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			INTRODUCTION

			The two greatest mysteries in all of nature are the mind and the universe. With our vast technology, we have been able to photograph galaxies billions of light-years away, manipulate the genes that control life, and probe the inner sanctum of the atom, but the mind and the universe still elude and tantalize us. They are the most mysterious and fascinating frontiers known to science.

			If you want to appreciate the majesty of the universe, just turn your gaze to the heavens at night, ablaze with billions of stars. Ever since our ancestors first gasped at the splendor of the starry sky, we have puzzled over these eternal questions: Where did it all come from? What does it all mean?

			To witness the mystery of our mind, all we have to do is stare at ourselves in the mirror and wonder, What lurks behind our eyes? This raises haunting questions like: Do we have a soul? What happens to us after we die? Who am “I” anyway? And most important, this brings us to the ultimate question: Where do we fit into this great cosmic scheme? As the great Victorian biologist Thomas Huxley once said, “The question of all questions for humanity, the problem which lies behind all others and is more interesting than any of them, is that of the determination of man’s place in Nature and his relation to the Cosmos.”

			There are 100 billion stars in the Milky Way galaxy, roughly the same as the number of neurons in our brain. You may have to travel twenty-four trillion miles, to the first star outside our solar system, to find an object as complex as what is sitting on your shoulders. The mind and the universe pose the greatest scientific challenge of all, but they also share a curious relationship. On one hand they are polar opposites. One is concerned with the vastness of outer space, where we encounter strange denizens like black holes, exploding stars, and colliding galaxies. The other is concerned with inner space, where we find our most intimate and private hopes and desires. The mind is no farther than our next thought, yet we are often clueless when asked to articulate and explain it.

			But although they may be opposites in this respect, they also have a common history and narrative. Both were shrouded in superstition and magic since time immemorial. Astrologers and phrenologists claimed to find the meaning of the universe in every constellation of the zodiac and in every bump on your head. Meanwhile, mind readers and seers have been alternately celebrated and vilified over the years.

			The universe and the mind continue to intersect in a variety of ways, thanks in no small part to some of the eye-opening ideas we often encounter in science fiction. Reading these books as a child, I would daydream about being a member of the Slan, a race of telepaths created by A. E. van Vogt. I marveled at how a mutant called the Mule could unleash his vast telepathic powers and nearly seize control of the Galactic Empire in Isaac Asimov’s Foundation Trilogy. And in the movie Forbidden Planet, I wondered how an advanced civilization millions of years beyond ours could channel its enormous telekinetic powers to reshape reality to its whims and wishes.

			Then when I was about ten, “The Amazing Dunninger” appeared on TV. He would dazzle his audience with his spectacular magic tricks. His motto was “For those who believe, no explanation is necessary; for those who do not believe, no explanation will suffice.” One day, he declared that he would send his thoughts to millions of people throughout the country. He closed his eyes and began to concentrate, stating that he was beaming the name of a president of the United States. He asked people to write down the name that popped into their heads on a postcard and mail it in. The next week, he announced triumphantly that thousands of postcards had come pouring in with the name “Roosevelt,” the very same name he was “beaming” across the United States.

			I wasn’t impressed. Back then, the legacy of Roosevelt was strong among those who had lived through the Depression and World War II, so this came as no surprise. (I thought to myself that it would have been truly amazing if he had been thinking of President Millard Fillmore.)

			Still, it stoked my imagination, and I couldn’t resist experimenting with telepathy on my own, trying to read other people’s minds by concentrating as hard as I could. Closing my eyes and focusing intently, I would attempt to “listen” to other people’s thoughts and telekinetically move objects around my room.

			I failed.

			Maybe somewhere telepaths walked the Earth, but I wasn’t one of them. In the process, I began to realize that the wondrous exploits of telepaths were probably impossible—at least without outside assistance. But in the years that followed, I also slowly learned another lesson: to fathom the greatest secrets in the universe, one did not need telepathic or superhuman abilities. One just had to have an open, determined, and curious mind. In particular, in order to understand whether the fantastic devices of science fiction are possible, you have to immerse yourself in advanced physics. To understand the precise point when the possible becomes the impossible, you have to appreciate and understand the laws of physics.

			These two passions have fired up my imagination all these years: to understand the fundamental laws of physics, and to see how science will shape the future of our lives. To illustrate this and to share my excitement in probing the ultimate laws of physics, I have written the books Hyperspace, Beyond Einstein, and Parallel Worlds. And to express my fascination with the future, I have written Visions, Physics of the Impossible, and Physics of the Future. Over the course of writing and researching these books, I was continually reminded that the human mind is still one of the greatest and most mysterious forces in the world.

			Indeed, we’ve been at a loss to understand what it is or how it works for most of history. The ancient Egyptians, for all their glorious accomplishments in the arts and sciences, believed the brain to be a useless organ and threw it away when embalming their pharaohs. Aristotle was convinced that the soul resided in the heart, not the brain, whose only function was to cool down the cardiovascular system. Others, like Descartes, thought that the soul entered the body through the tiny pineal gland of the brain. But in the absence of any solid evidence, none of these theories could be proven.

			This “dark age” persisted for thousands of years, and with good reason. The brain weighs only three pounds, yet it is the most complex object in the solar system. Although it occupies only 2 percent of the body’s weight, the brain has a ravenous appetite, consuming fully 20 percent of our total energy (in newborns, the brain consumes an astonishing 65 percent of the baby’s energy), while fully 80 percent of our genes are coded for the brain. There are an estimated 100 billion neurons residing inside the skull with an exponential amount of neural connections and pathways.

			Back in 1977, when the astronomer Carl Sagan wrote his Pulitzer Prize–winning book, The Dragons of Eden, he broadly summarized what was known about the brain up to that time. His book was beautifully written and tried to represent the state of the art in neuroscience, which at that time relied heavily on three main sources. The first was comparing our brains with those of other species. This was tedious and difficult because it involved dissecting the brains of thousands of animals. The second method was equally indirect: analyzing victims of strokes and disease, who often exhibit bizarre behavior because of their illness. Only an autopsy performed after their death could reveal which part of the brain was malfunctioning. Third, scientists could use electrodes to probe the brain and slowly and painfully piece together which part of the brain influenced which behavior.

			But the basic tools of neuroscience did not provide a systematic way of analyzing the brain. You could not simply requisition a stroke victim with damage in the specific area you wanted to study. Since the brain is a living, dynamic system, autopsies often did not uncover the most interesting features, such as how the parts of the brain interact, let alone how they produced such diverse thoughts as love, hate, jealousy, and curiosity.

			TWIN REVOLUTIONS

			Four hundred years ago, the telescope was invented, and almost overnight, this new, miraculous instrument peered into the heart of the celestial bodies. It was one of the most revolutionary (and seditious) instruments of all time. All of a sudden, with your own two eyes, you could see the myths and dogma of the past evaporate like the morning mist. Instead of being perfect examples of divine wisdom, the moon had jagged craters, the sun had black spots, Jupiter had moons, Venus had phases, and Saturn had rings. More was learned about the universe in the fifteen years after the invention of the telescope than in all human history put together.

			Like the invention of the telescope, the introduction of MRI machines and a variety of advanced brain scans in the mid-1990s and 2000s has transformed neuroscience. We have learned more about the brain in the last fifteen years than in all prior human history, and the mind, once considered out of reach, is finally assuming center stage.

			Nobel laureate Eric R. Kandel of the Max Planck Institute in Tübingen, Germany, writes, “The most valuable insights into the human mind to emerge during this period did not come from the disciplines traditionally concerned with the mind—philosophy, psychology, or psycho-analysis. Instead they came from a merger of these disciplines with the biology of the brain.…”

			Physicists have played a pivotal role in this endeavor, providing a flood of new tools with acronyms like MRI, EEG, PET, CAT, TCM, TES, and DBS that have dramatically changed the study of the brain. Suddenly with these machines we could see thoughts moving within the living, thinking brain. As neurologist V. S. Ramachandran of the University of California, San Diego, says, “All of these questions that philosophers have been studying for millennia, we scientists can begin to explore by doing brain imaging and by studying patients and asking the right questions.”

			Looking back, some of my initial forays into the world of physics intersected with the very technologies that are now opening up the mind for science. In high school, for instance, I became aware of a new form of matter, called antimatter, and decided to conduct a science project on the topic. As it is one of the most exotic substances on Earth, I had to appeal to the old Atomic Energy Commission just to obtain a tiny quantity of sodium-22, a substance that naturally emits a positive electron (anti-electron, or positron). With my small sample in hand, I was able to build a cloud chamber and powerful magnetic field that allowed me to photograph the trails of vapor left by antimatter particles. I didn’t know it at the time, but sodium-22 would soon become instrumental in a new technology, called PET (positron emission tomography), which has since given us startling new insights into the thinking brain.

			Yet another technology I experimented with in high school was magnetic resonance. I attended a lecture by Felix Bloch of Stanford University, who shared the 1952 Nobel Prize for Physics with Edward Purcell for the discovery of nuclear magnetic resonance. Dr. Bloch explained to us high school kids that if you had a powerful magnetic field, the atoms would align vertically in that field like compass needles. Then if you applied a radio pulse to these atoms at a precise resonant frequency, you could make them flip over. When they eventually flipped back, they would emit another pulse, like an echo, which would allow you to determine the identity of these atoms. (Later, I used the principle of magnetic resonance to build a 2.3-million-electron-volt particle accelerator in my mom’s garage.)

			Just a couple of years later, as a freshman at Harvard University, it was an honor to have Dr. Purcell teach me electrodynamics. Around that same time, I also had a summer job and got a chance to work with Dr. Richard Ernst, who was trying to generalize the work of Bloch and Purcell on magnetic resonance. He succeeded spectacularly and would eventually win the Nobel Prize for Physics in 1991 for laying the foundation for the modern MRI (magnetic resonance imaging) machine. The MRI machine, in turn, has given us detailed photographs of the living brain in even finer detail than PET scans.

			EMPOWERING THE MIND

			Eventually I became a professor of theoretical physics, but my fascination with the mind remained. It is thrilling to see that, just within the last decade, advances in physics have made possible some of the feats of mentalism that excited me when I was a child. Using MRI scans, scientists can now read thoughts circulating in our brains. Scientists can also insert a chip into the brain of a patient who is totally paralyzed and connect it to a computer, so that through thought alone that patient can surf the web, read and write e-mails, play video games, control their wheelchair, operate household appliances, and manipulate mechanical arms. In fact, such patients can do anything a normal person can do via a computer.

			Scientists are now going even further, by connecting the brain directly to an exoskeleton that these patients can wear around their paralyzed limbs. Quadriplegics may one day lead near-normal lives. Such exoskeletons may also give us superpowers enabling us to handle deadly emergencies. One day, our astronauts may even explore the planets by mentally controlling mechanical surrogates from the comfort of their living rooms.

			As in the movie The Matrix, we might one day be able to download memories and skills using computers. In animal studies, scientists have already been able to insert memories into the brain. Perhaps it’s only a matter of time before we, too, can insert artificial memories into our brains to learn new subjects, vacation in new places, and master new hobbies. And if technical skills can be downloaded into the minds of workers and scientists, this may even affect the world economy. We might even be able to share these memories as well. One day, scientists might construct an “Internet of the mind,” or a brain-net, where thoughts and emotions are sent electronically around the world. Even dreams will be videotaped and then “brain-mailed” across the Internet.

			Technology may also give us the power to enhance our intelligence. Progress has been made in understanding the extraordinary powers of “savants” whose mental, artistic, and mathematical abilities are truly astonishing. Furthermore, the genes that separate us from the apes are now being sequenced, giving us an unparalleled glimpse into the evolutionary origins of the brain. Genes have already been isolated in animals that can increase their memory and mental performance.

			The excitement and promise generated by these eye-opening advances are so enormous that they have also caught the attention of the politicians. In fact, brain science has suddenly become the source of a transatlantic rivalry between the greatest economic powers on the planet. In January 2013, both President Barack Obama and the European Union announced what could eventually become multibillion-dollar funding for two independent projects that would reverse engineer the brain. Deciphering the intricate neural circuitry of the brain, once considered hopelessly beyond the scope of modern science, is now the focus of two crash projects that, like the Human Genome Project, will change the scientific and medical landscape. Not only will this give us unparalleled insight into the mind, it will also generate new industries, spur economic activity, and open up new vistas for neuroscience.

			Once the neural pathways of the brain are finally decoded, one can envision understanding the precise origins of mental illness, perhaps leading to a cure for this ancient affliction. This decoding also makes it possible to create a copy of the brain, which raises philosophical and ethical questions. Who are we, if our consciousness can be uploaded into a computer? We can also toy with the concept of immortality. Our bodies may eventually decay and die, but can our consciousness live forever?

			And beyond that, perhaps one day in the distant future the mind will be freed of its bodily constraints and roam among the stars, as several scientists have speculated. Centuries from now, one can imagine placing our entire neural blueprint on laser beams, which will then be sent into deep space, perhaps the most convenient way for our consciousness to explore the stars.

			A brilliant new scientific landscape that will reshape human destiny is now truly opening up. We are now entering a new golden age of neuroscience.

			In making these predictions, I have had the invaluable assistance of scientists who graciously allowed me to interview them, broadcast their ideas on national radio, and even take a TV crew into their laboratories. These are the scientists who are laying the foundation for the future of the mind. For their ideas to be incorporated into this book, I made only two requirements: (1) their predictions must rigorously obey the laws of physics; and (2) prototypes must exist to show proof-of-principle for these far-reaching ideas.

			TOUCHED BY MENTAL ILLNESS

			I once wrote a biography of Albert Einstein, called Einstein’s Cosmos, and had to delve into the minute details of his private life. I had known that Einstein’s youngest son was afflicted with schizophrenia, but did not realize the enormous emotional toll that it had taken on the great scientist’s life. Einstein was also touched by mental illness in another way; one of his closest colleagues was the physicist Paul Ehrenfest, who helped Einstein create the theory of general relativity. After suffering bouts of depression, Ehrenfest tragically killed his own son, who had Down’s syndrome, and then committed suicide. Over the years, I have found that many of my colleagues and friends have struggled to manage mental illness in their families.

			Mental illness has also deeply touched my own life. Several years ago, my mother died after a long battle with Alzheimer’s disease. It was heartbreaking to see her gradually lose her memories of her loved ones, to gaze into her eyes and realize that she did not know who I was. I could see the glimmer of humanity slowly being extinguished. She had spent a lifetime struggling to raise a family, and instead of enjoying her golden years, she was robbed of all the memories she held dear.

			As the baby boomers age, the sad experience that I and many others have had will be repeated across the world. My wish is that rapid advances in neuroscience will one day alleviate the suffering felt by those afflicted with mental illness and dementia.

			WHAT IS DRIVING THIS REVOLUTION?

			The data pouring in from brain scans are now being decoded, and the progress is stunning. Several times a year, headlines herald a fresh breakthrough. It took 350 years, since the invention of the telescope, to enter the space age, but it has taken only fifteen years since the introduction of the MRI and advanced brain scans to actively connect the brain to the outside world. Why so quickly, and how much is there to come?

			Part of this rapid progress has occurred because physicists today have a good understanding of electromagnetism, which governs the electrical signals racing through our neurons. The mathematical equations of James Clerk Maxwell, which are used to calculate the physics of antennas, radar, radio receivers, and microwave towers, form the very cornerstone of MRI technology. It took centuries to finally solve the secret of electromagnetism, but neuroscience can enjoy the fruits of this grand endeavor. In Book I, I will survey the history of the brain and explain how a galaxy of new instruments has left the physics labs and given us glorious color pictures of the mechanics of thought. Because consciousness plays so central a role in any discussion of the mind, I also give a physicist’s perspective, offering a definition of consciousness that includes the animal kingdom as well. In fact, I provide a ranking of consciousness, showing how it is possible to assign a number to various types of consciousness.

			But to fully answer the question of how this technology will advance, we also have to look at Moore’s law, which states that computer power doubles every two years. I often surprise people with the simple fact that your cell phone today has more computer power than all of NASA when it put two men on the moon in 1969. Computers are now powerful enough to record the electrical signals emanating from the brain and partially decode them into a familiar digital language. This makes it possible for the brain to directly interface with computers to control any object around it. The fast-growing field is called BMI (brain-machine interface), and the key technology is the computer. In Book II, I’ll explore this new technology, which has made recording memories, mind reading, videotaping our dreams, and telekinesis possible.

			In Book III, I’ll investigate alternate forms of consciousness, from dreams, drugs, and mental illness to robots and even aliens from outer space. Here we’ll also learn about the potential to control and manipulate the brain to manage diseases such as depression, Parkinson’s, Alzheimer’s, and many more. I will also elaborate on the Brain Research Through Advancing Innovative Neurotechnologies (or BRAIN) project announced by President Obama, and the Human Brain Project of the European Union, which will potentially allocate billions of dollars to decode the pathways of the brain, all the way down to the neural level. These two crash programs will undoubtedly open up entirely new research areas, giving us new ways to treat mental illness and also revealing the deepest secrets of consciousness.

			After we have given a definition of consciousness, we can use it to explore nonhuman consciousness as well (i.e., the consciousness of robots). How advanced can robots become? Can they have emotions? Will they pose a threat? And we can also explore the consciousness of aliens, who may have goals totally different from ours.

			In the Appendix, I will discuss perhaps the strangest idea in all of science, the concept from quantum physics that consciousness may be the fundamental basis for reality.

			There is no shortage of proposals for this exploding field. Only time will tell which ones are mere pipe dreams created by the overheated imagination of science-fiction writers and which ones represent solid avenues for future scientific research. Progress in neuroscience has been astronomical, and in many ways the key has been modern physics, which uses the full power of the electromagnetic and nuclear forces to probe the great secrets hidden within our minds.

			I should stress that I am not a neuroscientist. I am a theoretical physicist with an enduring interest in the mind. I hope that the vantage point of a physicist can help further enrich our knowledge and give a fresh new understanding of the most familiar and alien object in the universe: our mind.

			But given the dizzying pace with which radically new perspectives are being developed, it is important that we have a firm grasp on how the brain is put together.

			So let us first discuss the origins of modern neuroscience, which some historians believe began when an iron spike sailed through the brain of a certain Phineas Gage. This seminal event set off a chain reaction that helped open the brain to serious scientific investigation. Although it was an unfortunate event for Mr. Gage, it paved the way for modern science.
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			My fundamental premise about the brain is that its workings—what we sometimes call “mind”—are a consequence of its anatomy and physiology, and nothing more.

			—CARL SAGAN

		

		1 UNLOCKING THE MIND

		In 1848, Phineas Gage was working as a railroad foreman in Vermont, when dynamite accidentally went off, propelling a three-foot, seven-inch spike straight into his face, through the front part of his brain, and out the top of his skull, eventually landing eighty feet away. His fellow workers, shocked to see part of their foreman’s brain blown off, immediately called for a doctor. To the workers’ (and even the doctor’s) amazement, Mr. Gage did not die on-site.

		He was semiconscious for weeks, but eventually made what seemed like a full recovery. (A rare photograph of Gage surfaced in 2009, showing a handsome, confident man, with an injury to his head and left eye, holding the iron rod.) But after this incident, his coworkers began to notice a sharp change in his personality. A normally cheerful, helpful foreman, Gage became abusive, hostile, and selfish. Ladies were warned to stay clear of him. Dr. John Harlow, the doctor who treated him, observed that Gage was “capricious and vacillating, devising many plans of future operations, which are no sooner arranged than they are abandoned in turn for others appearing more feasible. A child in his intellectual capacity and manifestations, yet with the animal passions of a strong man.” Dr. Harlow noted that he was “radically changed” and that his fellow workers said that “he was no longer Gage.” After Gage’s death in 1860, Dr. Harlow preserved both his skull and the rod that had smashed into it. Detailed X-ray scans of the skull have since confirmed that the iron rod caused massive destruction in the area of the brain behind the forehead known as the frontal lobe, in both the left and right cerebral hemispheres.

		This incredible accident would not only change the life of Phineas Gage, it would alter the course of science as well. Previously, the dominant thinking was that the brain and the soul were two separate entities, a philosophy called dualism. But it became increasingly clear that damage to the frontal lobe of his brain had caused abrupt changes in Gage’s personality. This, in turn, created a paradigm shift in scientific thinking: perhaps specific areas of the brain could be traced to certain behaviors.

		BROCA’S BRAIN

		In 1861, just a year after Gage’s death, this view was further cemented through the work of Pierre Paul Broca, a physician in Paris who documented a patient who appeared normal except that he had a severe speech deficit. The patient could understand and comprehend speech perfectly, but he could utter only one sound, the word “tan.” After the patient died, Dr. Broca confirmed during the autopsy that the patient suffered from a lesion in his left temporal lobe, a region of the brain near his left ear. Dr. Broca would later confirm twelve similar cases of patients with damage to this specific area of the brain. Today patients who have damage to the temporal lobe, usually in the left hemisphere, are said to suffer from Broca’s aphasia. (In general, patients with this disorder can understand speech but cannot say anything, or else they drop many words when speaking.)

		Soon afterward, in 1874, German physician Carl Wernicke described patients who suffered from the opposite problem. They could articulate clearly, but they could not understand written or spoken speech. Often these patients could speak fluently with correct grammar and syntax, but with nonsensical words and meaningless jargon. Sadly, these patients often didn’t know they were spouting gibberish. Wernicke confirmed after performing autopsies that these patients had suffered damage to a slightly different area of the left temporal lobe.

		The works of Broca and Wernicke were landmark studies in neuroscience, establishing a clear link between behavioral problems, such as speech and language impairment, and damage to specific regions of the brain.

		Another breakthrough took place amid the chaos of war. Throughout history, there were many religious taboos prohibiting the dissection of the human body, which severely restricted progress in medicine. In warfare, however, with tens of thousands of bleeding soldiers dying on the battlefield, it became an urgent mission for doctors to develop any medical treatment that worked. During the Prusso-Danish War in 1864, German doctor Gustav Fritsch treated many soldiers with gaping wounds to the brain and happened to notice that when he touched one hemisphere of the brain, the opposite side of the body often twitched. Later Fritsch systematically showed that, when he electrically stimulated the brain, the left hemisphere controlled the right side of the body, and vice versa. This was a stunning discovery, demonstrating that the brain was basically electrical in nature and that a particular region of the brain controlled a part on the other side of the body. (Curiously, the use of electrical probes on the brain was first recorded a couple of thousand years earlier by the Romans. In the year A.D. 43, records show that the court doctor to the emperor Claudius used electrically charged torpedo fish, which were applied to the head of a patient suffering from severe headaches.)

		The realization that there were electrical pathways connecting the brain to the body wasn’t systematically analyzed until the 1930s, when Dr. Wilder Penfield began working with epilepsy patients, who often suffered from debilitating convulsions and seizures that were potentially life-threatening. For them, the last option was to have brain surgery, which involved removing parts of the skull and exposing the brain. (Since the brain has no pain sensors, a person can be conscious during this entire procedure, so Dr. Penfield used only a local anesthetic during the operation.)

		Dr. Penfield noticed that when he stimulated certain parts of the cortex with an electrode, different parts of the body would respond. He suddenly realized that he could draw a rough one-to-one correspondence between specific regions of the cortex and the human body. His drawings were so accurate that they are still used today in almost unaltered form. They had an immediate impact on both the scientific community and the general public. In one diagram, you could see which region of the brain roughly controlled which function, and how important each function was. For example, because our hands and mouth are so vital for survival, a considerable amount of brain power is devoted to controlling them, while the sensors in our back hardly register at all.

		Furthermore, Penfield found that by stimulating parts of the temporal lobe, his patients suddenly relived long-forgotten memories in a crystal-clear fashion. He was shocked when a patient, in the middle of brain surgery, suddenly blurted out, “It was like … standing in the doorway at [my] high school.… I heard my mother talking on the phone, telling my aunt to come over that night.” Penfield realized that he was tapping into memories buried deep inside the brain. When he published his results in 1951, they created another transformation in our understanding of the brain.
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		Figure 1. This is the map of the motor cortex that was created by Dr. Wilder Penfield, showing which region of the brain controls which part of the body. (illustration credit 1.1)

		A MAP OF THE BRAIN

		By the 1950s and ’60s, it was possible to create a crude map of the brain, locating different regions and even identifying the functions of a few of them.

		In Figure 2, we see the neocortex, which is the outer layer of the brain, divided into four lobes. It is highly developed in humans. All the lobes of the brain are devoted to processing signals from our senses, except for one: the frontal lobe, located behind the forehead. The prefrontal cortex, the foremost part of the frontal lobe, is where most rational thought is processed. The information you are reading right now is being processed in your prefrontal cortex. Damage to this area can impair your ability to plan or contemplate the future, as in the case of Phineas Gage. This is the region where information from our senses is evaluated and a future course of action is carried out.
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		Figure 2. The four lobes of the neocortex of the brain are responsible for different, though related, functions. (illustration credit 1.2)

		The parietal lobe is located at the top of our brains. The right hemisphere controls sensory attention and body image; the left hemisphere controls skilled movements and some aspects of language. Damage to this area can cause many problems, such as difficulty in locating parts of your own body.

		The occipital lobe is located at the very back of the brain and processes visual information from the eyes. Damage to this area can cause blindness and visual impairment.

		The temporal lobe controls language (on the left side only), as well as the visual recognition of faces and certain emotional feelings. Damage to this lobe can leave us speechless or without the ability to recognize familiar faces.

		THE EVOLVING BRAIN

		When you look at other organs of the body, such as our muscles, bones, and lungs, there seems to be an obvious rhyme and reason to them that we can immediately see. But the structure of the brain might seem slapped together in a rather chaotic fashion. In fact, trying to map the brain has often been called “cartography for fools.”

		To make sense of the seemingly random structure of the brain, in 1967 Dr. Paul MacLean of the National Institute of Mental Health applied Charles Darwin’s theory of evolution to the brain. He divided the brain into three parts. (Since then, studies have shown that there are refinements to this model, but we will use it as a rough organizing principle to explain the overall structure of the brain.) First, he noticed that the back and center part of our brains, containing the brain stem, cerebellum, and basal ganglia, are almost identical to the brains of reptiles. Known as the “reptilian brain,” these are the oldest structures of the brain, governing basic animal functions such as balance, breathing, digestion, heartbeat, and blood pressure. They also control behaviors such as fighting, hunting, mating, and territoriality, which are necessary for survival and reproduction. The reptilian brain can be traced back about 500 million years. (See Figure 3.)

		But as we evolved from reptiles to mammals, the brain also became more complex, evolving outward and creating entirely new structures. Here we encounter the “mammalian brain,” or the limbic system, which is located near the center of the brain, surrounding parts of the reptilian brain. The limbic system is prominent among animals living in social groups, such as the apes. It also contains structures that are involved in emotions. Since the dynamics of social groups can be quite complex, the limbic system is essential in sorting out potential enemies, allies, and rivals.
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		Figure 3. The evolutionary history of the brain, with the reptilian brain, the limbic system (the mammalian brain), and the neocortex (the human brain). Roughly speaking, one can argue that the path of our brain’s evolution passed from the reptilian brain to the mammalian brain to the human brain. (illustration credit 1.3)

		The different parts of the limbic system that control behaviors crucial for social animals are:

		
			•  The hippocampus. This is the gateway to memory, where short-term memories are processed into long-term memories. Its name means “seahorse,” which describes its strange shape. Damage here will destroy the ability to make new long-term memories. You are left a prisoner of the present.

			•  The amygdala. This is the seat of emotions, especially fear, where emotions are first registered and generated. Its name means “almond.”

			•  The thalamus. This is like a relay station, gathering sensory signals from the brain stem and then sending them out to the various cortices. Its name means “inner chamber.”

			•  The hypothalamus. This regulates body temperature, our circadian rhythm, hunger, thirst, and aspects of reproduction and pleasure. It lies below the thalamus—hence its name.

		

		Finally, we have the third and most recent region of the mammalian brain, the cerebral cortex, which is the outer layer of the brain. The latest evolutionary structure within the cerebral cortex is the neocortex (meaning “new bark”), which governs higher cognitive behavior. It is most highly developed in humans: it makes up 80 percent of our brain’s mass, yet is only as thick as a napkin. In rats the neocortex is smooth, but it is highly convoluted in humans, which allows a large amount of surface area to be crammed into the human skull.

		In some sense, the human brain is like a museum containing remnants of all the previous stages in our evolution over millions of years, exploding outward and forward in size and function. (This is also roughly the path taken when an infant is born. The infant brain expands outward and toward the front, perhaps mimicking the stages of our evolution.)

		Although the neocortex seems unassuming, looks are deceiving. Under a microscope you can appreciate the intricate architecture of the brain. The gray matter of the brain consists of billions of tiny brain cells called neurons. Like a gigantic telephone network, they receive messages from other neurons via dendrites, which are like tendrils sprouting from one end of the neuron. At the other end of the neuron, there is a long fiber called the axon. Eventually the axon connects to as many as ten thousand other neurons via their dendrites. At the juncture between the two, there is a tiny gap called the synapse. These synapses act like gates, regulating the flow of information within the brain. Special chemicals called neurotransmitters can enter the synapse and alter the flow of signals. Because neurotransmitters like dopamine, serotonin, and noradrenaline help control the stream of information moving across the myriad pathways of the brain, they exert a powerful effect on our moods, emotions, thoughts, and state of mind. (See Figure 4.)

		This description of the brain roughly represented the state of knowledge through the 1980s. In the 1990s, however, with the introduction of new technologies from the field of physics, the mechanics of thought began to be revealed in exquisite detail, unleashing the current explosion of scientific discovery. One of the workhorses of this revolution has been the MRI machine.
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		Figure 4. Diagram of a neuron. Electrical signals travel along the axon of the neuron until they hit the synapse. Neurotransmitters can regulate the flow of electrical signals past the synapse. (illustration credit 1.4)

		THE MRI: WINDOW INTO THE BRAIN

		To understand the reason why this radical new technology has helped decode the thinking brain, we have to turn our attention to some basic principles of physics.

		Radio waves, a type of electromagnetic radiation, can pass right through tissue without doing damage. MRI machines take advantage of this fact, allowing electromagnetic waves to freely penetrate the skull. In the process, this technology has given us glorious photographs of something once thought to be impossible to capture: the inner workings of the brain as it experiences sensations and emotions. Watching the dance of lights flickering in a MRI machine, one can trace out the thoughts moving within the brain. It’s like being able to see the inside of a clock as it ticks.

		The first thing you notice about an MRI machine is the huge, cylindrical magnetic coils, which can produce a magnetic field twenty to sixty thousand times greater than the strength of Earth’s. The giant magnet is one of the principal reasons why an MRI machine can weigh a ton, fill up an entire room, and cost several million dollars. (MRI machines are safer than X-ray machines because they don’t create harmful ions. CT scans, which can also create 3-D pictures, flood the body with many times the dosage from an ordinary X-ray, and hence have to be carefully regulated. By contrast, MRI machines are safe when used properly. One problem, however, is the carelessness of workers. The magnetic field is powerful enough to send tools hurling through the air at high velocity when turned on at the wrong time. People have been injured and even killed in this way.)

		MRI machines work as follows: Patients lie flat and are inserted into a cylinder containing two large coils, which create the magnetic field. When the magnetic field is turned on, the nuclei of the atoms inside your body act very much like a compass needle: they align horizontally along the direction of the field. Then a small pulse of radio energy is generated, which causes some of the nuclei in our body to flip upside down. When the nuclei later revert back to their normal position, they emit a secondary pulse of radio energy, which is then analyzed by the MRI machine. By analyzing these tiny “echoes,” one can then reconstruct the location and nature of these atoms. Like a bat, which uses echoes to determine the position of objects in its path, the echoes created by the MRI machine allow scientists to re-create a remarkable image of the inside of the brain. Computers then reconstruct the position of the atoms, giving us beautiful diagrams in three dimensions.

		When MRIs were originally introduced, they were able to show the static structure of the brain and its various regions. However, in the mid-1990s, a new type of MRI was invented, called “functional” MRI, or fMRI, which detected the presence of oxygen in the blood in the brain. (For different types of MRI machines, scientists sometimes put a lowercase letter in front of “MRI,” but we will use the abbreviation MRI to denote all the various types of MRI machines.) MRI scans cannot directly detect the flow of electricity in the neurons, but since oxygen is necessary to provide the energy for the neurons, oxygenated blood can indirectly trace the flow of electrical energy in the neurons and show how various regions of the brain interact with one another.

		Already these MRI scans have definitively disproven the idea that thinking is concentrated in a single center. Instead, one can see electrical energy circulating across different parts of the brain as it thinks. By tracing the path taken by our thoughts, MRI scans have shed new light into the nature of Alzheimer’s, Parkinson’s, schizophrenia, and a host of other mental diseases.

		The great advantage of MRI machines is their exquisite ability to locate minute parts of the brain, down to a fraction of a millimeter in size. An MRI scan will create not just dots on a two-dimensional screen, called pixels, but dots in three-dimensional space, called “voxels,” yielding a bright collection of tens of thousands of colored dots in 3-D, in the shape of a brain.

		Since different chemical elements respond to different frequencies of radio, you can change the frequency of the radio pulse and therefore identify different elements of the body. As noted, fMRI machines zero in on the oxygen atom contained within blood in order to measure blood flow, but MRI machines can also be tuned to identify other atoms. In just the last decade, a new form of MRI was introduced called “diffusion tensor imaging” MRI, which detects the flow of water in the brain. Since water follows the neural pathways of the brain, DTI yields beautiful pictures that resemble networks of vines growing in a garden. Scientists can now instantly determine how certain parts of the brain are hooked up with other parts.

		There are a couple of drawbacks to MRI technology, however. Although they are unparalleled in spatial resolution, locating voxels down to the size of a pinpoint in three dimensions, MRIs are not that good in temporal resolution. It takes almost a full second to follow the path of blood in the brain, which may not sound like a lot, but remember that electrical signals travel almost instantly throughout the brain, and hence MRI scans can miss some of the intricate details of thought patterns.

		Another snag is the cost, which runs in the millions of dollars, so doctors often have to share the machines. But like most technology, developments should bring down the cost over time.

		In the meantime, exorbitant costs haven’t stalled the hunt for commercial applications. One idea is to use MRI scans as lie detectors, which, according to some studies, can identify lies with 95 percent accuracy or higher. The level of accuracy is still controversial, but the basic idea is that when a person tells a lie, he simultaneously has to know the truth, concoct the lie, and rapidly analyze the consistency of this lie with previously known facts. Today some companies are claiming that MRI technology shows that the prefrontal and parietal lobes light up when someone tells a lie. More specifically, the “orbitofrontal cortex” (which can serve, among other functions, as the brain’s “fact-checker” to warn us when something is wrong) becomes active. This area is located right behind the orbits of our eyes, and hence the name. The theory goes that the orbitofrontal cortex understands the difference between the truth and a lie and kicks into overdrive as a result. (Other areas of the brain also light up when someone tells a lie, such as the superiormedial and inferolateral prefrontal cortices, which are involved in cognition.)

		Already there are several commercial firms offering MRI machines as lie detectors, and cases involving these machines are entering the court system. But it’s important to note that these MRI scans indicate increased brain activity only in certain areas. While DNA results can sometimes have an accuracy of one part in 10 billion or better, MRI scans cannot, because it takes many areas of the brain to concoct a lie, and these same areas of the brain are responsible for processing other kinds of thoughts as well.

		EEG SCANS

		Another useful tool to probe deep inside the brain is the EEG, the electroencephalogram. The EEG was introduced all the way back in 1924, but only recently has it been possible to employ computers to make sense out of all the data pouring in from each electrode.

		To use the EEG machine, the patient usually puts on a futuristic-looking helmet with scores of electrodes on the surface. (More advanced versions place a hairnet over the head containing a series of tiny electrodes.) These electrodes detect the tiny electrical signals that are circulating in the brain.
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		(illustration credit 1.5)
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		Figure 5. At the top, we see an image taken by a functional MRI machine, showing regions of high mental activity. In the bottom image, we see the flowerlike pattern created by a diffusion MRI machine, which can follow the neural pathways and connections of the brain. (illustration credit 1.5a)

		An EEG scan differs from an MRI scan in several crucial ways. The MRI scan, as we have seen, shoots radio pulses into the brain and then analyzes the “echoes” that come back. This means you can vary the radio pulse to select different atoms for analysis, making it quite versatile. The EEG machine, however, is strictly passive; that is, it analyzes the tiny electromagnetic signals the brain naturally emits. The EEG excels at recording the broad electromagnetic signals that surge across the entire brain, which allows scientists to measure the overall activity of the brain as it sleeps, concentrates, relaxes, dreams, etc. Different states of consciousness vibrate at different frequencies. For example, deep sleep corresponds to delta waves, which vibrate at .1 to 4 cycles per second. Active mental states, such as problem solving, correspond to beta waves, vibrating from 12 to 30 cycles per second. These vibrations allow various parts of the brain to share information and communicate with one another, even if they are located on opposite sides of the brain. And while MRI scans measuring blood flow can be taken only several times a second, EEG scans measure electrical activity instantly.

		The greatest advantage of the EEG scan, though, is its convenience and cost. Even high school students have done experiments in their living rooms with EEG sensors placed over their heads.

		However, the main drawback to the EEG, which has held up its development for decades, is its very poor spatial resolution. The EEG picks up electrical signals that have already been diffused after passing through the skull, making it difficult to detect abnormal activity when it originates deep in the brain. Looking at the output of the muddled EEG signals, it is almost impossible to say for sure which part of the brain created it. Furthermore, slight motions, like moving a finger, can distort the signal, sometimes rendering it useless.

		PET SCANS

		Yet another useful tool from the world of physics is the positron emission topography (PET) scan, which calculates the flow of energy in the brain by locating the presence of glucose, the sugar molecule that fuels cells. Like the cloud chamber I made as a high school student, PET scans make use of the subatomic particles emitted from sodium-22 within the glucose. To start the PET scan, a special solution containing slightly radioactive sugar is injected into the patient. The sodium atoms inside the sugar molecules have been replaced by radioactive sodium-22 atoms. Every time a sodium atom decays, it emits a positive electron, or positron, which is easily detected by sensors. By following the path of the radioactive sodium atoms in sugar, one can then trace out the energy flow within the living brain.

		The PET scan shares many of the same advantages of MRI scans but does not have the fine spatial resolution of an MRI photo. However, instead of measuring blood flow, which is only an indirect indicator of energy consumption in the body, PET scans measure energy consumption, so it is more closely related to neural activity.

		There is another drawback to PET scans, however. Unlike MRI and EEG scans, PET scans are slightly radioactive, so patients cannot continually take them. In general, a person is not allowed to have a PET scan more than once a year because of the risk from radiation.

		MAGNETISM IN THE BRAIN

		Within the last decade, many new high-tech devices have entered the tool kit of neuroscientists, including the transcranial electromagnetic scanner (TES), magnetoencephalography (MEG), near-infrared spectroscopy (NIRS), and optogenetics, among others.

		In particular, magnetism has been used to systematically shut down specific parts of the brain without cutting it open. The basic physics behind these new tools is that a rapidly changing electric field can create a magnetic field, and vice versa. MEGs passively measure the magnetic fields produced by the changing electric fields of the brain. These magnetic fields are weak and extremely tiny, only a billionth of Earth’s magnetic field. Like the EEG, the MEG is extremely good at time resolution, down to a thousandth of a second. Its spatial resolution, however, is only a cubic centimeter.

		Unlike the passive measurement of the MEG, the TES generates a large pulse of electricity, which in turn creates a burst of magnetic energy. The TES is placed next to the brain, so the magnetic pulse penetrates the skull and creates yet another electric pulse inside the brain. This secondary electrical pulse, in turn, is sufficient to turn off or dampen the activity of selected areas of the brain.

		Historically, scientists had to rely on strokes or tumors to silence certain parts of the brain and hence determine what they do. But with the TES, one can harmlessly turn off or dampen parts of the brain at will. By shooting magnetic energy at a particular spot in the brain, one can determine its function by simply watching how a person’s behavior has changed. (For example, by shooting magnetic pulses into the left temporal lobe, one can see that this adversely affects our ability to talk.)

		One potential drawback of the TES is that these magnetic fields do not penetrate very far into the interior of the brain (because magnetic fields decrease much faster than the usual inverse square law for electricity). TES is quite useful in turning off parts of the brain near the skull, but the magnetic field cannot reach important centers located deep in the brain, such as the limbic system. But future generations of TES devices may overcome this technical problem by increasing the intensity and precision of the magnetic field.
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		Figure 6. We see the transcranial electromagnetic scanner and the magnetoencephalograph, which uses magnetism rather than radio waves to penetrate the skull and determine the nature of thoughts within the brain. Magnetism can temporarily silence parts of the brain, allowing scientists to safely determine how these regions perform without relying on stroke victims. (illustration credit 1.6)

		DEEP BRAIN STIMULATION

		Yet another tool that has proven vital to neurologists is deep brain stimulation (DBS). The probes originally used by Dr. Penfield were relatively crude. Today these electrodes can be hairlike and reach specific areas of the brain deep within its interior. Not only has DBS allowed scientists to locate the function of various parts of the brain, it can also be used to treat mental disorders. DBS has already proven its worth with Parkinson’s disease, in which certain regions of the brain are overactive and often create uncontrollable shaking of the hands.

		More recently, these electrodes have targeted a new area of the brain (called Brodmann’s area number 25) that is often overactive in depressed patients who do not respond to psychotherapy or drugs. Deep brain stimulation has given almost miraculous relief after decades of torment and agony for these long-suffering patients.

		Every year, new uses for deep brain stimulation are being found. In fact, nearly all the major disorders of the brain are being reexamined in light of this and other new brain-scanning technologies. This promises to be an exciting new area for diagnosing and even treating illnesses.

		OPTOGENETICS—LIGHTING UP THE BRAIN

		But perhaps the newest and most exciting instrument in the neurologist’s tool kit is optogenetics, which was once considered science fiction. Like a magic wand, it allows you to activate certain pathways controlling behavior by shining a light beam on the brain.

		Incredibly, a light-sensitive gene that causes a cell to fire can be inserted, with surgical precision, directly into a neuron. Then, by turning on a light beam, the neuron is activated. More importantly, this allows scientists to excite these pathways, so that you can turn on and off certain behaviors by flicking a switch.

		Although this technology is only a decade old, optogenetics has already proven successful in controlling certain animal behaviors. By turning on a light switch, it is possible to make fruit flies suddenly fly off, worms stop wiggling, and mice run around madly in circles. Monkey trials are now beginning, and even human trials are in discussion. There is great hope that this technology will have a direct application in treating disorders like Parkinson’s and depression.

		THE TRANSPARENT BRAIN

		Like optogenetics, another spectacular new development is making the brain fully transparent so that its neural pathways are exposed to the naked eye. In 2013, scientists at Stanford University announced that they had successfully made the entire brain of a mouse transparent, as well as parts of a human brain. The announcement was so stunning that it made the front page of the New York Times, with the headline “Brain as Clear as Jell-O for Scientists to Explore.”

		At the cellular level, cells seen individually are transparent, with all their microscopic components fully exposed. However, once billions of cells come together to form organs like the brain, the addition of lipids (fats, oils, waxes, and chemicals not soluble in water) helps make the organ opaque. The key to the new technique is to remove the lipids while keeping the neurons intact. The scientists at Stanford did this by placing the brain in hydrogel (a gel-like substance mainly made of water), which binds to all the brain’s molecules except the lipids. By placing the brain in a soapy solution with an electric field, the solution can be flushed out of the brain, carrying along the lipids, leaving the brain transparent. The addition of dyes can then make the neural pathways visible. This will help to identify and map the many neural pathways of the brain.

		Making tissue transparent is not new, but getting precisely the right conditions necessary to make the entire brain transparent took a lot of ingenuity. “I burned and melted more than a hundred brains,” confessed Dr. Kwanghun Chung, one of the lead scientists in the study. The new technique, called Clarity, can also be applied to other organs (and even organs preserved years ago in chemicals like formalin). He has already created transparent livers, lungs, and hearts. This new technique has startling applications across all of medicine. In particular, it will accelerate locating the neural pathways of the brain, which is the focus of intense research and funding.

		FOUR FUNDAMENTAL FORCES

		The success of this first generation of brain scans has been nothing less than spectacular. Before their introduction, only about thirty or so regions of the brain were known with any certainty. Now the MRI machine alone can identify two to three hundred regions of the brain, opening up entirely new frontiers for brain science. With so many new scanning technologies being introduced from physics just within the last fifteen years, one might wonder: Are there more? The answer is yes, but they will be variations and refinements of the previous ones, not radically new technologies. This is because there are only four fundamental forces—gravitational, electromagnetic, weak nuclear, and strong nuclear—that rule the universe. (Physicists have tried to find evidence for a fifth force, but so far all such attempts have failed.)

		The electromagnetic force, which lights up our cities and represents the energy of electricity and magnetism, is the source of almost all the new scanning technologies (with the exception of the PET scan, which is governed by the weak nuclear force). Because physicists have had over 150 years of experience working with the electromagnetic force, there is no mystery in creating new electric and magnetic fields, so any new brain-scanning technology will most likely be a novel modification of existing technologies, rather than being something entirely new. As with most technology, the size and cost of these machines will drop, vastly increasing the widespread use of these sophisticated instruments. Already physicists are doing the basic calculations necessary to make an MRI machine fit into a cell phone. At the same time, the fundamental challenge facing these brain scans is resolution, both spatial and temporal. The spatial resolution of MRI scans will increase as the magnetic field becomes more uniform and as the electronics become more sensitive. At present, MRI scans can see only dots or voxels within a fraction of a millimeter. But each dot may contain hundreds of thousands of neurons. New scanning technology should reduce this even further
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