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HEART (n.)


1 A hollow muscular organ that pumps the blood through the circulatory system by rhythmic contraction and dilation. In vertebrates, there may be up to four chambers (as in humans), with two atria and two ventricles.


2 Used to refer to a person’s character, or the place within a person where feelings or emotions are considered to come from.


3 The firm central part of a vegetable, especially one with a lot of leaves.


4 Courage, determination, or hope.


5 A shape consisting of two half circles next to each other at the top and a V shape at the bottom, often colored pink or red and used to represent love.


6 One of the four suits in playing cards, represented by a red heart shape.


7 The central or most important part.









Hearts cannot be broken, they’re small squishy things.


—Jeff Heiskell


I am reminded of the advice of my neighbor,
“Never worry about your heart till it stops beating.”


—William Strunk Jr. and E. B. White,
The Elements of Style









Most things in life come as a surprise.


—Lykke Li


Prologue


A Small Town with a Big Heart


In mid-april 2014, a sharp-eyed resident of Trout River, Newfoundland, looked out into the Gulf of Saint Lawrence and saw something peculiar. What had first appeared as a small dot on the horizon was growing larger and larger. By the time the giant thing washed ashore, the media had descended, and so, too, had the ungodly stink, which someone described to me as “a sickly perfume smell combined with the reek of decaying flesh.” And, indeed, this was more decaying flesh than anyone had ever seen before—around a hundred tons of it.


Soon the tiny fishing village was buzzing with reporters and gawkers as word of mouth gave rise to sensational headlines. The chatter between locals turned from bewilderment and disgust to health concerns, the potential for lost income, and even the threat of a horrific explosion. Stranger yet, something almost identical was taking place just up the coast, in the small town of Rocky Harbour.


Canadian winters are often frigid, but the winter of 2014 had been the coldest in memory. For the first time in decades, the Great Lakes had frozen over and their outlet to the Atlantic Ocean, the Gulf of Saint Lawrence, had a heavy buildup of sea ice. The high winds and currents had also piled up ice in the Cabot Strait, turning the gulf’s widest channel to the sea into a bottleneck. But if the inhabitants of Trout River and Rocky Harbour were struggling through the harsh weather conditions, a far more desperate struggle was taking place roughly two hundred miles to the south—in the Cabot Strait itself.*


[image: Images]


In the late winter and early spring, blue whales (Balaenoptera musculus) typically begin to leave the Atlantic Ocean and enter the Gulf of Saint Lawrence to feed on tiny crustaceans called krill. The largest animal known to have lived on Earth,† a blue whale can reach one hundred feet in length and can weigh up to 163 tons. By way of comparison, this is equivalent to twenty African bull elephants or about sixteen hundred average-sized adult human males. Despite their enormous size, blue whales were not hunted for their oil-rich blubber until 1864. The reasons for this were related to the great speeds they can attain—up to thirty-one miles per hour—and their tendency to sink when slain. Whalers preferred the three species of Eubalaena, since their bodies have a higher blubber content and tend to float after death. Thus, they were christened “right wales”; they were the right whales to throw harpoons at. Things went horribly wrong for blue whale populations after faster, steam-driven whaling ships began using the newly invented harpoon cannon, and more than 380,000 blue whales were slain between 1866 and 1978. Most countries don’t allow whale hunting anymore, but the blue whale’s propensity to sink after death remains an inconvenience to those attempting to study its anatomy.


In March 2014, Mark Engstrom, senior curator and deputy director of collections and research at the Royal Ontario Museum (ROM) in Toronto, received a call from his friend Lois Harwood. Harwood, who worked for Canada’s Department of Fisheries and Oceans (DFO), wondered if Engstrom had heard the news that nine blue whales feeding in the Cabot Strait had died. Apparently, she said, they were unable to escape a massive ice floe, had gotten trapped in the ice, and perished. This was tragic, especially because blue whales were critically endangered, and the loss of nine individuals meant the loss of something like 3 to 5 percent of the total North Atlantic population.


Harwood knew, though, that Engstrom was looking to obtain specimens of every whale species found in Canadian waters. She told him that three of the whales hadn’t sunk, possibly because they had been buoyed by the thick ice. Engstrom became even more interested after Harwood put him in touch with Jack Lawson, a researcher with the DFO who had been tracking the dead whales by helicopter for the past month. He told Engstrom that he expected the trio of whales to wash up on the shore sooner or later—and in April, they did.


“The thing is, the whales drifted ashore in these three tiny villages,” Engstrom told me during my visit to the ROM in 2018. “Trout River doesn’t really get the normal tourist traffic. It’s sort of a struggling community. The mayor told me one day he looked out and he could see the whale in the water and he said, ‘Oh, please, God, don’t let that thing come ashore here.’ He said the next morning there it was, on the only stretch of beach they have, and right underneath their only restaurant—this giant dead blue whale, stinking to high heaven.”


I asked Engstrom what happened next.


Engstrom laughed. “Then it started to bloat.”


“That must have lightened things up,” I offered.


“Not really,” he said. “By then, they’d all seen YouTube videos of whales exploding.”


Videos of whales detonating from an accumulation of gases have been making the rounds on the internet for years. At last count, they numbered over two hundred and included one pitching “The Exploded Whale Song.” My personal favorite, though, depicts a fifty-six-foot, sixty-ton sperm whale that beached in Taiwan in 2004. Local university-scientist types quickly decided to take advantage of the unexpected opportunity by carrying out an autopsy on the megacorpse. They also decided that it would be best to do this at their labs, and so a massive effort was undertaken to move the thing. Three cranes, fifty workers, and thirteen hours later, the whale was driven off, strapped to the open bed of a tractor-trailer. But on the way through the busy streets of Tainan City, the putrefying giant exploded spontaneously. The blast spewed thousands of pounds of rotten blood, blubber, and entrails onto cars, motor scooters, and shops. It even soaked some unfortunate onlookers.*


“But blue whales don’t do that,” Engstrom assured me, just as he had previously tried to assure the freaked-out and unconvinced residents of Trout River. He told the townsfolk that unless people decided to jump up and down on the dead behemoth or cut it open, the tissue breakdown would likely allow the accumulating gases to escape slowly, like from an old balloon. “Which is what eventually happened,” he said.


Engstrom explained that most of the questions he got from the reporters on the scene in Newfoundland were related to one of two topics: smell and size. “How big is the heart? We hear it’s as big as a car.” He and his team heard the heart-size question so many times that, finally, one of his technicians responded with a question of his own. “Why don’t we try to save the sucker?”


Engstrom was immediately intrigued by the possibility, though he knew that his team had to move quickly. One of the three whales had drifted into an uninhabited cove and had broken up in the tide during a storm. The second specimen was currently impersonating the Goodyear Blimp for whale-bomb-wary crowds in Trout River, a situation that did not bode well for the preservation of its internal organs.


But Engstrom knew that the last and smallest whale (seventy-six feet), the one that had come ashore at Rocky Harbour, lay partially submerged in the cold water—potentially slowing down the process of organ decomposition. He asked ROM colleague Jacqueline Miller, a mammalogy technician assigned to the Rocky Harbour recovery team, if she could salvage the heart.


The expert anatomist responded immediately and enthusiastically, “Yeah, we can save it.” Later, she confessed to me that she wasn’t quite sure what they would find when they opened the whale up, or if it would be salvageable. But the prospect of preserving a blue whale heart was exciting enough that she was eager to try.


Miller and seven other intrepid researchers began by “flensing” the Rocky Harbour whale carcass—whaling-speak for removing the flesh and soft tissue from tail to head. Once the muscles surrounding the heart- and lung-containing thoracic cavity had been removed, members of the recovery team got their first look at the megapump—something no researchers had ever seen before. Instead of a typical mammalian heart, the specimen more closely resembled a four-hundred-pound flesh-colored soup dumpling. Undaunted by the heart’s resemblance to a gargantuan Chinese appetizer, they took a further look through the gore and were completely thrilled to see that although the heart had collapsed into a six-foot-wide blob, it had not decomposed.


“It was still pink,” Miller told me, although she also remembers some mildew and a bit of necrotic (i.e., dead) tissue. “It had a lot of elasticity, and it still held a lot of fluid.”


Several years later, in 2017, Miller would be invited to necropsy a North Atlantic right whale (Eubalaena glacialis) after a mass mortality event during which seventeen whales had died mysteriously. Her hope was to recover a cetacean heart from an additional species.* But even though that particular whale had been dead for less time than the Newfoundland blues whales, it turned out to be the wrong right whale. The heart had already decayed into an unsalvageable mess. The episode, which took place during the summer, led Miller to realize how fortuitous it had been that the Rocky Harbour specimen had died in the winter and spent three months in ice water. “I think we were just lucky,” she said.


Miller, whose graduate school studies had focused on mice and other pint-sized mammals, got in and got dirty. She and her rainwear-clad colleagues worked with flensing knives and machetes to sever the vena cava and the aorta, the great vessels leading to and from the blue whale’s heart, respectively. Then they attempted to free the organ from the gigantic animal’s body. But after positioning themselves inside the creature, Miller and three associates discovered that, try as they might, they could not maneuver the heart through the space they had cut for it between two of the ribs. Even after detaching the heart from the lungs by cutting through the pulmonary arteries and veins, it wouldn’t budge. Eventually, after forcing several ribs apart, the four researchers were able to shove what turned out to be a 386-pound heart from its original home into a nylon mesh bag spacious enough to package a Volkswagen Beetle.


With the aid of a front-end loader, a forklift, and a dump truck, the blue whale heart was transferred to a refrigerated truck and shipped out to a facility where it was frozen at −20°C. It would remain on ice for an entire year before a team of experts could be assembled to carry out the next phase of the project: preservation.


This process, Engstrom explained, would include restoring the heart to its original shape. This was necessary because, unlike a human heart would do, the blue whale’s heart had collapsed like a deflated beach ball after its great vessels were severed. Engstrom told me that, although no one was quite sure, this was likely an adaptation to the great pressure experienced by blue whales during deep dives.


Preservation efforts began with the specimen being placed into a tap water bath to thaw. The heart would need to be filled with preservative to halt decomposition, stiffen the muscles, and kill any bacteria that might have survived the trip to the freezer. First, though, the team searched for appropriately sized objects to plug the dozen or so severed blood vessels coming off the organ. The cork job was necessary so that they could fill the interior chambers of the heart with preservative without having it flow back out. It would also allow the researchers to reinflate the specimen, remedying the unsightly collapsed-balloon look that the mighty heart had assumed since its removal.


Ultimately, the items they chose as plugs ranged from soft drink bottles, for the smallest vessels, all the way up to a five-gallon bucket, which fit quite nicely into the giant caudal vena cava. This particular mega-vein was responsible for carrying oxygen-depleted blood from the whale’s body and tail to its right atrium, one of the heart’s two “receiving chambers.”* The right atrium also received blood from the only slightly smaller cranial venae cavae, which returned blood from the whale’s massive head region. In two-legged creatures like humans, the equivalent vessels are known as the inferior vena cava and the superior vena cava, respectively. As in all mammals, the venae cavae transport carbon dioxide–rich and oxygen-poor blood back to the heart, which then pumps it to the lungs.


During the initial preservation effort, Jacqueline Miller and her team used seven hundred gallons of everyone’s favorite embalming agent, formaldehyde. This tissue fixative has been known to be a carcinogen since the early 1980s, and though most people remember its distinctive smell from biology class, our most common exposure results from the chemical’s nearly undetectable inclusion in building materials like particleboard, plywood, and fiberboard. Although the whale preservation crew diluted their formaldehyde into a somewhat more biologically friendly solution known as formalin (generally around 40 percent formaldehyde), the liquid was still, in scientific parlance, some particularly nasty shit.


“The funny thing,” Miller told me, “is that in a typical lab, you risk getting splashed by formalin. Here, the risk was falling into a vat full of it.”


The heart sat in formalin for five months, undergoing the process of fixation, during which all tissue decay ceases. The formerly pink organ also took on the beige color typical of similarly fixed specimens. But although it could have remained in the same solution for decades, Mark Engstrom and his colleagues decided that sticking it in the equivalent of a giant bottle of poison would not do justice to the great heart. Instead, after consultation with a pair of conservators versed in the art of preserving large specimens, a decision was made to “plastinate” it. Plastination is a unique process of specimen preservation invented in 1977 by the decidedly weird German anatomist Gunther von Hagens. Known affectionately as Dr. Death, von Hagens created the controversial Body Worlds exhibit, which consists of dozens of skinned and plastinated human bodies, posed in a variety of positions, each chosen to better illustrate a range of anatomical systems.*


Since the researchers at the ROM were not trained or equipped to carry out the complex procedure by themselves, they shipped the whale heart to the Plastinarium, a Body Worlds gallery and plastination facility in Guben, Germany. Otherwise known as Gubener Plastinate GmbH, the former cloth factory is staffed with von Hagens–trained experts, each eager to satisfy their customers’ every plastination need. Though they were used to dealing with museum specimens of many shapes and sizes, the blue whale heart would be their largest undertaking ever.


During the initial steps of the process, all of the water and soluble fats are slowly drawn out of the specimen and replaced by acetone, an organic compound that is as toxic to humans as it is flammable. In the very definition of “Don’t try this at home,” the ROM’s blue whale heart required a total of six thousand gallons of the stuff. The heart sat in acetone for eighty days at freezing temperatures, the cold expediting the loss of water from the cells and its replacement with the poisonous solvent.


The staff of the Plastinarium then put the heart through a process known as forced impregnation, during which the acetone was replaced by liquid plastic, specifically a silicone polymer. To achieve this, they placed the organ in a vacuum chamber and gradually lowered the air pressure. This environment caused the acetone to vaporize within the cells, drawing the polymer in behind it to fill the empty space. With most of the cell mass now occupied by liquid polymer, the process had literally transformed the formerly living tissue into plastic. The Plastinarium employees then employed a curing agent to harden the silicone, a step that took an additional three months.


Once fully firm, the blue whale heart was shipped back across the pond in May 2017, to become the centerpiece of an elaborate exhibit that was constructed at the Royal Ontario Museum to highlight the amazing specimen. For size comparison purposes, the heart was displayed alongside a Smart car, while from the adjacent ceiling stretched the fully articulated skeleton of the Trout River whale specimen. Now weighing in at 440 pounds, the plastinated blue whale heart would never decay or smell, and the enormous pump would be viewed by hundreds of thousands of museum visitors during its four-month-long star turn in Toronto.


Pump is a story about hearts and the circulatory systems associated with them. Big hearts, small hearts, cold hearts, and even nonexistent hearts. It is also the story of some of the notable structures, fluids, findings, and foul-ups associated with them. The history of our attempts to understand the function of the heart and circulatory system is long and, until relatively recently, riddled with errors. For example, among the medical communities of the seventeenth and eighteenth centuries, there was a belief that blood carried within it the essence of its owner’s personality. Terms like “blue blood,” “bloodthirsty,” “cold-blooded,” and “hot-blooded” are linguistic vestiges from a very different world. Armed with the knowledge of just how different that world was, it will be easier to understand why the history of cardiovascular medicine has no shortage of strange stories and bizarre treatments.


Pump is certainly not a textbook, nor is it my goal to cover every type of heart and every facet of every circulatory system. Instead, I will wander through these broad topics, making interesting stops along the way. For those of you who have gone exploring with me before, there will be quite a few of these side trips, most of them with a zoological or historical perspective. Some of these seemingly tangential stops will be necessary to better explain poorly understood or misunderstood concepts, while others will help explain how hearts and circulatory systems work—covering topics like diffusion, the blood-brain barrier, and Mothra.


Hearts and their related circuitry show a serious degree of variation in invertebrates like insects, crustaceans, and worms—and there are good reasons for that. There exist far fewer differences in creatures that come equipped with a backbone, whether fish, fowl, or farmer. But in addition to exploring some prime examples of cardiovascular diversity across the animal kingdom, we’ll learn how some of these creatures are now saving lives and providing answers to difficult questions about cardiac health and the ailing human heart.


Pump is also the story about what happened when one relatively new species of mammal decided that the heart was something far more than an organ keeping everybody alive—that it was no less than the center of emotion and the seat of the soul. Where did that belief come from? Why does it cross so many cultural boundaries? Why does it persist? And just as importantly, is there any truth to the link between hearts and minds?


By the end of this journey, you will gain a new appreciation for the degree to which the heart plays a vital role in the natural and human world, both as the engine that drives the circulatory system and as the mysterious organ at the core of human culture and human nature itself. From a hollow cluster of cells with a unique ability to shorten its length to the golf cart–sized heart of the blue whale, from beliefs about the origin of love and the soul to early cardiac medicine, futuristic therapies, and beyond—my hope is that you will never think about these topics in quite the same way again.


In fact, it’s my heart’s desire.


* Located between Nova Scotia and Newfoundland, the Cabot Strait is an important international shipping lane, named after Italian maritime navigator Giovanni Caboto. After exploring coastal North America in 1497, he was subsequently referred to as John Cabot by the English, who had commissioned his flag-planting exploits.


† The largest organism is a humongous fungus (Armillaria ostoyae) living in Oregon and covering an area of nearly four square miles.


* The event left such an impression on me that I immediately posted a newspaper photo of the postexplosion carnage outside my office door at LIU Post, labeling one car owner’s particularly bad parking spot.


* Necropsy comes from the Greek for “corpse” or “the dead” (nekros), while the -opsy part (also derived from Greek) means “sight,” thus referring to the visual inspection of a dead body. Autopsy (from Greek, “seeing for oneself”), when used in the context of dead bodies, is reserved for postmortem examination of human bodies.


* Atrium is Latin for “entrance hall.”


* In January 2011, in a macabre chapter to a story many had considered more than a bit macabre to begin with, the then sixty-five-year-old von Hagens revealed publicly that he was terminally ill. He also expressed a desire to have his body skinned and plastinated after his death. The current plan is for the plastinate version of von Hagens to “greet” visitors as they enter one of the permanent Body Worlds exhibitions. Reportedly, Dr. Death will be wearing his trademark black fedora.










Part 1
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Wild at Heart










One size does not fit all.


—unknown (possibly Frank Zappa)


[ 1 ]


Size Matters I


In august 2018, I traveled to Toronto’s Royal Ontario Museum with artist Patricia J. Wynne to examine the famous blue whale heart. Patricia and I have been friends and officemates at the American Museum of Natural History since the mid-1990s, and she has illustrated every paper, book chapter, and book (fiction and nonfiction) that I’ve ever written. Although the blue whale exhibit had already closed and the specimen was being stored at an off-site facility, researcher Bill Hodgkinson had uncrated the heart in preparation for our arrival. In a room the size of a small aircraft hangar, the preserved whale heart sat perched upon a two-inch-thick stainless-steel rod, giving it the appearance of having been skewered from below. The bottom end of the skewer was secured to a wooden floor stand while the business end had been connected to a metal armature, invisible to viewers, that served as the heart’s permanent internal scaffold.


Because the specimen’s official dimensions are forty-two inches from top to bottom by thirty-eight inches in width, I was quite surprised to find it looming over me at a height of what I estimated to be well over six feet. The explanation for the added height was the massive blood vessels situated atop the plastinated organ. The most prominent of these was the great arch of the aorta and its offshoots, a pair of carotid arteries that had once carried oxygenated blood from the left ventricle of the heart to the animal’s head. If the previously mentioned atria can be envisioned as the heart’s receiving chambers (the left atrium and the right atrium receiving blood from the lungs and the body, respectively), then the ventricles are the heart’s pumping chambers—the right ventricle pumps oxygen-poor/CO2-rich blood to the lungs while the left pumps oxygenated blood out to supply the body.


[image: Images]


During the blue whale heart’s lengthy preparation period, a special type of colored silicone polymer had been injected into the blood vessels, and so veins and arteries could be now be differentiated, because veins were blue and arteries were red. The multicolored heart was really quite beautiful, and I was immediately drawn to a porthole-shaped section that had been cut through the right ventricle by plastination expert Vladimir Chereminsky. The window allows viewers to peer inside the chamber, where, among other things, they can see the odd-looking arrangement of inch-thick muscle strands that line its walls. These strands are known as trabeculae carneae (meaty ridges) by anatomy types and medical professionals, and smaller versions can be seen in many mammals, including humans. The ridges increase the surface area of the ventricular walls as compared to a smooth wall, packing more muscle fibers into a limited space. This is important because the extra muscle translates to stronger ventricular contractions, which propel blood out of the heart. Additional functions of this odd-looking chamber surface remain to be explored.


The right and left atria of the whale heart also contract, and their thinner walls reflect the fact that their job is less difficult: pumping blood into their adjacent ventricles instead of out to the body. Located between the atria and ventricles are the aptly named atrioventricular (AV) valves. Through Chereminsky’s porthole, museum visitors could see the blue whale’s right AV valve, which appeared to have the diameter of a toddler’s toy drum. In humans, the corresponding valve spans about three-quarters of a square inch, about the diameter of a marble, and is more commonly known as the tricuspid valve, due to its three flap-like valve cusps.*


The AV valves regulate blood flow from the atria to the ventricles, but equally important is their job preventing blood from reversing direction and heading back into the atria when the ventricles contract. Vital to this role, and clearly visible within the blue whale heart, are a dozen or so tough fibers known as chordae tendineae. Colloquially known as the heartstrings (since they resemble pieces of string), these cords are composed primarily of a structural protein called collagen.† With one end of the chordae tendineae firmly anchored to the floor of the ventricle and the other end attached to the valve cusp, the cusps are prevented from extending into the atria when the ventricles contract—effectively sealing off the two chambers.


To visualize this, picture a dog with its collar fastened to a long leash, with the nondog end staked to the ground. The dog (standing in for the valve cusps) can travel only so far before the leash (the chordae tendineae) pulls tight, preventing the dog from advancing past an open gate. In humans, the terms “ventricular prolapse” or “prolapsed valve” are used to describe medical conditions in which one or more of the AV valve cusps bulges into an atrium (think of the dog’s leash that has been stretched from the pup’s constant tugging, allowing it to advance beyond the gate). Since this prolapse breaks the seal separating the atrium and the ventricle, some of the ventricular blood “regurgitates” back into the atrium when the ventricle contracts, instead of leaving the heart, as it would normally. These so-called “floppy” valves can result from previous heart attacks, infections like bacterial endocarditis (frequently found in intravenous drug users), or rheumatic fever, a now-rare consequence of untreated strep throat or scarlet fever. Mitral valve prolapse can also be congenital in nature.


Valve problems can also be a consequence of aging. As the heart valves stiffen and lose their flexibility, they lose their ability to efficiently seal off the heart chambers. With some of the blood moving backward into the atrium with each heartbeat, less blood is pumped out of the heart, and so it has to work harder (by increasing its rate or contracting harder) to compensate. The extra effort can put added stress on the heart, which can lead to serious problems. These become especially apparent if the heart reaches a point at which it can no longer provide sufficient oxygen- and nutrient-rich blood to the body.


Once blood passes through the AV valves, filling the right and left ventricles, it must next pass through the semilunar valves, named for their half-moon-shaped cusps. As the ventricles contract, blood rushes through them into two large arteries. On the right side is the pulmonary trunk, which sends deoxygenated blood to the lungs via the pulmonary arteries that branch from it. On the left side, ventricular contraction pumps oxygenated blood out through the aorta, whose branches distribute it to the rest of the body. Though their anatomy is different from the AV valves before them—no chordae tendineae here—pulmonary and aortic semilunar valves also prevent the backflow of blood, here from the pulmonary artery and aorta back into the ventricles.


In humans, slight valvular abnormalities are often symptom-free and don’t require treatment. In more serious cases, a prolapsed valve can cause irregular heartbeat (arrhythmia), dizziness, fatigue, and shortness of breath, and surgery may be required to fix it. Until the early 2000s, valve repair or replacement required complicated open-heart surgery. Now, though, transcatheter valve replacements can be accomplished through small incisions, or even no incisions at all, as a result of major advances in cardiac catheterization—a process whose history is as interesting as any fiction writer could have dreamed up. But more on that topic later.


[image: Images]


To give viewers a look at the blue whale’s heart just below its surface, plastination-meister Chereminsky also removed a section of the whale’s visceral pericardium. This is the thin, protective layer of the heart that lies atop all that muscle. It’s also the inner layer of the saclike pericardium, which lubricates and cushions the heart while holding it in place. To visualize the relationship between heart and the pericardium, picture a Ziploc storage bag containing a bit of water. Push your fist (the heart) into the side of the bag so that the bag wraps around your fist. The bag of water is the pericardium, and the part of the bag plastered against your fist is the visceral pericardium. The space inside the bag is the pericardial cavity, partially filled with its supply of pericardial fluid. To complete the metaphor, the part of the Ziploc bag farthest from your fist is the parietal pericardium, and it is attached to the surrounding walls of the chest cavity. This connection anchors the heart in place while cushioning it from external shocks. It’s worth noting that the pericardium does not contain the heart, but rather is wrapped around it.


[image: Images]


Having observed the plastinated whale heart, inside and out, I left my friend Patricia at the warehouse to sketch the specimen while I set off for the ROM to interview some of the people responsible for its recovery and preservation. But beyond the story of how this one-of-a-kind specimen came to be, I was most interested in what Jacqueline Miller, Mark Engstrom, and their colleagues learned from it that they had not known before.


I asked Miller about the plastinated heart’s odd shape. Typically, the mammalian heart is conical, coming to a single point at the bottom or apex. I had been struck by the fact that in blue whales the apex of the heart is split. Miller explained that this bifurcation is a characteristic of rorquals, a name used to group the largest of the baleen whales.* Another unique characteristic, she told me, is that this particular heart is flatter and wider than most mammalian hearts.


“The typical terrestrial mammal has a spiral heart—a heart in which the connective tissue and muscle fibers are oriented so that they spiral around the left and right ventricles,” added Engstrom. “When the heart contracts, the overall action is more like wringing out a towel.”


But in rorquals, the fibers run straight from the top of the heart (the base) to the bottom, rather than in a spiral.


“I think what’s happening is that when they do deep dives, their heart collapses,” Engstrom told me.† “It’s still beating, but it collapses due to the pressure.”


Because of this, and as Miller and her team discovered back in Rocky Harbour, once the heart had been severed from its moorings and removed from the body, it had collapsed “like an enormous spongy bag,” according to Miller, thus requiring reinflation during the preservation process.


Adding to the list of things the researchers at the ROM had learned about blue whales, Engstrom mentioned how many times over his career he had been asked about the actual size of the world’s largest heart.


“I was getting tired of the question,” he admitted. “And I really wanted to be able to say ‘It’s that big’ and then point to it.”


For decades, in both popular and scientific literature, it was written that a blue whale heart would be the size of a sedan and weigh at least a metric ton.‡ Miller told me that in preparing to extract the heart, she and her colleagues had read about how “you’d be able to swim down one of the greater vessels, presumably the caudal vena cava, which is the largest vessel on the blue whale heart.”


As I looked over the impressive vasculature attached to the ROM specimen, it was easy to see that even the largest blood vessel wasn’t wide enough for a human to swim through, though I figured an otter or a migrating salmon could make the journey with relative ease.


Indeed, Miller told me, once the heart had been preserved it was significantly smaller than they had thought it would be. And this wasn’t an undersized blue whale by any stretch. So why was it so much smaller than anticipated?


The answer turned out to be that blue whale hearts are simply not as large as the hearts of most other mammals. While quite humongous by human standards, a blue whale’s heart apparently makes up only around 0.3 percent of the animal’s total body weight. For comparative purposes, the relative size of the heart in both mice and elephants has been calculated to be about 0.6 percent.


Interestingly, some of the world’s smallest animals have disproportionately large hearts. For example, the masked shrew (Sorex cinereus) is one of the smallest mammals in the world, weighing in at around five grams,* but its heart makes up about 1.7 percent of its body weight, which is approximately three times larger than one would predict for a typical terrestrial mammal, and nearly six times the relative size of a blue whale heart. Birds, meanwhile, tend to have relatively larger hearts than mammalian hearts, due to the metabolic demands of flight. In hummingbirds, the smallest of which can weigh as little as two grams (less than a dime), the heart-to-body weight numbers are even more extreme, with the heart reaching 2.4 percent of body weight. Relatively speaking, this means that hummingbird hearts are eight times larger than those of a blue whale.


It is thought that the reason for possessing a relatively large heart relates to the lifestyles of the small and hyperactive. For example, hummingbirds can beat their wings at eighty times per second, and shrews are such nonstop hunters that during my mammal-trapping days as a PhD student at Cornell University I was taught that they would starve to death if not removed from a live trap within an hour. The manic behavior of these tiny animals causes an extremely high cellular demand for both energy and oxygen. These metabolic requirements are met in part by increasing heart rate, thus also increasing the frequency at which oxygen-rich and nutrient-laden blood is pumped to the body. The resulting heart rate numbers are truly astonishing. Hummingbird heart rates can reach 1,260 beats per minute, while shrews hold the vertebrate record at 1,320 beats per minute—roughly seven times the maximum heart rate of a thirty-five-year-old human.


Though these are eye-popping numbers, the increase in beat frequency is not unlimited, and researchers believe that there is a maximum rate at which a heart can beat. For a shrew, one heartbeat lasts forty-three milliseconds—that’s forty-three thousandths of a second. During this split second, the heart needs to fill with venous blood, contract and eject the arterial blood, and relax in preparation for the next filling cycle. All of that can occur only so fast—and if shrews aren’t at the upper limit of heart rate, then they’re awful damn close. So if the physical design of the heart limits it to something like a maximum of fourteen hundred beats per minute, then the only way to pump more blood is to increase the size of the heart. That way, the larger chambers are able to receive and pump a relatively greater measure of blood with each beat.* This explains the comparatively enormous heart size of creatures like shrews and hummingbirds. But as we’ll soon see, increasing heart size among the ubersmall also has its limits.


Before leaving blue whale hearts, though, and whale hearts in general, it should be emphasized that there is much, much more to learn: How exactly do these hearts collapse, and how can their owners survive when they do? Other diving mammals, like seals, reduce their heart rates and cut off blood flow to different regions of their body. Do blue whales possess the same oxygen-saving adaptations? Initial research indicates that this could be so, since a recent study by biologist Jeremy Goldbogen and his colleagues at Stanford University found that blue whale heart rates can drop to as low as two beats per minute.* On the anatomy side of things, other serious questions remain, some as simple as identifying the blood vessels in the confusing assemblage sprouting from the now-famous ROM specimen. Until more research can be done, much of the physiology of the rorqual heart will remain in the realm of hypothesis and conjecture.


* On the left side, the bicuspid valve is named for its two cusps. Confusing the issue, it is also known as the mitral valve, due to its supposed resemblance to a miter, the ceremonial headwear worn by bishops. Thankfully, there are no hat-derived alternative names for the tricuspid valve.


† Wound into fibers, collagen is the most abundant protein in mammals. It is commonly found in tendons, ligaments, and the skin. Collagen also give bones their varying degrees of flexibility.


* “Baleen” is the arrangement of bristles inside the mouths of certain whale species into a filter-feeding device. Composed of keratin (the stuff that makes up our nails and hair), it is used to trap krill after large gulps of water are taken in and then forced out of the mouth.


† While the dive record for a tagged blue whale is 315 meters (1,033.5 feet), a Cuvier’s beaked whale (Ziphius cavirostris) holds the record for dive depth by a mammal, at 2,992 meters (or 1.86 miles)!


‡ 1 metric ton = 2,204.6 pounds.


* The smallest mammal in the world is the Kitti’s hog-nosed bat (Craseonycteris thonglongyai) from Thailand and Myanmar. Also known as the bumblebee bat, it weighs in at barely two grams.


* An average-sized man has about five liters of blood. At rest, cardiac output is approximately five liters/minute, so the average time it takes our blood to take a full circuit of the body (from heart to lungs, back to the heart, out to the body, and back to the heart) is approximately one minute.


* Goldbogen and his team used suction cups to attach a heart rate monitor to a single blue whale, and were able to monitor the animal’s heart rate for nearly nine hours. They did not seek to determine if blood flow was redirected to specific regions of the body during the dramatic drop in heart rate that they recorded.









The Microbe is so very small
You cannot take him out at all.


—Hilaire Buelloc
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Size Matters II


For those of you who have a body of less than one millimeter across, nothing much in this book applies to you. Why’s that, you ask? The answer is that much of what has come before in this book and much that follows is about the heart. By definition, a heart is a hollow muscular organ that receives circulatory fluid from the body before rhythmically pumping it back out again. Collectively, the pump, the fluid, and the vessels through which the fluid travels are referred to as a circulatory system . . . and you don’t have one. Because of your minuscule size, nutrients and oxygen can be distributed to your cells (or cell, if you’re small enough to have only one), and waste products can be removed from them, by a simple exchange with the external environment, which for most of you probably consists of water.


That exchange is known as diffusion, which is a vitally important process for all living things, whether they’re microbes or blue whales. Basically, diffusion occurs when molecules—like oxygen, or nutrients, or waste products—exist at different concentrations on either side of a barrier. Imagine that you’ve just cleaned your room by cramming everything into your closet and forcing the door shut. There is a higher concentration of stuff inside the closet than outside, with the closet door acting as the barrier. If you were to cut a hole in the door, anything smaller than that hole would have the potential to escape and tumble out, always moving from an area of higher concentration (your closet) to an area of lower concentration (your room). So now, instead of bumming out whenever you open your closet door and stuff falls out, you can think of the mini avalanche as your belongings following their concentration gradient.


But what does your closet have to do with circulatory systems? As previously touched upon, the answer relates to one of the system’s key functions, which is to deliver nutrients and oxygen from outside the body to the cells and tissues inside the body. Conversely, circulatory systems also function by helping transport potentially harmful stuff, like toxins, cellular waste products, and carbon dioxide, out of the body before it can cause problems.


Organisms less than a millimeter wide are generally composed of a single cell. In these microbes, both the good stuff moving in and the waste moving out pass through tiny pores in the cell membrane, a barrier that separates the inside of the cell from the outside. These gaps are the equivalent of the hole in our metaphorical closet door. Like junk from a closet, the movement of material follows its particular concentration gradient. If there is more oxygen outside the microbe than inside, then it diffuses into the organism. Nutrients, including carbohydrates and sugars, also diffuse in. And when waste products accumulate at a higher concentration inside the microbe than outside . . . Well, you get the picture.* Finally, as in the closet example, some substances are prevented from crossing the cell membrane. As a result, the cell membrane is said to be “semipermeable.” This property explains why cell structures like organelles (the nucleus and mitochondria, for example) remain inside the cell: basically, because they can’t fit through the pores.*
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