
[image: The Future of Us: The Science of What We’ll Eat, Where We’ll Live, and Who We’ll Be, by Jay Ingram. “An essential guide to understanding the challenges and opportunites for humanity’s survival in the years ahead.”. Ziza Tong, award-winning broadcaster and author of The Reality Bubble. Bestselling author of The Science of Why.]




Thank you for downloading this Simon & Schuster ebook.

Join our mailing list to get updates on new releases, deals, recommended reads, and more from Simon & Schuster.




CLICK HERE TO SIGN UP




Already a subscriber? Provide your email again so we can register this ebook and send you more of what you like to read. You will continue to receive exclusive offers in your inbox.








[image: The Future of Us: The Science of What We’ll Eat, Where We’ll Live, and Who We’ll Be, by Jay Ingram. Published by Simon & Schuster. New York | London | Toronto | Sydney | New Delhi.]






To MA for, among many other things, her infectious spirit of adventure






Prediction is very difficult, especially if it’s about the future.

—Variously attributed to physicist Niels Bohr or New York Yankees’ philosopher Lawrence Peter Berra








INTRODUCTION The Fog of the Future


The 2020s are already an astonishing decade of technological innovation. On December 14, 2022, scientists at the Lawrence Livermore National Laboratory in California announced they had achieved nuclear fusion. Instead of splitting atoms (fission) to generate nuclear power, atoms are forced together (fusion). This was a critical breakthrough, because for a short time, more energy was generated by the fusion technology than had been put in, obviously a crucial milestone. For half a century, science had been working toward this major breakthrough; it could take another half century to turn this single demonstration into a technology that will be applicable globally, but because nuclear fusion generates no carbon dioxide or any nuclear waste, it would be an ideal technology for reducing carbon emissions.

That’s just one example. Just three months earlier, on September 13, 2022, in the absence of eggs, sperm, and a womb, two independent teams of scientists were able to create mouse embryos. While they were not quite complete embryos—they stopped developing at about eight and a half days instead of the normal twenty—these lab-grown specimens were on track to becoming normal embryos.

The scientists began with stem cells. In a living animal these cells begin life with no cellular identity—they aren’t yet liver cells, blood cells, or skin cells. But then they transform into specialized cells and populate our bodies with unique tissues and organs.

That’s the normal version of embryonic development. But the scientists on these two teams took this stem cell versatility in a whole new direction: they were able to coax a group of mouse stem cells to begin to develop an embryo simply by putting the cells in a set of spinning glass vials inside an incubator, thus creating an artificial womb designed to mimic the circulation of blood and nutrients in the uterus.

While the percentage of normally formed embryos was small, just one-half of 1 percent, still they were viable, with beating hearts, normally shaped brains (including the beginnings of defined brain regions), and intestines—confirmation that the programming of the embryo is internal to the stem cells themselves. The uterus is a habitat, not the controller. Of all the quotes in response to these experiments, Case Western Reserve University biologist Paul Tesar’s “It’s a pretty wild and remarkable time” seems the most appropriate.1

One of the teams argued that this breakthrough opens up a new approach to studying embryonic development: it happens right there, before your eyes, in transparent glassware. It will be possible to see exactly when and where embryonic development goes wrong. With some tinkering, it should one day be possible to carry the embryos to term. A mature mouse embryo created from stem cells would be a dramatic scientific achievement.

Immediately after the release of the scientific paper, there were thoughts (doubts? fears?) about doing the same thing with humans, which would provide unparalleled insights into early fetal development.

And a third example: On October 12, 2022, an article was published in the journal Neuron that did indeed involve neurons—nerve cells—from both mice and humans (the human neurons were cultured from stem cells, the mouse version from mouse brains).2 These neurons, hundreds of thousands of them, were hooked up to a set of electrodes, facilitating electrical communication among them. Amazingly this half-biology, half-technology setup (dubbed Dishbrain) could be programmed to play a lab version of the old video game Pong. The neurons sped up the whole circuit and played Pong really well. The setup also revealed that human neurons were better at the game than mouse neurons. The research was a step forward in combining an artificial brain with a real one.


Tech Never Stands Alone

These are just some recent examples of how technology is accelerating the possibilities of real-world application—and complications. There isn’t a topic in this book that isn’t both moving forward dramatically while at the same time creating ethical and equity issues.

For example, on November 26, 2018, the now disgraced Chinese biophysicist He Jiankui used CRISPR gene-editing technologies to edit the genomes of twins while they were still in the womb. Even though he was jailed and fined for it, can we be certain that someone else won’t try to use human stem cells to develop a human embryo?3

It’s impossible to predict which of these examples of pioneering science will take off, where they might go, or how far. In mid-2021, stocks of Beyond Meat, the giant producer of plant-based meat, were trading at US$150. It looked like a dramatic step forward for plant-based products and the green values associated with them. One year later, the stock had dropped by US$75. It had looked like a winner—and then it wasn’t. And who knows? Since then that market has quietly become crowded.

But one thing is for certain: there will be technologies with enormous impact. One of the most pressing issues facing these new technologies will be “Who benefits?”




Future Thinking

We will need to be able to think more effectively about the future, something that we don’t routinely do today, at least on the long-term time scales we need. Thinking about the future is not even an integral part of human nature, and has waxed and waned with the centuries. Medieval scholars believed that life in the 1300s and 1400s consisted of endless cycles: good crop years and bad, pestilence and health, good kings and bad. Only the Bible promised a future, and an apocalyptic one at that.

But today, when even short-term forecasts promise that most of the jobs we’re familiar with now will not exist in the future, we have to try to account for what will happen. If we don’t, we may end up the way the horses did. Max Tegmark, in his book Life 3.0, asked his readers to imagine two horses looking at an early automobile in the year 1900 and pondering their future:


“I’m worried about technological unemployment.”

“Neigh neigh don’t be a Luddite: our ancestors said the same thing when steam engines took our industrial jobs and trains took our jobs pulling stagecoaches. But we have more jobs than ever today, and they’re better too: I’d much rather pull a light carriage through town than spend all day walking in circles to power a stupid mine-shaft pump.”

“But what if this internal combustion engine thing really takes off?”

“I’m sure there’ll be new jobs for horses that we haven’t yet imagined. That’s what’s always happened before, like with the invention of the wheel and the plough.”4



Tegmark points out that in the end, the horse population went from 26 million in 1915 to 3 million by 1960.

Should you be optimistic or pessimistic about the future? Wherever you land on that question will be more a reflection of your personal outlook than any compilation of data and trends. Protecting the Earth against climate change has seemed hopeless at times—and still does to many—but acknowledgment of the issue and support for action are gaining traction. Optimists like Stanford sociologist Rob Reich imagined this future on the Singularity Radio podcast The Feedback Loop: “We’re leaving behind an era of leaving it to the technologists alone to fix the problems… now we are going to have an array of countervailing forces and opportunities for people to think about the great digital revolution and its extraordinary promises and how to ensure it goes in a socially positive direction, democratically supportive direction.”5

While Reich is specifically targeting digital technologies, let’s hope his thinking applies to new technologies generally. The best advice I can give? Prepare for the future with Arthur C. Clarke’s words in mind: “Only if what I tell you appears absolutely unbelievable, have we any chance of visualizing the future as it will really happen.”








PART I All About Us







CHAPTER 1 Our Future Selves



Our thoughts about the future naturally focus on ourselves. But thoughts about the imagined self are usually short-term and centered on what we will be doing, not what we will look like. Our bodies have changed in the past; what direction will they take in the future, hundreds or thousands of years from now? First, set aside the possibility that every human in that distant future will be some kind of hybrid of flesh-and-blood and technology (in other words, don’t be swayed by what’s talked about most these days) and think about the human body on its own. It has evolved dramatically over the last 200,000 years en route to becoming a new species, but what about from this day forward? Read on.



“Where are we going? Life, the timeless and mysterious gift, is still evolving. What wonders or terrors does evolution hold in store for us in the next ten thousand years? In a million?”

These portentous words opened the episode titled “The Sixth Finger” in the 1963 season of the science fiction TV show The Outer Limits.1 In this episode, a scientist in Wales discovers a way of accelerating human evolution. To expiate his guilt over his invention of a super atomic bomb, he proposes to create a man with the intellectual abilities of future humans—a man who might save the world. The man he chooses is a disgruntled coal miner named Wilhelm Griffith, played by David McCallum (better known for his roles as Eric Ashley-Pitt in The Great Escape and Illya Kuryakin in The Man from U.N.C.L.E.). Griffith agrees to undergo the accelerated mutation treatment, which propels him far into the future. By the time he’s evolved twenty thousand years forward, his cerebral cortex has swelled and a sixth finger has grown on each hand (more about this later). By the time he’s reached a million years hence, his skull is enormous, as is his forehead, and his ears are large and pointy. But the rest of him hasn’t much changed, other than that finger.


Looking Forward to Big Heads

This episode of The Outer Limits is a striking example of the common belief that as we evolve, the most significant change to the human body will be the growth of our brains and thus the size of our heads. The theory’s persistence also owes a great debt to one of the most famous depictions of the history—actually, the prehistory—of humans.

The March of Progress, originally titled “The Road to Homo Sapiens,” first appeared in a book called Early Man, published by Time-Life Books in 1965. The four-and-a-half-page spread depicted what was thought at the time to be the evolution of humans. Starting with a small, ancient four-legged primate, the spread revealed six individuals walking single file from left to right, ending with modern humans.2

The March of Progress has not aged well, scientifically or socially. Besides the sole focus on “man,” the science of half a century ago has been overhauled by a multitude of fossil finds. Human evolution can no longer be conceived as anything like a straight line; instead, it is a weaving together of multiple species, some of whom lived at the same time in the same place. The fact that we have a few percent Neanderthal DNA in our genome is solid proof of that intermingling.

But even if the March of Progress is inaccurate, if not inappropriate, it continues to be an enduring representation of human evolution. Two features particularly stand out: first, the move from four-legged locomotion to two; and second, the growth of the brain. If you were to extrapolate the March of Progress well into the future, it seems reasonable that the increase in brain size would be the trend most likely to continue: bigger brain, bigger head, higher forehead (fitting nicely with the ridiculous notion that high foreheads, that is, receding hairlines, signify intelligence).

However, is it reasonable to predict that the human brain will continue to evolve and grow into the future? Are humans even still evolving? There are data that relate to both these questions, but the view they present of the future is cloudy.

First, the enlargement of the brain. Over a few million years, our brain size has tripled. Before our genus, Homo, appeared, the last of the Australopithecines, Australopithecus afarensis, which lived about three million years ago, walked upright (if not as effortlessly as we do). Males stood five feet tall, females less than four feet, and the volume of their brains was half a liter (about a pint). Arriving on the scene about a million years later, Homo erectus—which, while not the same species as we are, in many ways was definitively human—was close to six feet tall in some cases, proficiently bipedal, and had a brain volume that grew over time, reaching a liter (a quart) or slightly more.

More recently, brain size leveled out or even dipped slightly: today, the human brain averages about 1,350 cubic centimeters or 82 cubic inches, although a healthy brain can be a couple of hundred cubic centimeters more or less in either direction. But there’s no doubt that over this time span, our brain size has increased steadily, suggesting a trend that could continue.

Missing from that brief list of species are the Neanderthals, who, despite going extinct about forty thousand years ago in Europe, had brains at least as big or bigger than ours, about 1,500 cubic centimeters (91.5 cubic inches). Even though they were not our direct ancestors, the Neanderthals were very humanlike and a living demonstration that brain size alone does not guarantee evolutionary success.

That’s not all. While the evolution of larger brains holds true over the grand sweep of human evolution, ongoing research reveals the process to be anything but inevitable. In the last twenty thousand years—and modern humans were the only hominin species left by that time—the male brain has lost about 150 cubic centimeters or 9 cubic inches. That’s pretty close to the volume of a tennis ball, which brings a 1,500-cubic-centimeter or 91.5-cubic-inch brain down to the 1,350 cubic centimeters or 82 cubic inches I mentioned earlier.3 Female humans, whose brains are marginally smaller, housed as they are in smaller bodies on average, have shrunk by the same proportion. This is not a particularly helpful comparison: a hole in your head 150 cubic centimeters or 9 cubic inches (about the size of a tennis ball) seems catastrophic, although imagining that loss spread evenly over the entire cerebral cortex does lessen the blow. Still, it’s a dramatic reversal from the general growth trend. In fact, if that trend were to continue for another twenty thousand years, our brains would revert back to the size of Homo erectus’s.

In another study, measurements of the skulls of white Americans born between the 1820s and 1980s showed that over a century and a half the skull evolved to be higher and longer, although slightly narrower. Despite the narrowing, the inside volume increased in an amount approximately equal to—ready for this?—the volume of a tennis ball. (That study included only white Americans because they represented the bulk of the available samples, underlining the fact that more widely representative and inclusive studies of this kind are much needed.)4

There are many data sets; the detailed volumes are less important than the trends, which show that as our distant ancestors evolved, brains trended larger. But a few hundred thousand years ago, the brain reached a maximum size, and that size has fluctuated ever since. So what appears to be a brain growth trend turns out on closer inspection to be illusory. And frankly, head size at birth is constrained by the size of the human birth canal, so balloon-headed future humans would have to postpone a huge amount of head growth until after they were born.




Head and Shoulders, Knees and Toes

What accounts for the ups and downs of human head (and brain) size? Some clues might lie in the changes in the rest of the body, particularly stature. Like brain size, the height of our ancestors has zigged and zagged. Nutrition, and by association agriculture, hunting, and climate, have also played a major role.

Roughly ten thousand years ago, the Agricultural Revolution led to dramatic increases in population, but paradoxically depressed height. Several possible reasons have been suggested: occasional crop failures impacted nutrition and growth; people living in closer proximity promoted the spread of growth-slowing diseases; and even reliance on a plant diet rather than the mixed hunter-gatherer diet could all have played a role.

Jumping ahead to the Middle Ages, say 900–1000 CE, humans reached heights that weren’t matched again until the nineteenth century! Again, cold temperatures in the 1600s and 1700s are thought to have diminished agricultural output; only in the last two hundred years have we gained stature again.

Today in most places in the world, we are as tall as we have ever been, but even so there are oddities in the data. For instance, in the early nineteenth century the Dutch were among the shortest people in Europe, averaging only 5 feet 5 inches. But by the late twentieth century, they had gained an amazing 7 inches in average height, so that Dutch men averaged 6 feet tall. Yet, since 1980, the Dutch have not only slowed their increasing growth but have lost about half an inch. It’s not clear why: changes in diet might be one reason. Still, the average Dutch man is about 3 inches taller than the average American man—over the past few decades Americans have become heavier, not taller. Interesting to note that in the early 1800s, the Cheyenne were taller than the average American today.5

These ups and downs are more generally due to environmental and not genetic effects (although the rapid rise of the tall Dutch was apparently related to tall parents). It’s not that genetics is irrelevant; it’s that environmental changes seem to have exerted more profound effects than genes. That being the case, predicting the shape of future humans, whether in brain size or height, is extremely difficult.

But even if genetics seems to play a secondary role to the environment today, the rapid growth of the brain and the body that happened early in human evolution was very powerful—could that process assert itself again? It could if there were some dramatic environmental change—catastrophic climate change might be one—but we wouldn’t see significant changes in human appearance for thousands of years.




Are We Still Evolving?

Some scientists have claimed that human evolution, having brought us to where we are today—where we control our life circumstances more than the environment does—is now over. For instance, many childhood infections that might have been fatal are now controlled by antibiotics, so any advantage conferred by genetic resistance against the organisms causing those diseases is irrelevant and such genes won’t continue to spread throughout the population. The unprecedented mobility of humans also runs counter to the past, when isolated populations would evolve their own unique sets of genes tailored to their specific environment. Now mixing prevails.

Evolution is dependent on a constant supply of mutant genes, a tiny handful of which might confer an advantage that could enhance reproduction. The “choice” of which genes are beneficial is forced by the environment—that’s natural selection. There’s no reason to think that humans have stopped providing plenty of genetic variation, but is any of that variation being selected and therefore becoming established in the genome? Yes, there are examples of exactly that.

Mere thousands of years ago, resistance to the deadly disease anthrax was one such evolutionary change. Human genes conferring that resistance (at least, partial resistance) only started to take hold in the human genome after early humans started to hunt ruminants. These were the genes that normally coded for the receptor for the anthrax toxin, the molecule that facilitates its entry into our cells. Mutant versions of that gene blocked entry of the toxin and saved lives. These mutants got a second boost around the advent of agriculture, especially when we domesticated cattle and sheep, the prime anthrax bacterial carriers. Environmental changes triggering genetic changes—that’s what evolution is all about.

It’s almost the same thing with the genes that allow humans to digest lactose beyond infancy. About 35 percent of the world population can digest lactose, most of those being in Europe, especially Northern Europe, the Middle East, and some parts of Africa. It might seem as if the advent of dairy farming provided a benefit to the genes that permit lactose digestion and the people who happened to have those genes reproduced more effectively, allowing those genes to spread throughout those populations. Yet there are still puzzles about the exact sequence of events, particularly because in some parts of the world where a lactose gene is common, there was a lag of a few thousand years between the advent of dairy farming and the establishment of the gene in the population. Astute dairy companies today appeal to both those with and without these genes by selling their usual milk and a lactose-free version. If both are available there’s no advantage to having a lactose gene and that in turn might slow down its spread (although it’s not like lactose-free milk is commonly available).

Some researchers argue that culture can also determine how the human species evolves. What if changing cultural practices were the first step in giving an advantage to those with the right genetics, with the resulting biological evolution (the spread of the genes in the population) following thousands of years later? The power of cultural evolution is that it spreads much, much faster than biology.6

Even if/when powered by cultural evolution, changes in the human genome are unlikely in the near term to lead to the kind of fantastical changes pictured in science fiction—the humungous brain or huge saucer eyes. Yes, change is ongoing, although subtle and sometimes difficult to interpret.

The most recent research, while controversial, identified more than seven hundred traits controlled by multiple genes where pressure from the environment has been creating evolutionary change over the last two thousand to three thousand years. (They actually looked much further back, in the ballpark of one hundred thousand years, although the rarity and quality of DNA recovered from that time limits what can be concluded about it.)

It sounds simple: if a gene becomes more common over time, it is being selected and therefore must hold some advantage for those it inhabits. In this case, the controversy surrounds the reliability of the statistical methods: traits that are controlled by multiple genes are much more difficult to track. But if these recent stats withstand scrutiny, the data is wide-ranging and sometimes puzzling.

For instance, genes associated with schizophrenia and attention-deficit hyperactivity disorder (ADHD) seem to be on the rise, and their advantage isn’t as immediately clear as, say, a gene that confers resistance to a common disease. Similarly, increases in genes associated with anorexia nervosa, inflammatory bowel disease, and skin cancer are puzzling because they compromise survival—and therefore reproduction—so shouldn’t be spreading through the genome. But they are. The only reasonable explanation is that there are somehow undiscovered side benefits to the presence of these genes, ensuring that on balance they promote survival. Possibly at a time when hygiene wasn’t nearly what it is today, a highly active immune system would have been protective, but today that activity is turned inward, causing bowel disease.

So there’s solid evidence that a host of genes are under selection pressure, either being promoted or demoted. Yes, we are still evolving, but in ways where often the survival benefit is not easily apparent.

Michael Lynch, a biologist at Indiana University, argues that there’s another trend: our DNA is still mutating, but because we exert so much control over our environment, many mutations that might have had a negative, even fatal, effect in earlier times now seem inconsequential because of compensatory medical and social advances. Lynch argues that such mutations will accumulate, leading to a gradual deterioration of the human genome. He is specifically concerned that because “the brain is a particularly large mutational target,” some of these mutations will eventually demand ramped-up neurological responses. 7




What’s the Perfect Number of Fingers?

In The Outer Limits episode “The Sixth Finger,” the extra digit of the title was, significantly, the only part of Wilhelm’s body, other than his enormous head, that appeared to have changed. The suggestion is that somewhere in the human genome there are genes that, if they could be turned on, would run a genetic program to build a sixth finger. This is in contrast to the genetic program for growing a tail—we lost those genes so long ago that there’s really no chance they could reassemble. (We do sprout a tail very early in gestation, but it doesn’t connect to the spinal cord, has none of its own bones, and so is really at best a pseudo-tail. Besides, what good would it be?)

Wilhelm’s sixth finger was an extra baby finger. And though his future self proved to be a brilliant pianist, it wasn’t clear that ability had been enhanced by having an extra finger on each hand. Such so-called supernumerary digits occur maybe once in every several hundred births (the statistics are all over the map); in humans, at least, they’re usually viewed as a defect and are commonly surgically removed.

Theorist Mark Changizi of 2AI labs used the dimensions of hands and fingers to calculate the ideal number of fingers as 4.78, which rounds up nicely to five on each hand. The evolutionary evidence shows that some of the first animals to emerge onto the land 350 million years ago experimented with different numbers of digits, even up to eight per hand/foot, but over time the number settled down to five. So if five fingers really is the ideal number, surely a sixth couldn’t be of much use.8

However, a cool study published in Nature Communications in 2019 revealed that while extra fingers may be rare, that doesn’t mean they can’t be advantageous.9 An international group of scientists studied a mother and her seventeen-year-old son, both of whom had an extra forefinger. They found that not only did these extra fingers have a complete set of their own nerves and muscles, and so were capable of normal finger movements, but each had its own territory in the brain devoted to those movements. There was nothing inferior about these extra fingers. Not only that, these two individuals were able to play a video game using the six fingers on one hand while five-fingered individuals were forced to use all five on one hand and a single finger from the other. Not that the enhanced ability to play a lab video game with one hand represents any sort of evolutionary advantage (unless video game playing becomes a matter of survival), but these experiments did show that at least in certain specific lab circumstances, an extra finger was advantageous.

Most evolutionists, at least at this point, would rate the chances of humans evolving a sixth digit pretty low, but that doesn’t deny the possibility of adding a prosthetic extra digit. A recent art/science collaboration in England called the Third Thumb Project enlisted people to wear an additional thumb positioned across the hand from the existing one.10 Just as in the study of the six-fingered mother and her son, the scientists were able to record the brain activity associated with this fake thumb. The more time people spent wearing the thumb, the better the coordination they achieved: they were able to pick up and handle a wineglass or build a tower of wooden pieces while occupied by a math problem. The more time they spent wearing the thumb, the more it felt a part of them. The Third Thumb Project is just a tiny beginning, but it signals that there are possibilities in the future of the human body that might skirt the limitations of evolution as we’ve experienced it since our beginnings. Our five-fingered hands are so far the end result of millions of years of evolutionary experimentation, but the demonstration that a sixth digit can be fully functional, even advantageous, and a prosthetic thumb that feels as if it’s one’s own, suggests a future where a lost digit can be completely replaced, whether by a prosthetic or by turning on the genes to grow that sixth finger. If this seems otherworldly, consider that research groups at the University of Freiburg and Imperial College London are investigating the possibility of extra prosthetics, whether a thumb or even an arm.11 They’ve discovered that there are “surplus” neural signals involved in movements that could be co-opted (the researchers hope) to move that prosthetic.

Still, replacement, not addition, seems most likely at this point, especially in the absence of a demonstrable need. However, these ideas do suggest that when thinking about the future of the human body, limiting those thoughts to flesh and blood might be missing the real story.








CHAPTER 2 Restoration Hardware



Is your body still the made-to-order standard issue with which you were born? If you have fillings or tooth implants, a pacemaker, tattoos, piercings, an artificial hip or knee or ankle, or artificial lenses or heart valves, then no, it isn’t. And that’s not counting detachable additions, like glasses or hearing aids. A couple in that list are aesthetic, but the others are upgrades to physical health and well-being. The need for such artificial enhancements has always existed, even when millennia ago people lived much shorter lives, thus reducing the window for accidents or age-related wear-and-tear. It’s really only in the last century and a half, and especially the last fifty years, that there have been dramatic improvements in the technology to repair and restore the human body.



While it’s true that over millions of years, evolution by natural selection has fashioned our species, its stutter-step inconsistency over the past few millennia means it’s unlikely any of us will see substantial change in the appearance of humans in our lifetimes. But that doesn’t mean humans are not going to change, maybe dramatically and soon—it’s just that we will bring about the change with technology, rather than passively waiting for nature.



A Peg for a Leg, a Hook for a Hand

I’m sure the urge to tinker with the body is ancient. It must go back tens of thousands of years—doesn’t it seem reasonable that a human hunter or even a Neanderthal who lost a few fingers or a hand in a confrontation with a cave bear would make some effort to cope with the loss? Create a prosthetic hand by tying a stick with a branched tip to his arm? Walking sticks for sure. A young boy who lived on the island of Borneo thirty-one thousand years ago had his leg amputated when he was around ten or twelve years old and survived another eight or ten years. If humans were skilled enough then to perform an amputation and prevent fatal postsurgical infection, then surely the follow-up of a sport-surgery prosthesis of some kind would have occurred to them. It’s unfortunate that given the very short list of materials they could work with, even some sort of primitive artificial lower leg or foot would likely not be preserved for us to find it. But I’m convinced they existed.

Much closer to the present, say three thousand years ago, there’s dramatic evidence of skilled replacement of lost body parts. What is sometimes called the “Cairo Toe” is one of the best. This artificial big toe was fitted to the right foot of the mummified body of Tabaketenmut, a priest’s daughter who died somewhere between the ages of fifty and sixty. The toe is artfully made of wood and leather, and carefully shaped to fit Tabaketenmut’s right foot. The toe had a built-in hinge, presumably to allow it to articulate with the foot. That the wound had time to heal completely means Tabaketenmut had apparently lost that toe long before her death, and the amount of wear on the artificial appendage strongly suggests she had worn it a lot, which resolves a potential ambiguity: if there were no signs of wear it might have been added to her body after death, for mummification.1

An artificial replacement for the big toe is a challenging piece of technology: it must provide stability when a person is standing and be able to withstand the force exerted on it when they push off to take a step forward. There is an even older Egyptian toe fabricated from linen, plaster, and glue, and though it too has signs of wear, it has no hinge, suggesting it might have been more cosmetic than functional.

These Egyptian prostheses were way ahead of their time. For centuries after, craftsmanship (as far as we can tell from what’s been found) took a back seat to simple practicality: a peg for a leg, a hook for a hand (Long John Silver and Captain Hook come to mind, underlining the hazards of piracy). Accounts of more elaborate prosthetic hands and legs, many of them simply oft-told stories, are impossible to verify. As the Industrial Revolution ushered in machinery, prosthetic replacement became more intricate and somewhat more useful, although until quite recently the materials were heavy and cumbersome, thus compromising comfort and functionality.

Prosthetics have now advanced dramatically, with better, lighter, more flexible materials; more human-centered designs; and dramatic advances in usability. Their use has expanded beyond the replacement of lost limbs. Two modern examples illustrate both the distance we’ve come—and the distance yet to go.




The Heart: Tissue or Technology?

Heart failure is the leading cause of death in the world. Globally 26 million people suffer from heart failure, and those numbers are anticipated to rise with an aging and growing population. If diseased hearts aren’t somehow repaired, assisted, or replaced, death is the result. Replacement is challenging: the heart typically beats more than 100,000 times daily, about 40 million times a year.

The first spectacular advancements in replacement technology were heart transplants. In 1967, Louis Washkansky in South Africa became the first recipient. His surgeon, Christiaan Barnard, became a global celebrity overnight. Newsweek called the event “the opening of a new era in medicine, an era as significant as the age of the atom.”2 But it was controversial, too: ethicists argued that Barnard had told Washkansky and his family that the operation had an 80 percent chance of success, which was a gross exaggeration. Indeed, Washkansky lived only eight days with the donor heart. Three days after Barnard performed his transplant, Adrian Kantrowitz performed a transplant on an infant in the US. It, too, died soon after. Barnard grabbed the headlines again by transplanting a heart into Philip Blaiberg, who was a sensation, living nearly six hundred days before succumbing to the multiple impacts of organ rejection.

Today, heart transplants are much more routine and much more successful—five thousand are performed annually around the world. The problem is that there are never enough hearts available for transplant. Compare those five thousand operations with the twenty-six million individuals worldwide suffering from heart failure. Obviously, the vast majority never moves to the front of the line and you can be sure that in some parts of the world there isn’t even a line to join. This creates a difficult medical situation: by the time a heart is available, many recipients will have declined to the point of being gravely ill and won’t survive long even with a new, healthy heart. Despite that hazard, the numbers these days aren’t bad: in the United States, chances are pretty good that a recipient will live more than a decade with a transplanted heart.

But the supply problem doesn’t have any obvious solutions. In the United States the number of eligible donors is around 2.6 million. But a series of challenges produces sharp reductions in donors: many do not die in the hospital and are therefore inconveniently located for donation; not all potential donors are declared brain dead (and therefore eligible) in time; not all have registered as donors; and not every heart that survives all these challenges is transplanted successfully. And that list covers only a few of the issues. How compromised is the recipient’s heart? Does the donor tissue match the recipient’s? The number of eligible donors ends up being around three thousand.

You might wait years, you might get a heart in a day or two—there’s no way of predicting. But the system is under stress—three thousand patients might get a heart, but thousands more will still be waiting.3

Multiple efforts have also been made to create an artificial heart—no flesh and blood involved. Incremental improvements had been going on for decades before the first implantation in 1969. Forty-seven-year-old Haskell Karp from Illinois lived with an artificial heart while waiting for a heart transplant, which took place sixty-four hours later. Karp died two days after. Although the experiment could hardly be called a success, it demonstrated that an artificial heart could keep a person alive, however fleetingly.

The next artificial heart recipient was Barney Clark, a Seattle dentist, thirteen years later.I Clark received a heart called the Jarvik 7, named after American scientist Robert Jarvik, one of the collaborators in its invention. Clark lived for 112 days, and while he had some good moments, it was a very difficult time.

Today the emphasis has shifted to partial, not complete, artificial hearts. So-called ventricular assist devices are being used both as temporary bridges for those on the transplant waiting list (“bridge to transplant”) or even as permanent devices to hopefully extend the patient’s life (“destination therapy”). These devices assist the diseased heart rather than replacing it, and they’re having an impact: a study published at the time of writing by an international team of cardiologists in the Journal of the American Medical Association found that survival times on the heart transplant waiting list were improving faster than survival times once the heart is in place!4

However, the complete artificial heart has not been forgotten, and the technology driving the research is extraordinary. A company called BiVACOR in Huntington Beach, California, is right at the leading edge. In a ninety-day trial study, a cow with a BiVACOR heart remained healthy and active and continued gaining weight. Hearts have now been implanted in both cattle and sheep.

The BiVACOR heart doesn’t look like a heart. In fact, it doesn’t even beat. It has one moving part: a spinning disc. And there are no valves (and therefore no pulse). Instead, a disc floats in a magnetic field inside the heart, suspended like a magnetically levitated train above its track. The control of the disc, which is doing all the work of moving the blood, has to be immediate and precise. The patient with the heart is hopefully well enough to be physically active, and that’s a challenge; the disc is unattached and can’t be allowed to move out of position and contact the inside wall of the heart itself. So its position is always under control, with small bursts of magnetism correcting for any sudden movements. There is no pumping, just a smooth flow of blood through the heart to the lungs to pick up oxygen or to the body to distribute it.5

Where are heart transplants and artificial hearts headed? From the successful recipient’s point of view, transplants are a godsend, on average giving them an additional decade of life. But given the huge amount of expertise, money, and technology that’s been poured into both, neither has had a revolutionary impact on the treatment of heart disease. Transplants have advanced further, although progress continues to be slow because of cost and the lack of available hearts. (It’s notable that in Germany, a country fully set up to deliver them, transplants are on the decline. Excessive paperwork has been identified as one of the main reasons.) Neither is the artificial heart a spectacular achievement—at least so far.

It’s worth noting that heart transplants are in their sixth decade of development; artificial hearts are about to enter their fifth. Newsweek’s claim that the heart transplant was kicking off an era as important as the “age of the atom” is taking its sweet time to materialize. Will either the heart transplant or the artificial heart eventually prevail? Or could it be something else? We still don’t know. Heart transplants might be given a boost by a new technique that allows a donor heart that has stopped beating to be revived and implanted in another patient. It’s also been suggested that there is a viable third alternative to transplants: extend the use of ventricular assist devices to keeping the heart going while it receives treatments (stem cell implants, drugs to rebuild heart muscle, or even gene therapy) to recover from whatever is causing it to fail, then remove the device. If that were possible, the push for a permanent replacement might lose momentum. (However, in January 2022, surgeons at the University of Maryland Medical Center pulled off a medical first by transplanting a pig’s heart into a human.6 The heart had been substantially genetically altered to reduce the chance of rejection. If xenotransplantation—implanting an organ from one animal species into another—becomes viable it could be a partial solution to the shortage of hearts for transplant.)II




Prostheses

Prosthetic limbs are a different story. Yes, they have a much longer history—though not much progress to show for it—but in the last few years a combination of technology and biology has revolutionized prosthetics, both for upper and lower limbs.

Reach for the nearest object that you can easily pick up, and as you do, pay close attention to the feelings in your hand and especially your fingers. If you had your eyes closed when you picked up the object, would you have been able to identify it? How? Likely by shape, texture, temperature, or weight, but more likely by all four and their interaction. How did your hand have to shape itself to secure its grip? The amount of pressure you exert on the object to ensure it stays in your grasp has to be moderated by its fragility—if it’s an egg, you don’t want to crush the shell, but neither do you want to drop it. The neural circuitry that enables this simple act, one that is repeated countless times every day, is profoundly complicated. Sensory nerves in the hand, especially the tips of the fingers, record the force and “feel” of the contact between fingers and object. That information is relayed up the arm to the brain, where the object is identified, aided by memory of similar objects, and the next sequence of movements is determined. While that’s happening, the position of your hand in space and its grip on the object are still being monitored.

Then a wholly different set of neural signals travels down the arm to the hand to execute whatever that sequence is to be. Imagine then transferring the egg to both hands and cracking it! Performing exactly the same task with gloves on would be a completely different, more difficult, and not nearly as vivid a sensory experience.III

Now imagine doing all that with a prosthetic hand, or even a prosthetic arm. If there is no nerve supply to the artificial hand, there is none of the information necessary to calibrate movements and pressure, no feedback about texture or temperature. This is the world in which amputees have had to live. But amazing leaps forward are happening in labs around the world. Diverse research and clinical trials illustrate the dramatic advances in prosthetics.

Some people are born with foreshortened arms, while others lose part or an entire limb as the result of infection or accidents, especially with fireworks, electrical wiring, farm machinery, and explosions in conflict. The challenge with, say, an amputation between the wrist and the elbow is to create a prosthetic hand and lower arm that the wearer can control precisely. This necessitates a hand with fingers that can move independently, sensors connected to the nerves still active in the stump that can detect and convey neural messages quickly and efficiently to the wrist and fingers—those messages originate in the brain as the desire to pick up a pencil or turn a doorknob. To say it’s a complex challenge is a gross underestimation: one crucial step is to translate electrical signals from muscles and nerves to digital signals to run the motors that control the movements of the hands and fingers. A computer, a power supply, secure connections from nerves to wires, all ideally self-contained—no external wires or power pack worn on a belt.

Some of the most striking recent advances have been giving the amputee a feeling of what the prosthetic hand is doing. At the level of neurons, the act of picking up an object is far from simple: different kinds of specialized neurons feed information independently to the brain about how they’re being stimulated and that mix of sensation is integrated to provide you with the most complete picture possible of what you’re touching. It is not a smooth stream of signals, either: there are sudden bursts of activity, both when you initially make contact and when you let go. That sudden onset and offset are critical to a realistic sense of touch and some prosthetic hands now do this. When that sensory feedback is available to the user, even though the sensations being relayed back to the brain might not be exactly the same as natural touch, they still provide enough information to allow the user to pick up an egg without cracking it, handle a grape without crushing it, and most important, be at ease with the artificial sensations. In the end—and there are numerous issues still either to be solved or refined—the goal is to have the prosthetic wearer use the arm/hand combination without thinking about it, like sitting and chatting with friends over coffee and raising a coffee cup, precisely and carefully, to your lips. While you talk.

There are numerous YouTube videos of just such actions. The prosthetic’s movements are consistently smooth and natural. There is nothing robotic about it. It’s only when you see an arm, by itself on a table, moving from side to side, making a fist and unclenching it, still controlled by its user, who’s sitting on a chair nearby, that you realize this technology is truly bionic.7

Sadly, amputations of the leg are not uncommon, either, and sensory feedback from the prosthetic is just as important as it is for arms and hands. As you sit and read this, the only way you know the position of your foot—without looking—is by your brain getting information about the foot’s location from signals that tell it which muscles are contracting and which are relaxing. Point your toes and your calf muscle contracts; extend your heel and muscles in the front of your lower leg contract and the calf muscle relaxes. The information about the speed, length of muscle, and force is relayed to our brain by nerves recording that muscle activity.

You may have temporarily experienced the loss of these sensations: sometimes if you’re sitting cross-legged too long the circulation in your leg gets cut off, your foot is “asleep,” and it’s practically impossible to walk. You can’t actually feel your foot until it “wakes up,” a process that can be hard to endure sometimes, because you’re lacking that same sort of critical feedback.

In the case of a lower leg amputation, improvements in the prosthesis can help, but improvements can be made in the amputation itself. The prosthetics group at the MIT Media Lab, led by American rock climber, double amputee, and biophysicist Hugh Herr, has taken a close look at amputation surgery itself and devised a technique to make sure that pairs of muscles in the stump are connected (most such pairings are usually severed during the amputation). These pairings act like the leg muscles that move your foot: one muscle contracts and its neuronal activity (translated by computers on the prosthetic limb) tells the ankle to extend, while simultaneously the companion muscle relaxes and that information is conveyed to the brain.

Their reciprocal movements translate the physical actions of a prosthetic into neural signals that reach the brain and give the user critical information about the position of the transplant.




The Ultimate Prosthesis

Hugh Herr himself lost both lower legs to frostbite after a climbing accident when he was seventeen. He has been involved in developing specialty prostheses for the lower leg and especially for the foot for people who, post-amputation, want to return to the life they previously led. One of his TED Talks refers to two such people: his longtime climbing pal Jim Ewing and ballroom dancer Adrianne Haslet-Davis. What he and his team have done for them is amazing. Ewing went back to high-risk climbing, taking advantage of a specially shaped prosthetic foot, while Haslet-Davis, a ballroom dancer who lost her lower left leg in the 2013 terrorist bombing of the Boston Marathon, danced again.8

It’s heartening, thrilling even, to see Ewing climbing and Haslet-Davis dancing, but Herr, in praising the work of his team, made clear the enormity of the workload of customizing such prostheses. For Haslet-Davis, his team included a prosthetist, a roboticist, a machine learning specialist, and a biomechanics expert, who combined took two hundred days studying the movements of ballroom dancing, the forces exerted by the legs and feet, then importing that information into her prosthetic. That amount of expertise devoted to a single limb says that it can be done, but it also says that the vast majority of people will not be the beneficiary of such advanced prosthetic technology. Unfortunately, all advanced prosthetics are still a long way from being in general use.

Which brings us to the future of these technologies. Their purposes are different: the patient eligible for a heart (transplant or artificial) would not live long without it, while of course the amputee could just continue life as it is. In terms of restoring a good life, however, they are equivalent. But artificial hearts seem to be treading water. And though the most advanced prosthetics are still superexpensive and confined to the lab, there is an impetus behind them, and their promise is embodied in the technology: right now the best prostheses might have a handful of possible movements and sensations, but the electronics available can handle hundreds. (Of course, the living, biological version is capable of thousands.) You don’t need a wild imagination to see them becoming cheaper, manufactured commercially, and beginning to have a huge impact on those who have lost a limb, whether by accident or genetics.

Both these technologies seek to replace what has been lost. And while I don’t anticipate a proliferation of artificial hearts on the market, I do see prosthetics becoming more sophisticated, more capable, and more common. But a look further into the possible future suggests that technology might not be the only route to repairing people who have lost a limb.




We Could Aspire to Axolotlhood

Very few of us envy salamanders, but we should. They are the only vertebrates that can routinely grow back a limb. One of the family, the Mexican axolotl, can also regrow its brain, heart, lungs, spinal cord, and more. More remarkable is that as it regrows lost brain tissue, it reestablishes the broken neural connections.9 One notable thing about the axolotl compared to its salamander brethren—it never really grows up. It doesn’t lose its tail fin or gills as other salamanders do as they become adults. Whether this retained youth has anything to do with their ability to regrow a leg, who knows? There’s no direct evidence, but the younger an animal (and this includes humans), the better the chances of regeneration. Children three or four years old who get a finger caught in a door and lose the tip of it will regrow the finger as long as some of the nailbed is still there. Those cases surely suggest that at least for a time in our lives we have the genetic programming to replace the tip of a severed finger, but only early in life and only the tip. An entire finger has never grown back. But fingers are child’s play for the axolotl.

The regeneration of a limb in an axolotl likely requires neighboring cells to reprogram themselves and also stem cells to develop directly into nerve, muscle, skin cells—whatever is needed for the rebuilding, although it sure doesn’t need many.IV

The timing and logistics of axolotl regeneration is amazing but not completely alien—it resembles the unfolding of the original embryo. But at the point when an axolotl engages the regeneration program and starts to build a limb, a mouse develops a scar. Once scarring takes place, regeneration stops. Blood cells called macrophages participate in the regenerative process in axolotls but pursue the scarring approach in mice—somehow the macrophages in the two species respond differently to the signals of amputation’s acute threat to life. The identification of the protein molecules that deliver that signal can’t be far away, especially since the giant genome of the axolotl has now been sequenced and early observations suggest there are genes active at the amputation site that are not found in mammals.

A spectacular recent experiment demonstrated the regeneration of an amputated leg in Xenopus laevis, the African clawed frog. These animals are better stand-ins for humans than axolotls: they don’t have a huge supply of stem cells available to create new muscle cells, bones, and nervous tissue, and their ability to regenerate declines rapidly as they age, just as humans quickly lose the ability to regrow the tip of a finger. The frogs can regenerate their tails as tadpoles, but not legs as adults. At least, regeneration of a limb had never been seen before. But now it has.10

In this latest successful attempt, the stump of the frog’s leg received a dose of a set of drugs known to be crucial for regeneration, delivered by what the experimenters called a “wearable bioreactor,” a silicone pad containing a silk-based gel into which the five drugs were implanted.11

Maybe the most amazing thing about this experiment was that the pad was left on for only twenty-four hours, but the regeneration in the drug-treated frogs continued for months. After eighteen months they were significantly different from the controls, having grown new bone, muscles, and nerves and created a good facsimile of a normal hind leg, capable of both movement and sensation. It wasn’t perfect, but good enough to suggest that fine-tuning the process could eventually enable full, natural regrowth. In a sense, what the experimenters had managed to do, in a mere twenty-four hours, was reestablish embryonic conditions in the frog’s stump, which then persisted for months, accomplishing what embryos do—growth and development.

The scientists want to move on to mammals next, and they will likely be an even greater challenge. But axolotls aside, these experiments brought the distant dream of regrowing parts of the body a little closer. It will require a major rewriting of biology. At the moment, the research isn’t far enough along to anticipate the possible roadblocks ahead, let alone surmount them.

Most of what I’ve described are the efforts to restore lost function. But those boundaries will inevitably be pushed to see replacement superseded by enhancement. Yes, there are precedents, like Oscar Pistorius, the double amputee sprinter (and convicted murderer), whose ski-like blades made it possible for him to run a sub-11-second 100 meters and compete in both the Olympic and Paralympic Games. But his prosthetics are straightforward and already much copied. The question is, what else might we see in the future? There are already glimpses of an answer.


	
I. Many online sources claim Clark was the first—he was not. Karp was. By splitting hairs, you could argue Clark qualifies because the intent was for his artificial heart to be permanent.

	
II. Nothing in this field is uncomplicated. Although none of the original accounts of this event mentioned it, it turned out that the heart recipient had been jailed years earlier for stabbing and paralyzing a man. Then the recipient died, and on autopsy it was discovered that the pig heart was contaminated with a pig virus!

	
III. That connection between hand and brain is an ancient one: the making and use of stone tools was one of the key events that allowed us to diverge from other primates. Recent experiments with university students have illustrated the intense brain activity associated with the movements and feel of shaping such tools.

	
IV. The flatworms called Planaria hold the regeneration record. They don’t have legs to regrow, but their entire body can be cut in half, then in half again, and again, until each piece is no more than one-tenth of a cubic millimeter (about the size of the period at the end of this sentence). This for a worm that, when intact, is about 10–12 millimeters or about 0.4–0.5 inches long. The tiniest fragment of a millimeter of worm, containing maybe ten thousand cells total, can regenerate the whole animal.










CHAPTER 3 Cyborgs



Most of what I discussed in the previous chapter would fall into the category of “replacement” or “restoration”—giving back something that has been lost. Most existing technologies fall short of completely restoring lost abilities: hearing aids don’t restore the hearing you once had; a prosthetic limb fails to give you the mobility you had as an unimpaired teen. However, as these replacement technologies improve, it’s easy to imagine that at some point “enhancement” may be possible—a human with abilities greater than he or she ever possessed. It’s a popular science fiction theme, and it is edging ever closer to reality.



“Gentlemen, we can rebuild him; we have the technology.” That was the crucial sentence in the introduction to the 1970s hit TV show The Six Million Dollar Man.1

Colonel Steve Austin, played by Lee Majors, survived the crash of his experimental aircraft but lost both legs, his right arm, and his left eye. All were replaced by so-called bionic implants. He was, as the narrator claimed, “the world’s first bionic man.”

His limb and eye replacements did more than simply restore Austin’s function. They furnished him with superhero abilities: his replacement eye had a zoom lens, his legs gave him Usain Bolt+ speed of at least 100 kilometers per hour (65 miles per hour), and his arm had the power of a bulldozer. Unfortunately, nowhere was it explained how the rest of his body, unenhanced by technology, could support these feats of speed and strength. (The Bionic Woman, starring Lindsay Wagner as Jaime Sommers, was similarly enhanced with a bionic right ear, right arm, and two incredibly powerful legs.) This was TV, not reality, and while the TV world has elaborated on this theme over and over again, nothing in the real world has come close.

As I wrote in the previous chapter, replacement arms and legs—especially the hands and feet—are improving on a very steep curve, and twenty years from now such limbs aren’t going to look, or act, much like what is available today. But are they likely to develop along Steve Austin lines?
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