discuss.

Virtual care platforms, also called telebehavioral health, are technology tools that connect people to therapists for remote sessions. Virtual care platforms are useful in places where therapists are not available. For example, over half of the counties in the United States do not have therapists available for young people [3]. Virtual care platforms also reduce the need to travel for therapy, as they allow young people to receive services from their own homes. One example is an app called Brightline, which young people can log onto and make an online appointment with a therapist. Many self-help apps and therapy extenders are free, but virtual care platforms usually cost money or people’s health insurance must pay for them.

Some digital tools may combine the best of self-help tools, therapy extenders, and virtual care platforms. A self-help tool might help people to find a therapist, or a virtual care platform might have lessons, videos, or homework to use between therapy sessions.



DO DIGITAL TOOLS FOR MENTAL HEALTH HELP YOUNG PEOPLE?

Many research studies have shown digital tools for youth mental health work to help young people feel less anxious, stressed, or depressed [4]. Although more than 10,000 of these tools exist, only a small percentage have research studies showing that they work. Tools that involve a human, like a therapist or a coach who supports the use of the tool, are more effective than self-help tools. Digital tools with human support tend to be just as helpful as our best treatments for mental health challenges.

Young people report liking these tools. Youth are skilled and comfortable using technologies, and digital tools are a convenient way to receive mental health support. But many of these tools do not match the technologies young people like [5]. Many tools use text, rather than audio tracks or videos. Most tools do not have settings that can be changed to fit the user’s preferences and interests. Another problem is that some digital tools that are advertised as helpful for young people have only been tested with adults or young adults [6]. More well-designed research needs to be done with young people.



BETTER DIGITAL TOOLS FOR YOUTH MENTAL HEALTH

So, digital tools are a useful option to support youth mental health—but we can still do better. Developers of digital tools must work with young people to design solutions that fit better with the ways youth use technologies and what they want technologies to help them with. Digital tools for youth should also be youth focused—it is often not enough to provide young people with an adult version. Adult versions might have language or examples that do not make sense to young people or may address problems that young people do not have, like the stress of work or managing a family.

One way to make better digital tools for youth is to involve young people in the development process. We call this co-design. Co-design includes incorporating young people’s opinions early in development, to make sure that all aspects of the digital tools align with what youth want. Many companies creating youth-focused digital tools get ongoing guidance from a youth council or youth advisory group as the tools develop. It is also important to consider what skills are most useful for young people. A recent report identified some of these desired skills, which include aspects of cognitive-behavioral therapy, creative activities, art, and expressing thoughts and feelings through music, written word, or dance [7].

Co-design includes various ways of working with youth, like interviews and focus groups. It also includes sharing prototypes (early versions) with young people to allow them to try the tool and provide feedback before the final version is created. Our own co-design work has focused on understanding what youth want to use in digital tools. We held focus groups with young people ages 15–21 and asked them to use a different tool each week and report back. After trying a few tools, we had the participants create an idea for their own tool. We found that young people want digital tools that are simple and that talk about issues that they struggle with [8]. They want free digital tools and dislike tools that have only a little free content before making people pay for the full version.

There is a saying in mental health: “nothing about us without us,” which means if you want to help people, you must include them in making the solutions. Having young people help create digital tools is important for building the best tools in the future.



CONCLUSION

There are many digital tools to support mental health, and young people are using them. We know that some of these tools work, but many have never been tested. Because young people are very familiar with technology, making digital mental health tools for youth makes sense—and young people have shown an interest in these tools. Now that more digital tools are designed for young people, we must test them to make sure they work well. We must also make sure young people are helping to make these tools. If you are dealing with a mental health challenge, it is possible that there is a digital tool that could help you. Young people should know that these tools exist, but also appreciate they are only one choice among the various options available to support their mental health.



GLOSSARY

ADOLESCENCE

The phase of life between childhood and adulthood. Different groups use different ages but generally the period between 10 to 19.

DIGITAL TOOLS

Software programs or hardware devices that are made to help people’s mental health, including websites, mobile apps, games, wearable devices, and virtual and augmented reality.

THERAPY EXTENDERS

Digital tools that are used along with therapy to support skills and strategies learned in therapy.

COGNITIVE-BEHAVIORAL THERAPY

A type of therapy that is meant to help people feel better by changing how they think and what they do.

VIRTUAL CARE PLATFORMS

Digital tools that connect people to therapists for remote sessions. Virtual care platforms are also sometimes called telebehavioral health.

CO-DESIGN

A process of actively involving those who will use a product in that product’s development. The goal is to ensure user voices and experiences are incorporated into the design.
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I am in third grade. I enjoy different kinds of science. I like to explore things like different rocks, snails, worms, and I really like to look at different birds. I like to learn about animal habitats. I like to play video games and watch TV, and I like to play many sports such as soccer, baseball, and pickleball. I also like to rollerskate. When I am older, I want to be a scientist that explores space. My favorite animal is a dog because it is furry, cute, and fun to play with.
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We are a group of students from all over Nashville, who come together once per week to learn more about science, technology, engineering, and mathematics as part of the School for Science and Math at Vanderbilt. We conduct experiments in our classroom and in labs on campus!
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BOOSTING MEMORY THROUGH MAGNETIC BRAIN STIMULATION
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When you think back to a past birthday party, you can probably remember who was there and what you ate. This might seem easy to you, but memory is a complicated process that scientists are still trying to understand. Memory takes place in the brain, which is made up of billions of cells called neurons. Recent research has shown that memory can be improved safely using a tool called transcranial magnetic stimulation (TMS). TMS works by sending a very strong magnetic field through the skull and into the brain, where it changes the activity of neurons, causing changes in behavior. In this article, we will discuss how the brain remembers, how we can make the brain remember better using TMS, and how TMS could be used in the future to help people with memory problems.


HOW DOES THE BRAIN REMEMBER?

Try to remember the last birthday party you attended. You can probably remember the details of the party like who was there, what you ate, and who you spoke to. It might seem easy to you, but memory is actually a very complicated process, and scientists are still trying to understand how the brain remembers. Scientists have discovered that many parts of the brain are important for memory. The most important brain area for memory is called the hippocampus, an area buried deep inside the brain (Figure 1). Without a hippocampus, you would not be able to learn new information or remember much from your past [1]. The hippocampus makes new memories by talking to other parts of the brain that are far away, like areas that are important for hearing, seeing, and feeling emotions. For example, when you are at a birthday party, different parts of your brain will allow you to hear what your friend is saying to you, see what the birthday cake looks like, and feel excited about seeing your friends. The hippocampus stores information about where in the brain these parts of the memory can be found. Later, when you remember that birthday party, your hippocampus tells those parts of your brain to replay what your friend said, what the birthday cake looked like, and how excited you felt. That is why when you remember, it sometimes feels like you are back in the past, re-living the memory again. Your brain is basically your own personal time machine!
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Figure 1

Many parts of the brain are involved in memory. (A) When you experience an event like a birthday party, different parts of your brain let you feel excited (emotion), hear what your friend is saying (hearing/language), and see the birthday cake (vision). (B) The hippocampus (red), located deep inside the brain, coordinates memory by storing information on where in the brain to find various parts of a memory. When you remember the birthday party, the activity of the hippocampus synchronizes with activity in those other parts of your brain, which many researchers think causes the brain to replay the emotions, sounds, and sights from the event.





BRAIN CELLS COMMUNICATE WITH EACH OTHER

How does the hippocampus talk to areas that are so far away? The brain is made up of billions of cells called neurons. Neurons communicate with each other through electrical and chemical signals. When a neuron “fires”, an electrical impulse travels through it, causing it to release chemicals called neurotransmitters. These neurotransmitters are taken up by the neuron’s neighbor, and they cause the neighbor to have an electrical impulse and release more neurotransmitters. Like a chain reaction, this process continues for many neighboring neurons, helping areas that are far apart send signals to each other. When everything is working properly, this process allows the hippocampus to talk to many far-away brain areas, letting us remember things from the past. But this process does not always work perfectly, especially as we get older. This is why people sometimes have a hard time remembering. Researchers are working on ways to make memory better in a safe way, by stimulating the brain with magnets.



USING A MAGNET TO CHANGE BRAIN ACTIVITY

A technique called transcranial magnetic stimulation (TMS) can be used to change the activity of the brain’s neurons and to improve memory. TMS uses a very strong magnetic field that travels through the skull and into the brain, where it causes electrical stimulation of neurons (Figure 2). This magnetic field can reach neurons close to the surface of the brain, but it is not strong enough to reach areas buried deep in the brain. When TMS changes the activity of many neurons, this can lead to changes in behavior. Because TMS is placed on the scalp, it can be used without any medical procedures like surgery, making TMS a safe and painless technique. It feels like being tapped on the head!
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Figure 2

(A) TMS works by sending a strong magnetic field through the skull, where it causes electrical stimulation of neurons. The magnetic field is only strong enough to reach brain parts close to the skull, meaning it cannot reach the hippocampus. The three images on the bottom help you appreciate just how deep the hippocampus is inside the skull. But researchers have recently shown that TMS can hit areas of the brain that talk to the hippocampus, and in this way can improve memory. (B) A photo of the author receiving TMS.



TMS can change brain activity for a short or long period of time, depending on how often it is used. One session of TMS usually lasts between 1–20 min, and it will change brain activity for around 1 h. In some cases, people will receive one TMS session every day for many weeks, which can cause brain activity to be changed for a much longer time. For example, doctors use TMS to treat illnesses like depression by giving patients 5 sessions of TMS per week for 4 weeks. This treatment causes brain activity to be changed for long time, and it can improve depression.



USING BRAIN STIMULATION TO CHANGE MEMORY

You might be wondering how we can use TMS to affect memory if the hippocampus, the brain’s key memory structure, is buried deep in the brain. As you already learned, the hippocampus talks to brain areas far away through neurons that communicate with each other. But it does not communicate with all brain regions equally. Some parts of the brain have particularly strong connections with the hippocampus, and we call these a “network” of the hippocampus. Some of the areas of the hippocampal network, such as areas of the parietal and occipital lobes, are close enough to the surface of the brain to be reached by the magnetic field of TMS. When TMS reaches these brain areas close to the skull, it causes electrical stimulation of the neurons that talk to the hippocampus, which can then indirectly affect the activity of the hippocampus, changing how the hippocampus is involved in memory.

To influence the hippocampus with TMS, researchers first need to find a good target for TMS in the hippocampal network. That is, they need to find a brain area close to the skull that has a lot of communication with the hippocampus. We measure this communication using a machine called a magnetic resonance imaging (MRI) scanner. This machine takes hundreds of pictures of the brain and can record activity in various parts of the brain. If two brain areas show very similar activity at the same time, we can conclude that these two areas are probably talking to each other. So, using the MRI scanner, we can find an area close to the skull that is part of the hippocampal network. These areas tend to be in the parietal lobe, near an area called the angular gyrus, but the exact location differs slightly for each person because everyone’s brain is unique. We then use TMS to apply a magnetic field to the part of the brain that talks the most with the person’s hippocampus, hoping that this brain area will let us change the hippocampus’ activity (Figure 2A).

Once TMS is over, we give everyone a memory test to see if TMS improved their memory. The type of memory test used can change from experiment to experiment. In some experiments, researchers ask people to memorize a list of words associated with various pictures. Later, people are shown a word and asked to remember which picture went with it. In other experiments, researchers show people short movie clips and later ask them to remember certain parts of the movie clips. The word-picture pairs and video clips measure slightly different types of memory, which lets researchers understand if TMS affects certain types of memory more than others. You can try out a memory test yourself here.

After just a single 1-min session of TMS, we found that people’s memory for both word-picture pairs and video clips gets better, but these changes are small and last only around 1 h [2, 3]. After 5 days of TMS sessions, people’s memory for word-picture pairs gets about 30% better and these changes last for at least 1 full day after the last TMS session. So far, at least 26 experiments using this method to change memory have been published in scientific journals, and all of the experiments except for one found that TMS enhanced memory. We can also measure brain activity right after TMS, by using the MRI scanner. Doing this we found that, after TMS, the hippocampus communicates better with the brain area close to the skull that was hit by the magnetic field.



FUTURE OF BRAIN STIMULATION FOR MEMORY

Researchers have only been testing how TMS can change memory and brain activity for a few years. It is therefore not yet fully understood how TMS changes the brain to cause memory improvements. The experiments so far have mostly been on young people with good memories, so we are not sure if TMS can be used to improve memory in older people with memory problems. A few very exciting experiments found that TMS can help improve memory in patients with Alzheimer’s disease [4]. Many more experiments need to be run before we really understand how TMS can improve memory in people with memory problems. Researchers will also need to test whether TMS can help people with memory problems remember more complicated things, like when to take their medication or the names of their grandchildren. With lots of research, TMS may one day be used as a treatment for memory disorders.

While TMS is a promising technology, there are some limitations. First, TMS machines are very expensive and can be complicated to use. While TMS is generally considered quite safe, scientists and doctors must follow strict safety guidelines, like taking a medical history before using and monitoring patients carefully during stimulation. TMS also does not work the same on every person. Some people show big improvements and others do not. Finally, the effects of TMS are temporary and fade over time. Despite these limitations, TMS can still be a very powerful tool for studying, and maybe improving, brain function. If you are interested in learning more about how the brain lets us remember, consider reading more about it in this article. Maybe you will be inspired to think of new ways to use TMS to improve memory!



GLOSSARY

HIPPOCAMPUS

A curved structure in the middle of the brain that plays an important role in learning, memory, and spatial navigation.

NEURONS

Nerve cells that transmit electrical and chemical signals in the nervous system, including the brain, allowing functions like thinking, movement, and sensation.

NEUROTRANSMITTERS

Chemicals messengers that send signals between neurons, letting different parts of the brain talk to each other, so we can move, feel emotions, and think.

TRANSCRANIAL MAGNETIC STIMULATION (TMS)

A device that uses a magnet to send pulses to the brain to change the activity of neurons in the brain, leading to changes in behavior and mood.

HIPPOCAMPAL NETWORK

A group of brain regions that have strong connections with the hippocampus, including the parietal and occipital lobes, and are important for memory.

MAGNETIC RESONANCE IMAGING (MRI)

A device that takes pictures of the inside of the body, including the brain, to help doctors and researchers see what is going on inside.

ALZHEIMER’S DISEASE

A disease that affects the brain and can cause problems with memory, thinking, and behavior in older people.
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Four children read, enjoyed and reviewed this article: Louis, Maya, Isaac, and Josie. Louis (11) is curious about everything, likes to explore places from Atlas Obscura, and for fun enjoys reading comics, and relaxing on the beach. Maya (15) loves science (especially biology and psychology) and the arts (I am a vocalist and also play violin, enjoy performing in musical theater, a dancer and an avid artist). I am fascinated by how actors and musicians and dancers can learn and remember complex sequences of words, music, and movement. Isaac (15). When I am not trying to remember things in school you can find me playing basketball, running, reading, or listening to music. Josie (15) loves math and physics. She is very interested in getting girls more involved in STEM fields and wants to get other girls to share the love for science and math that she has. For fun she loves to play basketball and guitar.
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Hi, my name is Zoey. I like to read fantasy books, play violin, and my favorite subject is science. I would like to become a scientist.
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