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Abstract.  Nanomedicine will use molecular knowledge to maintain human health at the molecular scale, and ultimately will employ molecular machine systems to address medical problems.  Artificial medical nanorobots make possible chromosome replacement therapy and complete cellular repair.  Such instrumentalities can not only eliminate commonplace diseases but also give us the ability first to arrest biological aging, then to reduce biological age by performing various nanomedical rejuvenative procedures on each one of the 4 trillion tissue cells in the body.  In this coming nanomedical era, archaic concepts of “disease” will be supplanted by the larger view of “volitional physical state” in which the patient’s explicit desires become the most crucial element in the definition of health – the foundation of the new “volitional normative” model of disease.  This technology-driven attitudinal shift in medicine has far-reaching consequences for the physician-patient relationship and for the subjective relationship each person has with their own body.  The key element in this shift will be the developing right of a patient to define what is “sick” or “well” from his own perspective.  Ethical issues include the degree to which patients should be allowed to participate in deciding what happens to their bodies, when a patient might be deemed competent or incompetent to make these decisions, and whether society will or should allow patients to choose either an “illness” (e.g., blindness) or an “augmentation” (e.g., absence of aging) as their personal medical norm.
1.  Nanomedicine:  The Road Ahead

It is always somewhat presumptuous to attempt to predict the future, but in this case we are on solid ground because most of the prerequisite historical processes are already in motion and all of them appear to be clearly pointing in the same direction.  Medical historian Roy Porter [1] notes that the 19th century saw the establishment of what we think of as scientific medicine.  From about the middle of that century the textbooks and the attitudes they reveal are recognizable as not being very different from modern ones.  Before that, medical books were clearly written to address a different mindset.

But human health is fundamentally biological, and biology is fundamentally molecular.  As a result, throughout the 20th century scientific medicine began its transformation from a merely rational basis to a fully molecular basis.  First, antibiotics that interfered with pathogens at the molecular level were introduced.  Next, the ongoing revolutions in genomics, proteomics and bioinformatics [2] provided detailed and precise knowledge of the workings of the human body at the molecular level.  Our understanding of life advanced from organs, to tissues, to cells, and finally to molecules, in the 20th century.  By the turn of the century the entire human genome had been mapped, inferentially incorporating a complete catalog of all human proteins, lipids, carbohydrates, nucleoproteins and other molecules.

This deep molecular familiarity with the human body, along with simultaneous nanotechnological engineering advances [3-7], will set the stage for a shift from today’s molecular scientific medicine in which fundamental new discoveries are constantly being made, to a molecular technologic medicine in which the molecular basis of life, by then well-known, is manipulated to produce specific desired results.  The comprehensive knowledge of human molecular structure so painstakingly acquired during the 20th and early 21st centuries will be used in the 21st century to design medically-active microscopic machines.  These machines, rather than being tasked primarily with voyages of pure discovery, will instead most often be sent on missions of cellular inspection, repair, and reconstruction.  In the early decades of this century, the principal focus will shift from medical science to medical engineering.  Nanomedicine [3, 4, 8-10] will involve designing and building a vast proliferation of incredibly efficacious molecular devices, including medical nanorobots, and then deploying these devices in patients to establish and maintain a continuous state of human healthiness.

The very earliest nanotechnology-based biomedical systems may be used to help resolve many difficult scientific questions that remain.  These relatively primitive systems may also be employed to assist in the brute-force analysis of the most difficult three-dimensional structures among the 30,000-100,000 distinct proteins of which the human body is comprised, or to help ascertain the precise function of each such protein.  But much of this effort should be complete within the next 10-30 years because the reference human body has a finite parts list, and these parts are already being sequenced, geometered and archived at an ever-increasing pace.  Once these parts are known and understood, then the reference human being as a biological system is at least physically specified to completeness at the molecular level.  Thereafter, nanomedical-based discovery will consist principally of examining a particular sick or injured patient to determine how he or she deviates from molecular reference structures, with the physician then interpreting these deviations in light of their possible contribution to, or detraction from, the general health and the explicit preferences of the patient.

In brief, nanomedicine will employ molecular machine systems to address medical problems, and will use molecular knowledge to maintain human health at the molecular scale.

The greatest power of nanomedicine [3, 4] will emerge, perhaps starting in the 2020s, when we can design and construct complete artificial nanorobots using rigid diamondoid nanometer-scale parts like molecular gears and bearings [11].  These medical nanorobots will possess a full panoply of autonomous subsystems including onboard sensors, motors, manipulators, power supplies, and molecular computers.  But getting all these nanoscale components to spontaneously self-assemble in the right sequence will prove increasingly difficult as machine structures become more complex.  Making complex nanorobotic mechanical systems requires manufacturing techniques that can build a molecular structure by what is called positional assembly.  This will involve picking and placing molecular parts one by one, and moving them along controlled trajectories much like the robot arms that manufacture cars on automobile assembly lines.  The procedure is then repeated over and over with all the different parts until the final product, such as a medical nanorobot, is fully assembled.

The positional assembly of diamondoid structures, some almost atom by atom, using molecular feedstock has been examined theoretically [11, 12] via computational models of diamond mechanosynthesis (DMS).  DMS is the controlled addition of carbon atoms to the growth surface of a diamond crystal lattice in a vacuum manufacturing environment.  Covalent chemical bonds are formed one by one as the result of positionally constrained mechanical forces applied at the tip of a scanning probe microscope apparatus, following a programmed sequence.  Mechanosynthesis using silicon atoms was first achieved experimentally in 2003 [13].  Carbon atoms should not be far behind [14, 15].

To be practical, molecular manufacturing must also be able to assemble very large numbers of medical nanorobots very quickly.  Approaches under consideration include using replicative manufacturing systems or massively parallel fabrication, employing large arrays of scanning probe tips all building similar diamondoid product structures in unison, as in nanofactories [16].

2.  Nanomedical Treatments for Most Human Diseases

The ability to build complex diamondoid medical nanorobots to molecular precision, and then to build them cheaply enough in sufficiently large numbers to be useful therapeutically, will revolutionize the practice of medicine and surgery [3].  The first theoretical design study of a complete medical nanorobot ever published in a peer-reviewed journal (in 1998) described a hypothetical artificial mechanical red blood cell or “respirocyte” made of 18 billion precisely arranged structural atoms [5].  The respirocyte is a bloodborne spherical 1-micron diamondoid 1000-atmosphere pressure vessel with reversible molecule-selective surface pumps powered by endogenous serum glucose.  This nanorobot would deliver 236 times more oxygen to body tissues per unit volume than natural red cells and would manage carbonic acidity, controlled by gas concentration sensors and an onboard nanocomputer.  A 5 cc therapeutic dose of 50% respirocyte saline suspension containing 5 trillion nanorobots could exactly replace the gas carrying capacity of the patient’s entire 5.4 liters of blood.

Nanorobotic artificial phagocytes called “microbivores” could patrol the bloodstream, seeking out and digesting unwanted pathogens including bacteria, viruses, or fungi [6].  Microbivores would achieve complete clearance of even the most severe septicemic infections in hours or less.  This is far better than the weeks or months needed for antibiotic-assisted natural phagocytic defenses.  The nanorobots don’t increase the risk of sepsis or septic shock because the pathogens are completely digested into harmless sugars, amino acids and the like, which are the only effluents from the nanorobot.  Similar nanorobots can digest cancer cells and vascular blockages that produce heart disease and stroke.  Biocompatibility issues related to diamondoid medical nanorobots have been examined elsewhere at length [4].
Even more powerful applications – most importantly, involving cellular replacement or repair – are possible with medical nanorobotics.  For example, most diseases involve a molecular malfunction at the cellular level, and cell function is significantly controlled by gene expression of proteins.  As a result, many disease processes are driven either by defective chromosomes or by defective gene expression.  So in many cases it may be most efficient to extract the existing chromosomes from a diseased cell and insert fresh new ones in their place.  This procedure is called “chromosome replacement therapy” [17].

During this procedure, your replacement chromosomes are first manufactured to order, outside of your body, in a clinical benchtop production device that includes a molecular assembly line.  Your individual genome is used as the blueprint.  If the patient wants, acquired or inherited defective genes could be replaced with nondefective base-pair sequences during the chromosome manufacturing process, thus permanently eliminating any genetic disease.  Nanorobots called chromallocytes [17], each carrying a single copy of the revised chromosomes, are injected into the body and travel to the target tissue cells.  Following powered cytopenetration and intracellular transit to the nucleus, the chromallocytes remove the existing chromosomes and then install the properly methylated replacement chromosomes in every tissue cell of your body (requiring a total dose of several trillion nanorobots), then exit the cell and its embedding tissue, re-enter the bloodstream, and finally eliminate themselves from the body either through the kidneys or via intravenous collection ports.

The net effect of these nanomedical interventions will be to enable a process I call “dechronification” – or, more colloquially, “rolling back the clock.”  With regular checkups, cellular chromosomes and other parts of cells will be maintained in optimum condition with long-term degradation virtually eliminated.  The end result will be the continuing arrest of all biological aging along with the reduction of current biological age to whatever new biological age is deemed desirable by the patient, severing forever the link between calendar time and biological health.  These interventions may become almost commonplace, several decades from today.  Are there any serious ethical problems with this?  According to the volitional normative model of disease (Section 4) that seems most appropriate for nanomedicine, if you’re physiologically old and don’t want to be, then for you, oldness and aging – indeed, involuntary natural death itself – are a disease, and you deserve to be cured.

3.  What Is Disease?

Can aging and involuntary natural death really be considered a disease?  “Disease” is a complex term whose meaning is still hotly debated among medical academics [18-23].  But there is evidence that the more medical knowledge a practitioner possesses, and the more he must interact with real patients in a clinical context, the more likely he will be to expand his interpretation of what constitutes “disease”.  For example, in one survey [24], four different groups of people – secondary school students, nonmedical academics, medical academics, and general practitioners – were read a list of common diagnostic terms and then asked if they would rate the condition as a disease.  Illnesses due to microorganisms, or conditions in which the doctor’s contribution to the diagnosis was important, were almost always considered a disease by everyone, but if the cause was a known physical or chemical agent the condition was less likely to be regarded as disease.  However, the closer the respondent was to the day-to-day treatment of real patients, the more likely he was to apply liberal standards in answering the question.  General practitioners were most likely to call almost any unwanted condition – including depression, senility, tennis elbow, or malnutrition – a “disease.”

No less than eight different types of disease concepts are held by at least some people currently engaging in clinical reasoning and practice, including [19, 20]:

(1)  Disease Nominalism.  A disease is whatever physicians say is a disease.  This approach avoids understanding and forestalls inquiry, rather than furthering it.

(2)  Disease Relativism.  A disease is identified or labeled in accordance with explicit or implicit social norms and values at a particular time.  In 19th century Japan, for example, armpit odor was considered a disease and its treatment constituted a medical specialty.  Similarly, 19th-century Western culture regarded masturbation as a disease, and in the 18th century, some conveniently identified a mental disease called drapetomania, the “abnormally strong and irrational desire of a slave to be free” [1].  Various non-Western cultures having widespread parasitic infection may consider the lack of infection to be abnormal, thus not regarding those who are infected as suffering from disease.

(3)  Sociocultural Disease.  Societies may possess a concept of disease that differs from the concepts of other societies, but the concept may also differ from that held by medical practitioners within the society itself.  For instance, hypercholesterolemia is regarded as a disease condition by doctors but not by the lay public;  medical treatment may be justified, but persons with hypercholesterolemia may not seek treatment, even when told of the condition.  Conversely, there may be sociocultural pressure to recognize a particular condition as a disease requiring treatment, such as alcoholism and gambling.

(4)  Statistical Disease.  A condition is a disease when it is abnormal, where abnormal is defined as a specific deviation from a statistically-defined norm.  This approach has many flaws.  For example, a statistical concept makes it impossible to regard an entire population as having a disease.  Thus tooth decay, which is virtually universal in humans, is not abnormal;  those lacking it are abnormal, thus are “diseased” by this definition.  More reasonably, a future highly-aseptic society might regard bacterium-infested 20th century humans (who contain in their bodies more foreign microbes than native cells [3]) as massively infected.  Another flaw is that many statistical measurables such as body temperature and blood pressure are continuous variables with bell-shaped distributions, so cutoff thresholds between “normal” and “abnormal” seem highly arbitrary.

(5)  Infectious Agency.  Disease is caused by a microbial infectious agent.  Besides excluding systemic failures of bodily systems, this view is unsatisfactory because the same agent can produce very different illnesses.  For instance, infection with hemolytic Streptococcus can produce diseases as different as erysipelas and puerperal fever, and Epstein-Barr virus is implicated in diseases as varied as Burkitt’s lymphoma, glandular fever, and nasopharyngeal carcinoma [20].

(6)  Disease Realism.  Diseases have a real, substantial existence regardless of social norms and values, and exist independent of whether they are discovered, named, recognized, classified, or diagnosed.  Diseases are not inventions and may be identified with the operations of biological systems, providing a reductionistic account of diseases in terms of system components and subprocesses, even down to the molecular level.  One major problem with this view is that theories may change over time – almost every 19th century scientific theory was either rejected or highly modified in the 20th century.  If the identification of disease is connected with theories, then a change in theories may alter what is viewed as a disease.  For example, the 19th century obsession with constipation was reflected in the disease labeled “autointoxication,” in which the contents of the large bowel were believed to poison the body.  Consequently much unnecessary attention was paid to laxatives and purgatives and, when surgery of the abdomen became possible toward the end of the century, operations to remove the colon became fashionable in both England and America [1].

(7)  Disease Idealism.  Disease is the lack of health, where health is characterized as the optimum functioning of biological systems.  Every real system inevitably falls short of the optimum in its actual functioning.  But by comparing large numbers of systems, we can formulate standards that a particular system ought to satisfy, in order to be the best of its kind.  Thus “health” becomes a kind of Platonic ideal that real organisms approximate, and everyone is a less than perfect physical specimen.  Since we are all flawed to some extent, disease is a matter of degree, a more or less extreme variation from the normative ideal of perfect functioning.  This could be combined with the statistical approach, thus characterizing disease as a statistical variation from the ideal.  But this view, like the statistical, suffers from arbitrary thresholds that must be drawn to qualify a measurable function as representing a diseased condition.

(8)  Functional Failure.  Organisms and the cells that constitute them are complex organized systems that display phenomena (e.g., homeostasis) resulting from acting upon a program of information.  Programs acquired and developed during evolution, encoded in DNA, control the processes of the system.  Through biomedical research, we write out the program of a process as an explicit set (or network) of instructions.  There are completely self-contained “closed” genetic programs, and there are “open” genetic programs that require an interaction between the programmed system and the environment, e.g. learning or conditioning.  Normal functioning is thus the operation of biologically programmed processes, e.g. natural functioning, and disease may be characterized as the failure of normal functioning.  One difficulty with this view is that it enshrines the natural as the benchmark of health, but it is difficult to regard as diseased a natural brunette who has dyed her hair blonde in contravention of the natural program, and it is quite reasonable to regard the mere possession of an appendix as a disease condition, even though the natural program operates so as to perpetuate this troublesome organ.*  A second weakness of this view is that disease is still defined against population norms of functionality, ignoring individual differences.  As a perhaps overly simplistic example, 65% of all patients employ a cisterna chyli in their lower thoracic lymph duct, while 35% have no cisterna chyli – which group has a healthy natural program, and which group is “diseased”?

--------------------------------------------------------------------------------------------------------

* The vermiform appendix may have some minor immune function, but it is clearly nonessential and can kill when infected.  Yet natural selection has not eliminated it.  Indeed, there is evidence for positive selection due to the following accident of physiological evolution.  Appendicitis results when inflammation causes swelling, compressing the artery supplying blood to the appendix.  High bloodflow protects against bacterial growth, so any reduction aids infection, creating more swelling;  if flow is completely cut off, bacteria multiply rapidly until the organ bursts.  A slender appendix is especially susceptible, so untreated appendicitis applies positive selective pressure to maintain a larger appendix [25].

--------------------------------------------------------------------------------------------------------

4.  The Volitional Normative Model of Disease

The author has proposed [3] a new alternative view of disease which seems most suitable for the nanomedical paradigm, called the volitional normative model of disease.  As in the “disease idealism” view, the volitional normative model accepts the premise that health is the optimal functioning of biological systems.  Like the “functional failure” view, the volitional normative model assumes that optimal functioning involves the operation of biologically programmed processes.

However, two important distinctions from these previous views must be made.  First, in the volitional normative model, normal functioning is defined as the optimal operation of biologically programmed processes as reflected in the patient’s own individual genetic instructions, rather than of those processes which might be reflected in a generalized population average or “Platonic ideal” of such instructions;  the relative function of other members of the human population is no longer determinative.  Second, physical condition is regarded as a volitional state, in which the patient’s desires are a crucial element in the definition of health.  This is a continuation of the current trend in which patients frequently see themselves as active partners in their own care.

In the volitional normative model, disease is characterized not just as the failure of “optimal” functioning, but rather as the failure of either (a) “optimal” functioning or (b) “desired” functioning.  Thus disease may result from:  (1) a failure to correctly specify desired bodily function (specification error by the patient), (2) a flawed biological program design that doesn’t meet the specifications (programming design error), (3) flawed execution of the biological program (execution error), (4) external interference by disease agents with the design or execution of the biological program (exogenous error), or (5) traumatic injury or accident (structural failure).  Note the presence of the word “or”, not “and”, in regard to (a) and (b) above.  If your biological function is not optimal (e.g., not executing as designed), then you’re diseased.  If your biological function is not desired, then you’re also diseased.  If both situations obtain simultaneously, disease is again present.  Only if neither condition applies is the patient disease-free.
In the early years of nanomedicine, volitional physical states will customarily reflect “default” values which may differ only insignificantly from the patient’s original or natural biological programming.  With a more mature nanomedicine, the patient may gain the ability to substitute alternative natural programs for many of his original natural programs.  For example, the genes responsible for appendix morphology or for sickle cell expression might be replaced with genes that encode other phenotypes, such as the phenotype of an appendix-free cecum or a phenotype for statistically typical human erythrocytes.*  Many persons will go further, electing an artificial genetic structure which, say, eliminates age-related diminution of the secretion of human growth hormone and other essential endocrines.  By the early 21st century, many members of the medical research community were already starting to talk about aging as a treatable condition [25-30].)

--------------------------------------------------------------------------------------------------------

* It is often pointed out that sickle cell is advantageous in malaria-infested countries because the trait confers resistance to malaria.  This flaw-tolerant view makes a virtue of necessity – a direct cure for malaria will undoubtedly be more efficient.  Sickle cell is disadvantageous in hypoxic conditions, which is why no one with this trait can hold a civil airline pilot’s license [20].

--------------------------------------------------------------------------------------------------------

On the other hand, a congenitally blind patient might desire, for whatever personal reasons, to retain his blindness.  Hence his genetic programs that result in the blindness phenotype would not, for him, constitute “disease” as long as he fully understands the options and outcomes that are available to him.*  (Retaining his blindness while lacking such understanding might constitute a specification error, and such a patient might then be considered “diseased.”)  Whether the broad pool of volitional human phenotypes will tend to converge or diverge is unknown, although the most likely outcome is probably a population distribution (of human biological programs) with a tall, narrow central peak (e.g., a smaller standard deviation) but with longer tails (e.g., exhibiting a small number of more extreme outliers).

--------------------------------------------------------------------------------------------------------

* Consider the situation in which a person’s visual system genes code for total darkness, but over time as the person ages, some genetic defects creep in, and the person starts to be able to visually perceive the difference between lightness and darkness (e.g., day and night), where before all was darkness.  If personal preferences have not changed, then according to the volitional normative model the person now has a disease state which should be cured.  Why?  Because he specified and informedly selected genes that would produce a visual system that would allow no perception of light whatsoever, but now his eyes are malfunctioning and somehow generating some perception of light.  This malfunction indicates non-optimal function of the specified genetic instructions.  To restore optimal function, the man must be “re-blinded” by correcting his malfunctioning genes so that he will once again see only darkness.

--------------------------------------------------------------------------------------------------------

One minor flaw in the volitional normative model of disease is that it relies upon the ability of patients to make fully informed decisions concerning their own physical state.  The model crucially involves desires and beliefs, which can be irrational, especially during mental illness, and people normally vary in their ability to acquire and digest information.  Patients also may be unconscious or too young, whereupon default standards might be substituted in some instances.

Regarding such irrational desires, an interesting special case is the negating self-referential situation:  What if a person desires that his function not be optimal?  As a fanciful example, let’s assume our patient is at a party, is not intoxicated or otherwise mentally impaired, and has purposely infected himself with a fast-acting strain of plague in order to compete with his friends to see who can suffer the unpleasant symptoms the longest before crying out for the antidote to be administered.  Clearly, during the time he is infected and experiencing painful symptoms, our patient’s body is performing as he informedly desires – he desires to feel sick.  But what about the other half of the definition:  is his body performing optimally?  If his purpose was to commit suicide, then his biology is performing optimally (as programmed) and he is not diseased.  The patient has informedly chosen a lethal degenerative state, and it is playing out perfectly according to plan with flawless execution.  Committing suicide is not a disease condition if the act is fully informed and voluntarily chosen.  However, because the patient’s expressed intent is to call for an antidote at the last possible moment, this is clear evidence of a recognition on his part that his body is not performing optimally, because some therapeutic agent is required to restore the previous (pre-infection) functioning and avoid the otherwise inevitable result of failing to administer the antidote (unwanted death).  In this latter case, then, function is not optimal, and the patient is considered voluntarily diseased until he takes the antidote.

The volitional normative view of disease seems most appropriate for nanomedicine because it recognizes that the era of molecular control of biology could bring considerable molecular diversity among the human population.  Conditions representing a diseased state must of necessity become more idiosyncratic, and may progressively vary as personal preferences evolve over time.  Some patients will be more venturesome than others – “to each his own.”  As an imperfect analogy, consider a group of individuals who each take their automobile to a mechanic.  One driver insists on having the carburetion and timing adjusted for maximum performance (the “racer”);  another driver prefers optimum gas mileage (the “cheapskate”);  still another prefers minimizing tailpipe emissions (the “environmentalist”);  and yet another requires only that the engine be painted blue (the “aesthete”).  In like manner, different people will choose different personal specifications.  One can only hope that the physician will never become a mere mechanic even in an era of near-perfect human structural and functional information;  an automobile conveys a body, but the human body conveys the soul.  Agrees theorist Guttentag [31]:  “The physician-patient relationship is ontologically different from that of a maintenance engineer to a machine or a veterinarian to an animal.”

Nick Bostrom [personal communication, 2002] notes that the intuition underlying the volitional normative model is that disease is a systems failure, meaning a failure of a system to perform in the mode that is (a) one of the systems’ operating modes, and (b) the particular mode that the subject informedly prefers.  “Thus, it would not be a disease for my biceps to fail to be as strong as a bulldozer (because that’s not one of the system’s operating modes), and it is not a disease of my skin to lack tattoos (because although my skin system could operate in that mode, I do not desire it to do so).  Of course, this results in a very permissive disease concept, according to which, for example, my biceps would be diseased if they are slightly smaller and less strong than they could be and I would want them to be.”  In response to this “small biceps” disease, the nanomedical doctor might enlarge the biceps to the size desired, provided this does not exceed the physically possible limits of the human anatomical/genetic system.  If still larger biceps are desired and even a genetically altered human frame is insufficient to accommodate them, then a new nonbiological platform may need to be substituted or implemented.  In that case we have moved beyond nanomedicine into the realm of transhuman engineering where a proper definition of disease would have to incorporate an assessment of alternative physical platforms and numerous additional factors.

The natural end result of nanomedicine is fully permissive medicine.  Thus it will be absolutely essential to make sure that consent and desire are always as informed as possible.  Medical simulations must be perfected into a rigorous engineering discipline.  Perhaps from a public policy standpoint, we should increasingly raise the bar on patient educational and consent requirements before allowing the choice of increasingly “unnatural” elective nanomedical interventions.  As a general public policy, some effort should be made to require greater informedness when greater interventions are desired.  Another interesting question is the relationship between the desires of the individual and the need for public safety.  As a policy matter, we might decide that an individual’s desire to grow diamond-coated fingernails that are 10 inches long and as sharp as razors, or to see only things that are red in color, or to possess a psychopathic personality may be contravened by society’s need to be safe from people with such modifications.  The new disease model, if applied to nanomedicine, might make it easier for one person’s desired functioning to come into conflict with another person’s desired functioning.  Societal conflict-resolution laws, institutions and traditions will need beefing up.
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