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Series Foreword

Every day, the public is bombarded with information on developments in medicine and health care. Whether it is on the latest techniques in treatment or research, or on concerns over public health threats, this information directly affects the lives of people more than almost any other issue. Although there are many sources for understanding these topics—from websites and blogs to newspapers and magazines—students and ordinary citizens often need one resource that makes sense of the complex health and medical issues affecting their daily lives.

The Health and Medical Issues Today series provides just such a one-stop resource for obtaining a solid overview of the most controversial areas of health care in the 21st century. Each volume addresses one topic and provides a balanced summary of what is known. These volumes provide an excellent first step for students and lay people interested in understanding how health care works in our society today.

Each volume is broken into several parts to provide readers and researchers with easy access to the information they need:

	Part I provides overview chapters on background information— including chapters on such areas as the historical, scientific, medical, social, and legal issues involved—that a citizen needs to intelligently understand the topic.
 	Part II provides capsule examinations of the most heated contemporary issues and debates and analyzes in a balanced manner the viewpoints held by various advocates in the debates.
 	Part III provides case studies that show examples of the concepts discussed in the previous parts.


A selection of reference material, such as a timeline of important events, a directory of organizations, and a bibliography, serve as the best next step in learning about the topic at hand.

The Health and Medical Issues Today series strives to provide readers with all the information needed to begin making sense of some of the most important debates going on in the world today. The series includes volumes on such topics as stem cell research, obesity, gene therapy, alternative medicine, organ transplantation, mental health, and more.


Introduction

Human interest in heredity predates modern scientific understanding of genetics. For instance, speculation as to why children do (or sometimes don't) resemble their parents may be as old as humanity, and the practice of deliberately breeding plants or animals in order to produce desired characteristics was common long before anyone knew the process by which characteristics were passed from parent to child. Efforts to study the relationship between heredity and illness, such as the use of family histories to study patterns of disease among people who were closely related, also predate modern knowledge of genetics. Specific lab tests for genetic and chromosomal diseases started to appear in the mid-20th century, such as the newborn blood test for PKU (phenylketonuria). In the 1970s, lab tests were developed to identify the genetic characteristics associated with Tay-Sachs disease and sickle cell anemia. Today thousands of lab tests are available for different diseases and conditions, and tests are also available to identify some mutations that affect how individual patients may react to certain medicines.

While genetic testing is an important tool of modern medicine, the sheer number of tests available can seem overwhelming. While Genetic Testing is not meant to replace professional medical or genetic advice, it does explain the fundamentals of genetics in layman's terms and discusses many of the most common tests and conditions for which tests are available. Need for this kind of guide has increased with the advent of direct-to-consumer (DTC) companies that allow people to order genetic testing outside the context of medical care. This need is particularly great in the United States, where DTC companies are allowed to test for genetic characteristics associated with serious medical conditions such as breast cancer and Alzheimer disease, delivering the results directly to the individual tested. These issues are thoroughly discussed in Genetic Testing, as are the ethical and practical issues that may arise when genetic testing is performed outside the context of medicine.

Many people today also use genetic testing, typically ordered through DTC companies, to learn more about their ancestry. Few people ordering these services realize, however, how such testing is actually performed or the limitations of any conclusions that may be drawn from them. Genetic Testing explains (in general terms, because each DTC company uses its own proprietary methods) how genetic testing for ancestry is performed and highlights some of the controversies surrounding this type of testing. For instance, individuals who have sent identical samples to multiple companies have received differing reports about their ethnic heritage, and the pool of comparison samples for nonwhite individuals can be surprisingly small (and thus test results potentially less accurate than those for persons of European ancestry).

The increasing use of genetic testing in medicine raises many ethical issues. For instance, who should pay for it? Should insurers or employers be allowed to discriminate against people whose genetic makeup may predispose them to develop expensive or debilitating diseases? The rapid increase of knowledge in medical genetics also raises a host of questions—for instance, if a new mutation is discovered that is associated with disease, who, if anyone, is responsible to notifying people who have that mutation, even if they were tested years prior to the identification of the mutation? Nonmedical uses of genetic testing also raise ethical issues: for instance, does the state have the right to demand a DNA sample from someone who is arrested but then released without charges, and should that individual's DNA be included in a database to be matched against evidence related to other crimes? These and many other issues are discussed in Genetic Testing, which offers an unbiased look at some ethical dilemmas related to genetic testing. Finally, the human impact of genetic testing is explored in five case studies that look at issues related to genetic testing and so-called cancer clusters, paternity testing, premarital genetic testing for individuals from high-risk groups, the reliability of information provided by DTC heritage testing services, and screening and diagnostic testing for Down syndrome.

Even readers who haven't taken a science class since high school should have no problem following the explanations given in Genetic Testing, while those seeking more in-depth knowledge will find the extensive bibliography particularly useful. A glossary and timeline further add to this volume's usefulness, making it accessible to readers who come seeking a particular piece of information, such as the definition of a procedure or the date of a key event. A detailed index further aids those seeking specific information, so while Genetic Testing can be read from beginning to end, it can also serve as a source of "ready reference" information.


Part I
 Overview


Chapter 1
 Introduction to Genetics

Genetics is the study of heredity and variation in organisms. While every person is unique, it is also true that in some ways we resemble our close relatives more than we do a random stranger. This difference is due in part to shared genetic material among family members. Genes or combinations of genes are responsible for many traits, from eye color to whether or not your earlobes are attached, and some differences in genes or chromosomes are associated with particular diseases and conditions. This chapter provides an overview of some basic facts about genetics and inheritance, plus brief overviews of the human genome project, the history of genetics, and the now-discredited field of eugenics.

Genes and Chromosomes

The basic unit of heredity is the gene. A gene is a small segment of genetic material occupying a specific location on a chromosome. Human beings have an estimated 20,000-25,000 genes, and in most cases people have two copies of each gene, one inherited from each parent. A single gene may code for a specific characteristic or multiple characteristics, and multiple genes may combine to code for a single characteristic. Over 99 percent of genes are held in common by all people, with less than 1 percent differing between people. However, these small differences between people are sometimes crucial—for instance, mutations in certain genes (sometimes as small as a change in a single base) may make the difference between a healthy person and a person who suffers from a serious disease.

Chromosomes are structures within each cell (within the nucleus in humans and other eukaryotes) made up of proteins and DNA (deoxyribonucleic acid). DNA is a nucleotide made up of a pentose (five carbon) sugar, a phosphate (PO4) group, and a nitrogenous base. Chromosomes are so tiny they are only visible when they condense during the cell division process, at which point they assume the familiar X shape consisting of two "arms" held together at a constriction point called the centromere.

Human beings generally have 23 pairs of chromosomes, with one of each pair inherited from each parent; variations in the number of chromosomes are often associated with specific genetic diseases or conditions. For instance, Down syndrome is also called trisomy 21 because most cases of Down syndrome are caused by an individual having three, rather than two, copies of the 21st chromosome in each cell. Twenty-two of the chromosome pairs are called autosomes, and they are identical in males and females. The 23rd pair of chromosomes are called the sex chromosomes: women generally have two X chromosomes (XX), while men have one X and one Y (XY). As with the autosomes, differences in the numbers of sex chromosomes may result in a known disease or condition. For instance, a man who has one X and two Y chromosomes (XYY) has Jacob syndrome, while a woman who has only one X chromosome (X0) has Turner syndrome, also known as monosomy X.

DNA

DNA is structured as a double helix, with a "backbone" of sugar and phosphate molecules and "rungs" consisting of pairs of nitrogenous bases. Only four bases exist in DNA—adenine, cytosine, guanine, and thymine—and they pair in very specific ways (adenine with thymine, cytosine with guanine). Bases are often referred to by their first letter, so A = adenine, C = cytosine, G = guanine, and T = thymine. The order of bases is crucial in transmitting genetic information, because codons, or groups of three bases on a single strand of DNA, code for different amino acids, which are the building blocks of proteins. For instance, ATG codes for the amino acid methionine.

There are 64 or 43 different combinations of bases possible, but there are only 20 amino acids, so often several different codons indicate the same protein (so this system of coding is sometimes referred to as degenerate or redundant). For instance, TAT and TAC both code for the amino acid tyrosine. This genetic code is nearly universal, meaning that almost every life form on earth uses the same code. However, not all DNA codes for proteins: in fact, the National Institutes of Health estimates that about 99 percent of human DNA is noncoding, meaning it does not contain instructions to create specific proteins. While these noncoding sections were once referred to as "junk" DNA, we are now learning that at least some of this noncoding DNA actually performs vital functions such as enhancing or repressing transcription.

The double helix shape of DNA is significant because it facilitates the creation of exact copies of a chromosome, which is essential for the process of correct reproduction of genetic material. The process of reproducing DNA has several steps. First, the genetic information from the DNA is transferred to the nucleotide RNA (ribonucleic acid), a process known as transcription. In the second step, known as translation, the information from the RNA is used to create proteins. The central dogma of biology states that information flows from DNA to RNA to protein, and this generally holds up; two exceptions are retroviruses, which transcript RNA into DNA, and prions, which are proteins that can reproduce themselves directly.

Cells also have several mechanisms to "proofread" newly created strands and to halt reproduction until errors are corrected. However, despite this, errors in reproduction of genetic material do occur, and these errors may or may not influence the health and well-being of the individual. If a mutation is inherited, it is present throughout a person's life and is called a hereditary mutation. Hereditary mutations, also called germline mutations, are caused by mutations in the parental egg or sperm cells (the germ cells). If a difference in a gene is due to a mutation that occurred during a person's life (for instance, due to exposure to radiation), it is called a somatic mutation and cannot be passed down to the individual's children.

In a silent mutation, there is a change in one base pair, but the same amino acid is coded for, and there is no effect on the individual. This type of mutation is possible because of the degenerate nature of the genetic code, as mentioned earlier: for instance, TTT and TTC both code for phenylalanine, so substituting cytosine for thymine as the third base in the codon does not harm the individual. In a missense mutation, a single base is changed, but a different amino acid is coded for. Sickle cell anemia, for instance, is caused by a single missense mutation in the genetic sequence that codes for hemoglobin. In this mutation, the codon GUG causes the amino acid valine to be produced, while in normal hemoglobin, the codon at this position is GAG (glutamic acid). In an insertion mutation, one or more extra bases are inserted into the DNA, which may disturb the coding of all the proteins that follow in a sequence. A deletion mutation, in which one or more bases are deleted, can have a similar effect, so all the following codons are coded incorrectly. In a duplication mutation, a section of DNA is copied multiple times; this may also cause the following codons to be read incorrectly. In a trinucleotide expansion, a sequence of three base pairs is repeated; this may have no effect on the individual, or possibly depending on the number of repetitions, it may result in an identifiable disease or condition. For instance, Huntington disease is caused by repetition of the CAG triplet in the gene that codes for the Huntington protein, and the number of repeats influences the risk of an individual having the disease.

Genomes and Epigenomes

A genome is the complete set of DNA for an organism, including both coding and noncoding sequences. The entire genome is present in every cell in that organism that has a nucleus (for instance, mature human red blood cells do not have a nucleus, and therefore they do not have a copy of the genome). Genomes vary in size according to the organism; for humans, the genome includes more than 3 billion base pairs. While every person's genome may be slightly different, because humans have over 99 percent of their DNA in common, it is possible to speak of "the human genome" in general terms. Genomics is the study of the genome; within this broad field, comparative genomics compares the genomes of different organisms, while functional focuses on how genes and proteins function and interact.

The process of determining the DNA sequence for the genome of an organism is known as whole genome sequencing. The first genome to be completely sequenced was that of Haemophilus influenzae, a bacteria that can cause various diseases, including pneumonia, meningitis, and bacteremia. Many other organisms, including plants, animals, and fungi, have also been sequenced, including Oryza sativa (rice), Drosophilia melanogaster (the fruit fly), and Panthera leo (the African lion).

Techniques have been developed that allow editing of an organism's genome. This means that the DNA within a cell is modified, using an enzyme that cuts the genome at a specific location, in order to remove or add a section of DNA. In agriculture, genome editing has been used to create genetically modified organisms (GMOs) with particular characteristics, such as resistance to disease or drought. Genome editing for humans is less advanced (and subject to more restrictions), but it has been used successfully to treat disease. For instance, in the United Kingdom, children with leukemia have been successfully treated with genetically engineered immune cells. At the time, this treatment was considered an experimental treatment and used only after all other treatments failed, but this technique is now being tested in clinical trials.

The epigenome is the complete set of chemical compounds that regulate the activity or expression of the genes. A common epigenetic change or modification is methylation, in which methyl groups are added to a gene, turning it off so that that gene is not expressed. This explains how, for instance, cells promoting bone growth are not produced within muscle cells. Some epigenetic changes are inherited, while others are caused by environmental factors, such as exposure to chemicals or radiation. Errors can occur in epigenetic processes, and these errors may lead to disease: for instance, epigenetic errors have been shown to be related to the occurrence of some cancers, degenerative disorders, and metabolic disorders. The field of epigenomics studies the epigenome, determining the locations and functions of the chemicals that affect the genome.

Cell Replication and Inheritance

Three principles form the basis of cell theory, one of the core principles of biology: all living things are made up of cells, cells are the basic structural unit of all organisms, and all cells come from other cells. In humans, two different but related processes are used to replicate cells: mitosis and meiosis. Mitosis is the process that replicates somatic cells, and in theory it produces exact duplicates of existing cells. In the process of mitosis, the nucleus of the cell replicates and divides, creating two nuclei, each with identical DNA (barring random mutations or errors in replication), and two daughter cells are formed from one parent cell. Each parent and each daughter cell are diploid, meaning both have 23 pairs of chromosomes. Most of the cells in the body divide in this way (mitosis is the process by which old body cells are replaced, for instance), and changes in the DNA are rare in the process of mitosis.

Meiosis is the replication process used by the gametes or sex cells (sperm or egg). The process of meiosis begins with a diploid parent cell and results in the creation of four haploid daughter cells, each of which has 23 chromosomes. The number of chromosomes is halved during meiosis because during the process of fertilization, two gametes will merge to create a zygote or fertilized ovum, a diploid cell that will reproduce itself through mitosis, eventually becoming a human being.

Most genetic variation is created during meiosis, and this explains in part why even siblings (two children with the same parents) vary from each other, sometimes markedly so. This genetic variation increases the ability of a species to survive different environmental threats—while some people may be susceptible to a new microbe, for instance, others may not be, because their genetic makeup differs. In comparison, methods of reproduction in which each offspring is genetically identical to the parent are extremely susceptible to changes in the environment, because all individuals have the same genetic material, so if one individual is susceptible, all will be, and the entire species could be eliminated.

A historical example of the risk of susceptibility to a common disease due to asexual reproduction is the Irish potato blight of the mid-19th century in Ireland, which destroyed much of the country's potato crop. Because a single variety of potato was grown (monoculture) and new potatoes were grown through vegetative propagation (part of a parent potato was used to grow a daughter potato), most of the potatoes grown in Ireland were genetically identical. When a new pathogen, Phytophthora infestans, was introduced into the environment, the result was potato blight, which killed most of the crop. This pathogen spread rapidly throughout Europe, destroying a staple food crop and resulting in mass starvation and immigration.

Two processes explain most of the genetic variation that occurs during meiosis: crossing over and random orientation of homologue pairs. In crossing over, chromosomes exchange genetic material in a somewhat random fashion, so every offspring will get a different mix of genes from each parent. The other process, random orientation of homologue pairs, assures that each offspring will get a different assortment of homologous chromosomes from each parent.

Patterns of Inheritance

Genetic disease can be classified into three types. A single gene disease is caused by a change or mutation in a single gene, although it should be noted that not all gene mutations cause disease; a mutation that does not have an adverse effect on an individual is called a polymorphism. A chromosomal disease is caused by chromosomal abnormalities, such as an unusual number of chromosomes (aneuploidy), or by changes to the physical structure of the chromosome. Chromosomal diseases may be caused by errors in the cell duplication process, so a child may have a disease although there is no history of it in his or her family. A multifactorial genetic disease is caused by some combination of genes, environment, and behavior, so a person might have a susceptibility to a condition but might or might not develop it, based on the influence of environmental and behavioral factors.

For single gene diseases, five patterns of inheritance have been identified. These patterns are classified by whether the gene responsible for the disease is present in the somatic cells, in which case the disease is autosomal, on the X chromosome, in which case the disease is X-linked (also called sex-linked), or in the mitochondria (a small organelle found within cells that is responsible for cellular respiration), in which case the disease is mitochondrial. Autosomal and X-linked diseases are further classified by whether they are dominant, in which case a single mutated copy of the gene is enough to cause disease, or recessive, in which case both copies of the gene must be mutated for the disease to occur. While genes on the Y chromosome can also be mutated and cause disease, this is rare, in part because the Y chromosome is much smaller than the X chromosome.

In autosomal dominant diseases, one copy of a mutated gene is sufficient to cause the disease. This means that there are no carriers of the disease, because if an individual has at least one copy of the relevant gene, he or she has the disease. Autosomal dominant diseases are equally likely in males and females, and if the mutated gene is present in a family, the disease is likely to occur in each generation, and each affected child has at least one affected parent. The probability of a child having an autosomal recessive disease depends on whether one or both parents have the disease and whether the parents have one or two affected genes. Examples of autosomal dominant diseases include Marfan syndrome, Huntington disease, and familial hypercholesterolemia.

In autosomal recessive diseases, an affected individual must have two copies of the mutated gene in order to have the disease. It is therefore possible for an individual to be a carrier of the disease, having one mutated and one normal gene, and for an unaffected parent to pass the mutated gene on to the child. If both parents are carriers, each child has a one in four chance to have two copies of the mutated gene and thus to have the disease, a one in two chance to be a carrier (to have one mutated and one normal copy of the gene), and a one in four chance to have two normal copies of the gene (thus to be neither affected nor a carrier). Because of these possible patterns of inheritance, autosomal recessive diseases often skip generations. Examples of autosomal recessive diseases include cystic fibrosis, sickle cell anemia, and Tay-Sachs disease.

In X-linked dominant diseases, the mutated gene that causes the disease is on the X chromosome, and a single copy of the mutated gene is sufficient to cause the disease. Because females have two X chromosomes, they are more likely to have X-linked dominant diseases than are males (who have one X and one Y chromosome), but males are more likely to experience severe symptoms from an X-linked dominant disease, because they have only one X chromosome. There is no male-to-male transmission of X-linked dominant disorders, meaning that a father with the disease cannot pass it on to his son although he can pass it on to his daughters; if the mother is affected, she can pass the mutated gene to either sons or daughters. Fragile X syndrome and Alport syndrome are examples of X-linked dominant diseases.

In X-linked recessive diseases, the mutated gene that causes the disease is on the X chromosome, but the disease will not occur if the individual also has a normal X chromosome. Because females have two X chromosomes, they are much less likely than males to have X-linked recessive diseases. If a female has one normal and one mutated copy of the gene, she will not have the disease; in contrast, because males have only one X chromosome, if it includes the mutated gene, they will have the disease. A female can be a carrier of an X-linked recessive disease, but a male cannot. There is no male-to-male transmission of X-linked recessive disorders, meaning that a father with the mutated gene cannot pass it on to his son although he can pass it on to his daughters; if the mother has a copy of the mutated gene, she can pass the mutated gene to either sons or daughters. Examples of X-linked recessive disorders include hemophilia, Duchenne muscular dystrophy, and red-green color blindness.

In mitochondrial diseases, the gene that causes the disease resides in the mitochondria rather than in the cell nucleus. The endosymbiotic theory states that mitochondria, organelles within the cell responsible for cellular respiration, were once independent cells that were incorporated into other cells; this explains why the mitochondria have DNA, and thus genes, within them. Mitochondrial disease is passed through maternal inheritance, meaning that only a mother can pass it on to her children. Both males and females may be affected by mitochondrial disease, and the disease may appear in every generation of a family. Examples of mitochondrial diseases include Kearns-Sayre syndrome and Leber hereditary optic neuropathy.

The Human Genome Project

Sequencing the human genome was one of the great accomplishments of modern science, and the knowledge gained through this effort has greatly advanced our understanding of the functions of different genes, in identifying variations in genes that are associated with particular diseases, as well as clarifying points about matters such as human evolution. The human genome project built on many previous scientific achievements and technological advances. The idea behind the human genome project can be traced back to the work of Alfred Sturtevant in the early 20th century to map the locations of specific genes in the fruit fly (Drosophila melanogaster), noting when mutations in these genes were associated with disease. The discovery of the structure of DNA in the 1950s was led by Francis Crick and James Watson, while the techniques necessary to sequence DNA were first discovered in the mid-1970s by Frederick Sanger. One more immediate impetus for the human genome project was the desire by the U.S. Department of Energy to have a map of the genome in order to better understand how radiation affected humans. The goals of the project included producing a human genetic map, a physical map of the genome, and a complete sequencing of the base pairs that make up the human genome. At the same time that researchers were working on the human genome, they also sequenced various simpler organisms, including yeast, the fruit fly, and the flowering plant thale cress (Arabidopsis thaliana).

Two efforts to sequence the human genome (meaning to specify the exact sequence of the over 3 billion nucleotides contained in human DNA) were conducted simultaneously. One effort took place in the private sector, led by Craig Ventner of Celera Genomics, and was begun in 1998. The other effort was led by an international team involving research centers and universities in seven countries; the institutions taking part in the public effort to map human genome were known as the International Human Genome Sequencing Consortium. The public effort involved some of the most eminent scientific organizations in the world, including the Max Planck Institute for Molecular Genetics in Germany, the Wellcome Trust Sanger Institute in the United Kingdom, and the Whitehead Institute/MIT Center for Genome Research at the Massachusetts Institute of Technology in the United States; funding within the United States was provided by the National Institutes of Health. Although the two efforts to sequence the genome proceeded independently, Celera and the public partnership shared recognition for the completion of the sequenced genome. Several volunteers provided the DNA used for sequencing (it was drawn from their blood). Their identity was kept confidential, and since more volunteers were recruited than were blood samples used, no volunteer could be sure if their DNA had been used for the project.

When Ventner began his effort to sequence the human genome, he claimed that he could accomplish this task faster and more quickly than the international project (Celera budgeted about $300 million for the effort, while the cost of the publicly funded projected was closer to $3 billion). The Celera group used a method called whole genome shotgun sequencing, a technique that had been successfully used on smaller genomes (e.g., those of bacteria) but never for anything as large as the human genome. The international effort used a method called map-based or BAC-based (bacterial artificial chromosome-based) sequencing, in which larger pieces of DNA are cloned in bacteria before sequencing. Ventner originally planned to patent some of the genes identified by the Celera project (perhaps not surprisingly, as Celera is a for-profit company), while at the same time using information made freely available from the publicly financed project (which had always intended to make the results of its research freely available to the general public) in order to complete the genome. In 2000, Celera and the Human Genome Sequencing Consortium reached an agreement by which the information they gained about the human genome would be made publicly available at no cost.

In February 2001, a draft version of the human genome was published in Nature, a well-known scientific journal; at this point the sequencing was about 90 percent complete. One surprising finding from this early draft was that there were far fewer genes in the human genome than most scientists had expected: it contains 20,000-25,000 genes, while many had predicted numbers ranging from 50,000 to 140,000. The completely sequenced genome was published in April 2003, that is, the genome sequenced as completely as could be done given the available technology. In fact, about 1 percent of the gene-containing portion of the genome remained unsequenced at this point, but future technological developments should allow researchers to fill in the gap.

Gains from the Human Genome Project

The usefulness of the sequenced human genome can hardly be overstated. Researchers have likened it to a manual allowing one to create a human body, while others have described it as a catalogue and parts list of human genes and the proteins they code for. Complete mapping of the human genome facilitated a systems biology approach to medicine, in which a holistic approach is used to study living systems, using mathematical and computational models to predict the behavior of the system. Entire scientific fields of research have been created thanks to the information gained through the human genome project, such as proteomics, which focuses on identifying and quantifying proteins within particular biological components. In addition, over 4,000 organisms have been sequenced since the completion of the human genome project, and the genetic similarities of these varied organisms (from bacteria to plants and animals) and human beings have demonstrated the common ancestry of all species living today.

The mathematical and computational approaches to data developed as part of the human genome project have also led to many advances in medicine. Equally important was the determination, from the start of the publicly funded project, to make data immediately available to anyone, at no charge. User-friendly databases were developed to facilitate use of the data generated by the human genome project, such as GenBank, a searchable database of all publicly available DNA sequences. GenBank is maintained by the National Institutes of Health and is regularly updated with information from the DNA Data Bank of Japan and the European Nucleotide Archive. The success of the human genome project also proved that great scientific advances can be achieved through international cooperation, and it set a precedent for other large-scale research efforts.

The study of evolution has also been furthered by the human genome project. Today, we understand much more about genetics, due in part to the completed sequencing of over 4,000 organisms. This research has led to appreciation of the common ancestry of diverse organisms, from humans to bacteria to plants to animals, and of the genetic similarities among widely varying organisms. Sequencing of the genomes of primates and hominids has also shed light on how the evolution of modern humans proceeded (for instance, that current humans share some DNA with Neanderthals, suggesting that the two species interbred).

A Brief History of Genetics

While speculation about how characteristics were passed from parents to children date back to at least to classical Greece, modern genetics really began in the 19th century. Interest in inheritance was spurred by the publication of Charles Darwin's On the Origin of Species by Means of Natural Selection in 1859, which introduced the concept that evolution progressed over time in a population by means of natural selection. Alfred Russell Wallace, a contemporary of Darwin and like Darwin a naturalist who based his theories on what he observed in the natural world (Wallace studied wildlife in the Dutch East Indies, now part of Indonesia), held similar theories, and some consider Wallace and Darwin to be the codiscoverers of the theory of evolution.

Gregor Mendel, an Austrian monk who conducted careful experiments with plant breeding in the 19th century, developed a number of principles concerning inheritance that are still useful today. Mendel worked with pea plants (Pisum sativum), which he classified according to seven observable characteristics: height, pod shape, pod color, flower position, flower position, seed shape, and seed color. He created true-breeding strains for each of these characteristics, then crossed (cross-fertilized) plants of known characteristics, and calculated the frequencies of different characteristics as expressed in the resulting offspring. Mendel did not have the advantage of modern chemistry or electronic microscopes, so his discoveries were based only on the observable characteristics of a plant, which we call its phenotype, as distinguished from the genotype, which specifies the genetic makeup of the plant.

Mendel determined that the unit of inheritance (what we would call a gene) was discrete and that the characteristics of offspring could be explained by dominant and recessive patterns. This contradicted the then-popular belief that traits are passed on through blending inheritance, in which the characteristics of the parent are averaged in the child. This concept is similar to what we now know as incomplete dominance, in which the offspring have a physical trait that combined characteristics of two different versions of a gene—for instance, crossing a plant with red flowers and a plant with white flowers may produce pink flowers. However, incomplete dominance is not the typical way that characteristics are inherited, and Mendel's theory of dominant and recessive traits is more generally useful in explaining patterns of inheritance.

Mendel's work was not well known in his lifetime but was rediscovered in the early 20th century. Many scientists discovered new principles of genetics during this time, such as linkage (the concept that DNA sequences close to each other on a chromosome are more likely to be inherited together than DNA sequences that are far from each other), pleiotropy (the concept that one gene can affect multiple characteristics), and maternal inheritance, which extended Mendel's ideas. One significant breakthrough in the early 20th century was the understanding that genes were located on the chromosomes and that expressed characteristics (phenotype) could be linked to differences in the chromosomes.

The results of various experiments in the first half of the 20th century demonstrated that DNA, a nucleotide, was the material that transmitted genetic information. In 1949, James V. Neel discovered that sickle cell anemia was inherited in an autosomal recessive pattern and was caused by a mutation in a single gene. In the 1950s, Frances Crick and James Watson established that DNA was structured as a double helix; they drew on the work of other scientists, including the crystallographer Rosalind Franklin, in this discovery. Also in the 1950s, Francis Crick proposed the central dogma of molecular biology, that genetic information flows from DNA to RNA to protein.

In the 1970s, Werner Arber and Hamilton Smith isolated a restriction enzyme, which can be used to cut DNA in a specific location. This innovation enabled the development of gene-editing techniques, which are today employed in biotechnology and medicine. In the 1980s, Kary Mullis developed the polymerase chain reaction (PCR) procedure, which allows a small sample of DNA to be replicated many times. This process of duplication facilitates the study of genetic material, and PCR has since become one of the most common procedures in molecular biology. Also in the 1980s, the technique of automated DNA sequencing was developed, which greatly reduced the time required to sequence genomes. In 1990, the international scientific effort to sequence the human genome began; it was completed ahead of schedule, in 2001. Using techniques developed during the human genome project, the genomes of many different organisms have been sequenced (over 4,000 have been completely sequenced, with over 6,000 more in progress, by the second decade of the 20th century).

Eugenics

Eugenics refers to the belief that the human race can be improved through selective breeding, in a manner analogous to the way animals or plants may be bred to have desirable characteristics; the term eugenics also refers to practices performed or recommended in the service of that belief. While most people today are not familiar with the term eugenics and would be shocked at the suggestion that the choice to have children or not have them should be decided by someone other than the prospective parents themselves, in the late nineteenth and early twentieth centuries, the benefits of eugenics were widely discussed, and in some countries laws were passed in support of eugenics ideals, such as sterilizing people who were considered to harbor "inferior" genetic material.

While the ideas behind eugenics can be traced back to at least classical Greece, the term eugenics was coined in 1883 by Sir Francis Galton, a British scientist (and second cousin to Charles Darwin) who made important contributions to a number of fields, including statistics, psychology, and meteorology. One topic that interested Galton was whether human abilities such as intelligence were inherited, and he examined this question by studying the relatives of individuals who had achieved eminence in some field. He found that the closer relatives of eminent men were more likely to be eminent themselves, as compared to more distant relations, and concluded that the difference was due to inherited ability, with those related most closely having inherited more abilities. To Galton's credit, he did recognize the limitations of this study (one obvious flaw being that achieving eminence is influenced by a variety of factors, such as access to resources, that might also be more closely shared by those who are more closely related). However, Galton retained his belief in the inheritance of ability and suggested that incentives should be provided to encourage individuals judged likely to have able children to marry early and have large numbers of children.

In the United States, the first eugenics law was passed in 1896 in Connecticut. This law prohibited marriage among those with epilepsy or mental retardation. The purpose of this prohibition was to prevent those individuals from having children, in theory thus decreasing the number of individuals who would be born with those conditions while at the same time improving the genetic stock of the population. Many similar laws were passed in other states, sometimes including the provision that persons considered undesirable should be sterilized to prevent them from handing down their genetic material. According to the Eugenics Archives created by the Social Sciences and Humanities Research Council of Canada, 32 states passed eugenics laws between 1907 and 1937, and between 1907 and the 1970s when the repeals of the eugenics laws took place, about 60,000 people were sterilized due to these laws. Beliefs in eugenics also influenced immigration policy in the United States and were used to justify a legal quota limiting the number of immigrants allowed in from Asian, Southern European, and Eastern European countries (such individuals were at the time considered inferior to Northern Europeans).

Eugenics programs were enacted in other countries as well. For instance, two Canadian provinces, Alberta and British Columbia, both created eugenics programs that were not repealed until the 1970s. Many countries passed laws mandating sterilization of certain types of individuals, including Denmark, Sweden, Norway, Finland, Switzerland, Portugal, and Japan, and the ideas of eugenics spread to many other countries as well. Scientific conferences were held to share ideas about eugenics, organizations such as the Eugenics Education Society were created to help communicate eugenics ideas in the general public, and for many people embracing the principles of genetics seemed like a modern and progressive thing to do. It is often difficult to separate the influences of eugenics from other matters such as racism and nationalism, and often these topics were intertwined in both law and culture.

Although some eugenics laws stayed on the books until the 1970s, the ideas and practices of eugenics fell out of favor when the world learned about the horrors enacted in the name of eugenics in the 1930s and 1940s in Germany. Adolf Hitler espoused the idea that "true" Germans represented a superior, Aryan race that had become corrupted by intermarriage with non-Aryans, such as Jews and gypsies (Romani). He also believed that the genetic material of "undesirable" individuals should be removed from the German gene pool, and in 1933 the Nazi government began forced sterilization of those judged to suffer from inherited diseases. Disabled people were often confined to institutions, and many were euthanized (killed) for no reason other than their disability.

Humankind has long been interested in the heritability of characteristics—wondering why children of the same parents are similar in some ways and different in others, for instance—and the field of genetics offers a scientific way to investigate these questions. While some important genetic principles were discovered using observation and fairly basic technology, today a wide variety of specialized instruments and techniques have vastly increased our understanding about how characteristics are transmitted from one generation to the next. The human genome project is a good example of the kind of work that is only possible with modern scientific equipment, and it has brought us increased understanding about our own genetic material and how it affects our lives. Chapter 2 will examine genetic testing in more detail, including its history and uses.


Chapter 2
 Introduction to Genetic Testing

Genetic testing is an important tool of modern medicine. While tests do not currently exist for all known genetic conditions, there are tests available for several thousand conditions, and there is every reason to assume that more tests will be developed in the future. Genetic testing may be performed for several reasons, including to determine if an individual has a genetic profile associated with a particular disease or condition, to help people contemplating marriage understand the probability that their children may inherit a particular disease or condition, and to help determine the appropriate dosage of particular drugs for a specific individual.

What is Genetic Testing?

Genetic testing is performed to identify characteristics of an individual's chromosomes or genes. Most often genetic testing is performed in the context of medical care, usually to identify if an individual has changes in their genetic material or proteins that are associated with undesirable conditions. For instance, a genetic test might be performed to see if an individual has the mutations associated with a genetic disease or condition, or if they are a carrier for a genetic disease or condition. Today, genetic testing is performed for other purposes as well, such as heritage tracing or forensic identification, purposes that will be discussed in other chapters.

Genetic testing is performed in a medical lab, and usually the results must be interpreted for the individual who has been tested (or the parents, in the case of a child being tested). Sometimes genetic testing is carried out in the context of a genetic consultation, in which case a specially trained counselor will explain the results of the test and the implications to the patient. In other cases, the results of genetic testing are interpreted by a physician, nurse, or other health care professional, who will explain the results and implications to the patient. Although there is not currently a test for every genetic or chromosomal disorder, tests are available for over 2,000 conditions and diseases.

Genetic testing is performed on a small sample of bodily fluids or tissues, often a blood sample, hair sample (the hair root must be included in order to isolate DNA from the sample), or sample of skin cells (e.g., a cheek swab), saliva, or amniotic fluid (liquid that surrounds a fetus in the mother's womb). Once an individual decides to have a genetic test, an appropriate sample is collected and sent to a lab, which will perform the test and return a report on the results to the physician, counselor, or individual patient. Because the results of genetic tests can be difficult to understand, it is vital that an informed professional interpret and explain the results to the patient so he or she can decide what course of action to follow based on the test results. While in some countries genetic testing is available without going through a medical professional (direct-to-consumer [DTC] testing), this leaves the burden on the consumer to interpret the test results, which may not be a straightforward process.

Common Types of Medical Genetic Testing

Genetic testing may be performed in a medical context for a variety of reasons. One common type of testing is newborn screening, which is required by law in all U.S. states for certain conditions. Screening is a process in which a large number of individuals are tested for particular conditions, with the expectation that most of those screened will not have any of the conditions. Screening tests, which are relatively inexpensive and not arduous for the patient, are a basic tool of public health, and they are performed following the logic that the value of catching even a few cases of serious disease is worth the expense of testing large numbers of people who will not have the disease. Most newborn screening is performed on a sample of the baby's blood, taken from the heel in the first or second day of life. Many types of newborn screening tests are available, and all states require newborns to be tested for at least phenylketonuria (PKU) and congenital hypothyroidism; many states require other tests also, and parents can elect to have other specific tests performed as well.

Diagnostic testing is performed when a person has signs and symptoms that suggest they might have genetic or chromosomal mutations. Diagnostic testing can identify if an individual has the genetic or chromosomal abnormalities associated with one or more conditions, to confirm a diagnosis, or to rule the possibility that the individual has the condition(s) tested for. Depending on the specific test, diagnostic testing may be performed prenatally (before birth) or at any point in an individual's life.

Carrier testing is used to identify if a person has one copy of a mutation for a recessive disorder that only manifests itself when an individual has two copies of the mutated gene. A carrier does not have the condition and generally is not affected by the mutation, but the person can pass the mutation on to his or her child. Carrier testing is particularly relevant when individuals are considering marriage, because two carriers might produce a child with two copies of the mutated gene, who would therefore have the condition. Carrier testing is most often performed when an individual's family has a history of a particular mutation or the individual is a member of an ethnic group that is at elevated risk for particular genetic diseases. For instance, Ashkenazi Jews have a higher than average incidence of Tay-Sachs disease, so individuals considering marriage may elect to be tested to see if one or both partners are carriers for the disease.

Prenatal testing is performed before a child is born to determine if the child has certain mutations or abnormalities in their genes or chromosomes. Prenatal tests are used to indicate if the fetus has an increased risk for a particular disorder, such as Down syndrome (trisomy 21), which is caused by the fetus having three rather than the usual two copies of chromosome 21. In some cases, diagnostic tests can definitively indicate whether a fetus has a particular abnormality, so if a screening test suggests a high probability of an abnormality, the mother may choose to follow it with a diagnostic test. Diagnostic tests, including chorionic villus sampling and amniocentesis, are generally performed only when there are indications of abnormality, because they carry some risk to the mother and baby.

Preimplantation testing is used during in vitro fertilization (IVF) to create genetic profiles of embryos, and identifying those with genetic or chromosomal abnormalities, prior to implantation. The process is also called preimplantation genetic diagnosis (PGD) and is used to select which of a group of fertilized embryos will be implanted in a woman's uterus. A small sample of cells is taken from each embryo in order to perform the tests. As with prenatal testing, not all inherited disorders and birth defects can be identified by preimplantation testing.

Predictive and presymptomatic testing are used to detect genetic mutations in people who have a family history of a disorder but do not themselves have signs or symptoms of that disorder. It is often used to detect genetic mutations associated with diseases that tend to appear later in life, and it can provide information about an individual's risk of developing a particular disease, although it may not provide a definite answer about whether or not they will actually develop the disease. Such information can be used to guide medical care—for instance, someone with a high risk of developing a certain type of cancer might be advised to have regular screenings so the cancer, if it occurs, can be detected in the early stages.

Premarital screening testing is performed when two individuals contemplating marriage request that they be tested for genetic conditions they might pass on to their children, including conditions that are particularly prevalent in their ethnic group. Premarital screening testing is most often used to detect recessive genetic disease, because a healthy person may be a carrier for a recessive disease and be unaware of that fact. While a carrier of a recessive disease is generally not affected by the disease, if two carriers have children, there is a one in four probability for each child they have that the child will have two copies of the mutated gene and thus have the disease. Dor Yeshorim, an organization that promotes voluntary premarital testing for disease particularly common in the Jewish community, is an example of an effective premarital testing program. Some countries have also created premarital screening programs due to high rates of particular genetic diseases in their population. For instance, Cyprus has instituted a premarital screening program for thalassemia, a blood disorder, because many citizens of Cyprus are carriers for this disease. Individuals who wish to obtain a marriage license in Cyprus must produce evidence that they have been screened for thalassemia. The purpose of this mandatory screening is to inform individuals of their risk of giving birth to a child with thalassemia (a couple can marry regardless of their test results), and many affected couples also use prenatal screening to determine the status of embryos.

A Brief History of Genetic Testing

Family History

Before lab testing was available to identify genetic and chromosomal abnormalities, the family history was an important tool in studying inherited diseases, and family histories are still used today for this purpose. The family history can be considered an offshoot of genealogy, because at some point people noticed that certain diseases tended to recur in certain families. For instance, in the 19th century, a physician in Philadelphia traced the history of a family in which males but not females were sometimes born with a bleeding disorder that may have been hemophilia. The same physician noted that although the female members of the family did not appear to have the disease, they could bear sons who were affected by it. Today we know that hemophilia is an X-linked recessive disorder, which explains the particular pattern of inheritance observed in this family.

To take a more famous example of tracing a disease through family history, historians have noted that Queen Victoria of England apparently was a carrier of a rare type of hemophilia, which she passed on to two of her daughters, Alice and Beatrice, and one of her sons, Leopold. The two daughters were carriers of the disease, while the son had the disease. Victoria's offspring in turn passed the gene on to some of their children as they married into other royal families of Europe; the most famous example is the czarevitch Alexei of the Romanov family, who was the great-grandson of Queen Victoria. As the mutation that causes hemophilia was not known to exist in her mother's family, it is possible that it was the result of a spontaneous mutation.

Alkaptonuria was another disease early noted to have an apparent genetic linkage. In 1901, the physician Archibald Garrod noted that the disease seemed to be unusually common in the offspring of parents who were first cousins (first cousins share 12.5 percent of their genetic material), and the zoologist William Bateson suggested that this pattern of inheritance was consistent with a recessive genetic disease. A contemporary of Bateson and Garrod, the physical anthropologist William Farabee wrote his doctoral dissertation about a family in which shortened digits were common and identified this as the phenotype of a dominant genetic disease.

Today it is typical for information about family history of disease to be collected by medical providers, as is familiar to anyone who has gone through a long checklist ("Has anyone in your family suffered from . . .?") when filling out a "new patient" questionnaire. Specific indications that point to the possibility of an inherited disease include early onset of a common disease, having at least two relatives with the same disorder, occurrence of a disorder caused by a single gene, the occurrence of the same disease in different organs or multiple foci in one organ, disease that occurs in the gender usually less affected, and diseases common in a specific ethnic group.

Information gained by a family history can be translated into a pedigree, which is used to display a great deal of relevant information graphically on a single page. Standard symbols used in making a pedigree include squares for males and circles for females, with the symbols for those having the disease in question darkened in and those without the disease left open. The chart begins with the proband, or person whose pedigree is being created; the proband is indicated by an arrow pointing to the lower left of his or her symbol. The proband's current age and age of onset of the disorder are written below his or her symbol, and the same information will be included (as available) for every person included in the chart. The next people added to the chart are the proband's parents; if they are consanguineous (related), this information is also included in the chart. Siblings are added next and then other relatives, including aunts, uncles, and grandparents. If an individual is deceased, their age at death and cause of death is also included, and a slash is placed through their symbol. The chart can be continued further back in the individual's history, according to what information is available.

Lab Tests

Laboratory testing for genetic and chromosomal diseases dates from the middle of the 20th century. In the 1960s, Robert Guthrie pioneered newborn screening through a blood test to identify PKU, a disease that causes intellectual disability if the infant does not follow a strict diet avoiding foods that contain phenylalanine, an amino acid found in many protein foods.

In the 1970s, lab tests became available to identify sickle cell trait/ sickle cell anemia and Tay-Sachs disease. Sickle cell anemia is a recessive genetic disorder caused when an individual has two mutated copies of the sickle cell gene, while sickle cell trait occurs when someone is a carrier of the disease, having only one mutated copy of the gene. Some states passed laws mandating testing for the mutation-causing sickle cell trait and sickle cell anemia (in the United States, these laws primarily affected African Americans), but these laws were overturned in 1972 by the National Sickle Cell Anemia Control Act, which mandated that all testing be voluntary.

Tay-Sachs disease is a recessive disorder that disproportionately affects Ashkenazi Jews. As with sickle cell anemia, an individual must have two copies of the mutated gene in order to have the disease, while an individual with only one copy will be a carrier, who is unaffected by the disease but can pass the trait on to their children. Because the disease usually kills the individual in early childhood, the only way a baby could be born with the disease is if both parents are carriers of the trait. Educational campaigns encouraged people in high-risk groups to be tested before marriage, and an organization called Dor Yeshorim began offering confidential testing for this and other diseases. Thanks to this voluntary program of testing and counseling, the incidence of Tay-Sachs disease has been much reduced.

Today, tests for over 2,000 inherited conditions are available. Some are universally mandated in the United States, like newborn screening for PKU and congenital hypothyroidism, while many others are voluntary. One of the more common genetic screening procedures is the serum marker screen taken by many pregnant women, which can indicate if a fetus is at increased risk for Down syndrome or neural tube defects. Because this test is only a screen, a positive result must be followed up with a diagnostic test. Some tests are generally conducted only when there is a family history of the disease or of the relevant mutation: for instance, screening for cystic fibrosis, a recessive disease, is often performed if the mother is a carrier for the trait. First the father is screened, because for the child to be born with the trait, both parents must contribute a mutated gene. If the father is also a carrier, then the fetus can be tested to see if it has the disease (if both parents are carriers, there is a 25 percent probability that a child will have two copies of the mutated gene and thus have the disease).

Huntington disease is a progressive disease of the nervous system, caused by repetition of a particular base triplet in a single gene. It is a dominant disease, meaning that only one copy of the mutated gene is required in order to have the disease. However, because Huntington disease often does not manifest itself until an affected person is age 40 or older, at which point they may have already had children, some opt to be tested before marriage if they have a family history of the disease. More recently, a test has been introduced for the mutations in the BRCA1 and BRCA2 genes, both of which normally function as tumor suppressors. Mutation in these genes is associated with a higher risk of breast and ovarian cancer. Mutations in the BRCA1 and BRCA2 genes are relatively rare, so testing is generally recommended only for women with a family history indicating that they may be at increased risk of having one of these mutations.

Pharmacogenomics

Pharmacogenomics uses information from pharmacology and genomics to study the interactions between a person's genetic makeup and how they respond to specific medicines. While many drugs seem to work in a similar manner for most people, the action of others can vary significantly depending on the patient's genetic profile. Information gained from pharmacogenomics can help determine what drugs, and what dosages of those drugs, are most appropriate for a specific individual. Pharmacogenomics is a relatively new field and may be considered one aspect of precision medicine, which focuses on how individual differences may affect what treatments are most effective for specific patients.

Pharmacogenomics looks for differences in genes that code for proteins that affect how certain drugs work in a person's body. Over 200 medications used in the United State now include pharmacogenomic information on their labels, as do over 500 drugs sold in Europe. The purpose of this information is to help physicians choose appropriate medications and dosages for their patients. Some pharmaceutical companies are also researching and marketing drugs intended for people with particular genetic profiles. Governmental and nonprofit bodies also sponsor pharmacogenomic research and physician education regarding pharmacogenomics. In the United States, the National Institutes of Health (NIH) both funds pharmacogenomics research and conducts educational efforts to encourage physicians to use the results of pharmacogenomics in prescribing medicines for their patients.

The effects of even so common a drug as aspirin can be affected by a person's genetic makeup. Aspirin reduces the activity of platelets, which cause the blood to clot, and for this reason individuals who have had a heart attack or stroke are often advised to take a low dose of aspirin every day. However, in 10-30 percent of people taking aspirin for this reason, the drug simply does not work. Researchers have discovered a particular gene, PEAR1, that is implicated in the reduced effectiveness of aspirin on platelet activity. For individuals who have the base adenine at a specific location on this gene, as opposed to the base guanine that is present at that location in most people, a daily dose of aspirin is not effective in preventing heart attack and stroke, and thus a different drug needs to be prescribed to those individuals.

Warfarin (Coumadin) is an anticoagulant that blocks an enzyme active in blood clotting, and it is used to treat blood clots and prevent stroke. Because warfarin acts as a blood thinner, one side effect of this drug is bleeding (it was originally used as a rat poison), and an individual's response may vary so much that a therapeutic dose for one person would be harmful or even fatal to another. Variations in two genes, VKORC1 and CYP2C9, play a key role in an individual's response to warfarin, and thus genetic testing for these variations may help a physician prescribe the correct dosage for an individual patient.

Rheumatoid arthritis is an autoimmune disease that causes pain and swelling in the joints. It is often treated with drugs that block a molecule called TNF-alpha, but for certain individuals this drug is not effective. For people who have a particular version of the gene CD84, the TNF-alpha blocker etanercept is ineffective. However, several other TNF-alpha blockers work for people with this particular genetic makeup, so if a physician has information about the CD84 gene for a particular patient, with rheumatoid arthritis, an appropriate drug can be prescribed.

About one-quarter of prescription drugs are affected by a single liver enzyme, CYP2D6, which exists in more than 160 versions. In the case of codeine, for instance, this enzyme converts codeine to morphine. Most variants do not affect how drugs affect an individual, but a few make a significant difference. People with extra copies of this enzyme process certain drugs much faster than usual, so a standard dose of a drug could be an overdose for someone with this genetic pattern. For other variants, some drugs are processed too slowly or have no effect on the patient, and for them a drug unaffected by this enzyme would need to be prescribed.

Regulation of Genetic Testing

Genetic testing is regulated differently in different countries. In the United States, two federal agencies have most of the authority to regulate genetic testing: the Food and Drug Administration (FDA) and the Centers for Medicare and Medicaid Services (CMS). The Federal Trade Commission (FTC) has in the past been responsible for regulating companies that make false or misleading claims about medical tests, but at present they play a lesser role in this endeavor. Private insurance companies do not regulate genetic testing per se, but they influence individual patient's ability to access the tests by their decisions on which tests they will pay for.

Genetic tests may be evaluated according to three criteria: analytical validity, clinical validity, and clinical utility, which are relevant to any diagnostic test. A test with high analytical utility consistently and accurately detects the presence or absence of a particular genetic variant. A test with high clinical validity tests for a genetic variant that has been shown to increase the risk of having or developing a disease. A test with high clinical utility provides useful information to health care professionals and patients about the diagnosis, treatments, prevention, or management of a disease.

In the United States, CMS does regulate genetic tests according to their analytical validity, based on research and input from the medical community. There is currently no federal oversight regarding a test's clinical utility, in part because clinical genomics is a relatively new field and there is little data by which to evaluate many tests. However, measures have been proposed to increase federal oversight in this area.

In the United States, CMS regulates laboratories that conduct clinical genetic testing through the CLIA (Clinical Laboratory Improvement Amendments) program. CLIA regulations apply to labs that conduct tests in the context of patient care (as opposed to the research context), with different standards required according to the complexity of the tests involved. CLIA regulates matters such as the personnel required to be present in the lab, and certified labs are subject to on-site inspection. In addition, labs are regularly evaluated for the accuracy of the tests they conduct, often conducted by sending an unknown sample to the lab and examining the results obtained and the resulting report for accuracy.

The FDA regulates companies that sell and market DTC tests for specific conditions. In April 2017, the FDA granted permission for the private company 23andMe to market 10 DTC tests for diseases or conditions through their Personal Genome Service Genetic Health Risk program. This was the first time DTC testing for disease was approved in the United States, and the decision was controversial because it is difficult for someone not trained in genetics or medicine to interpret the results of genetic tests. In particular, a positive or negative result may be misinterpreted as indicated certainty that a person will or will not develop the disease, rather than simply an indication of greater or lesser risk for the disease. In response to this criticism, the FDA now requires that test results be conveyed in language simple for nonprofessionals to understand.

The 10 diseases and conditions included in this permission all pose serious threats to human health: Parkinson disease, late-onset Alzheimer disease, celiac disease, alpha-1 antitrypsin deficiency (which raises the risk of liver and lung disease), early-onset primary dystonia, factor XI deficiency (a blood clotting disorder), Gaucher disease type 1 (an organ and tissue disorder), G6PD (glucose-6-phosphate dehydrogenase) deficiency (which affects the red blood cells), hereditary hemochromatosis, and hereditary thrombophilia. DTC marketing of diagnostic tests, which may be used as the sole basis to make treatment decision, are not permitted under this ruling.

The Genetic Testing Registry

In 2013, the NIH established the Genetic Testing Registry (GTR), an online compilation of information about genetic tests available worldwide. As of July 2018, this searchable database contained information about almost 55,000 tests for genetic conditions, over 11,000 genetic conditions, over 16,000 genes, and over 500 labs. It specifically does not include information about the test results of individual patients or proprietary information about tests.

Although anyone may access the GTR, it is intended primarily as a resource for scientific and medical professionals, and it is not intended to substitute for medical advice from a qualified health care or genetics professional. The primary purpose of the GTR is to improve public health and increase knowledge relevant to human health. This purpose is accomplished in several ways, including by establishing a central location from which individuals may access information about available genetic tests, facilitating knowledge development by encouraging the sharing of information about genetic disorders and genetic testing, identifying current gaps in knowledge, and encouraging data sharing that may lead to new scientific discoveries. One caution concerning the GTR is that information is submitted voluntarily and is not verified by the NIH.

The National Center for Biotechnology Information provides instructions on how to use the GTR, and information about the submission process is available on the GTR website. The GTR also includes information from a number of other sources, including databases of genetics professionals, genetic information written for nonprofessionals, clinical resources such as GeneReviews from the University of Washington and Online Mendelian Inheritance in Man from Johns Hopkins University, and molecular resources including the ClinVar and Genetics & Medicine databases from the NIH and the National Center for Biotechnology Information, respectively.

Genetic testing can provide individuals with crucial information about their genetic makeup, how it may affect their health, and if they have any genetic conditions that they might transmit to their children. Tests are currently available for several thousand conditions, and some tests (for instance, certain types of newborn screening) are mandatory in the United States. For adults, genetic testing is usually voluntary, and it is most often used in conjunction with medical care or for people contemplating marriage and/or having children. Chapter 3 will discuss a relatively new development in genetic testing: the increasing popularity of companies that perform genetic tests and release the results directly to the consumer.


Chapter 3
 Direct-to-Consumer Genetic Testing

Until fairly recently, genetic testing was usually ordered by a physician or other health professional in order to obtain specific information about an individual's genetic makeup, often for the purpose of aiding in the diagnosis of a disease or advising individuals contemplating marriage about the probability of specific conditions occurring in their children. One advantage of conducting genetic testing within the context of health care or reproductive counseling is that a trained professional would receive the results of the testing and would interpret those results, which might be ambiguous and not easily understood by an untrained individual. The professional would also be able to advise the individual(s) whose genetic material had been tested about possible future courses of action, given the results of the testing. The situation is quite different today because in the United States and some other countries, it is possible for individuals to order genetic testing directly from one of the many companies that offer these services, without consulting with a health professional at any point in the process. While many consumers appreciate the convenience of direct-to-consumer (DTC) genetic testing, many health professionals worry that the information contained in such reports may be misleading or inaccurate and that even accurate test results may be misinterpreted by individuals without expertise in medicine or genetics. This chapter will be concerned primarily with DTC genetic testing to identify disease risk, while genetic testing to determine racial or ethnic heritage will be covered in chapter 6.

History of DTC Genetic Testing

Although the completion of the Human Genome Project in 2003 sparked interest in the role genetic makeup plays in disease, and hence in testing for genetic markers associated with different diseases, DTC genetic testing was first offered seven years earlier. According to a 2017 review article by Stuart Hogarth and Paula Saukko, in 1996 a British company, University Diagnostics, began offering mail-order testing for genetic markers associated with cystic fibrosis. In the same year, the American company Genetics & IVF Institute began offering DTC testing for variants in the BRCA genes associated with increased risk for breast and ovarian cancer. Advertising played a key role in making consumers aware of these services; for instance, University Genetics advertised in Cosmopolitan magazine, and in 1998 the American company Myriad Genetics began advertising DTC BRCA testing on television and radio and in popular magazines. As internet use became more common, so did advertising DTC services on the internet, and soon it was also possible to order DTC services through the internet; one of the first companies to exploit this new form of communication was the British firm Sciona, which began offering DTC services over the internet in 2001.

Much of the early growth in DTC testing focused on nutrigenetics. Companies offering this type of testing generally provided customers with advice about nutrition and other health behaviors, purportedly based on their genetic makeup. The second wave of growth in DTC genetic testing began in 2007, when companies like 23andMe began offering a variety of services, including testing for ethnic heritage, testing for genetic variants associated with specific medical conditions, and testing related to more obscure factors such as a preference for particular tastes in food or a propensity to form ear wax. The types of services offered by DTC genetic testing companies have varied over the years, due in part to increased government oversight as well as consumer interest, and it is likely to continue to change in the future.

Nutrigenetic Testing

Many of the first companies involved in DTC genetic testing offered services in nutrigenetics, claiming to use genetic information to make nutritional recommendations. Because these services predate the growth in health- and ancestry-focused DNA testing, they offer some interesting historical insights into how the DTC testing industry developed. Nutrigenetic testing services, which were generally available in stores and through the internet, typically required the individual to provide a genetic sample, usually from a buccal swab, that is, a sample of cells from the inside of the individual's mouth, which can be easily collected by an untrained individual and which provides DNA for analysis. This sample was mailed to the company, which had it analyzed in a laboratory and used the information from the sample to deliver a report containing personalized diet and lifestyle advice to the individual.

Nutrigenetic testing is lightly regulated in the United States because such tests are not considered medical devices. While the appeal of personalized nutrigenetic information is obvious, since it offers the potential to improve health and/or prevent disease based on information specific to the individual submitting the DNA sample, the usefulness of the information provided through this type of service may be questionable. One investigation of nutrigenetic testing, documented in a 2006 report authored by Gregory Kutz of the General Accounting Office (GAO), found that the results obtained from four different companies often returned only general advice (such as for a smoker to quit smoking or for someone who was sedentary to begin exercising) rather than information based on the DNA sample submitted. The nutrigenetic tests, whose cost ranged from $89 to $395, therefore delivered mostly general information that was readily available for free from many sources and was in no way personalized based on the individual's DNA. In addition, some of the companies tried to entice the consumer to buy products supposedly based on their genetic profile, some of which were overpriced (e.g., vitamin supplements available far more cheaply from other sources) or fraudulent (e.g., supplements that the company claimed could repair damaged DNA). In addition, some of the recommendations provided (for instance, taking high dosages of certain vitamins or minerals) could have been harmful to some individuals.

To examine the value of information provided by nutrigenic testing, the GAO submitted 12 samples of DNA drawn from one female (a 9-month-old baby) and 2 samples of DNA drawn from an unrelated 48-year-old man, but it provided each sample with a different profile. For instance, one of the female samples was described as coming from a woman of age 33, who was 5'5‰, weighed 175 pounds, was a smoker, did not exercise, had a high caffeine intake, ate a diet high in fats, dairy, and grains, and did not take vitamins. Another sample from the same female was described as coming from a 68-year-old man, who was 5'6", weighed 135 pounds, exercised regularly, never smoked, took vitamins, did not ingest caffeine, and ate a diet high in protein and fried foods. If the advice received from the companies was based on analysis of the submitted DNA, which was identical in both cases, the advice in the reports based on the samples should also have been similar. Instead, the reports were clearly based on the verbal profile provided rather than the DNA samples. In addition, results were often couched in ambiguous language (that some gene variation "may" affect health in some way, for instance), which provided no useful information to the consumer.

This example of a systematic examination of several companies claiming to offer nutrigenetic testing illustrates the gulf that often exists between things that might seem like they should be possible and the current state of scientific knowledge in that regard. For instance, it may seem logical that people with different genetic makeups might have different nutritional needs, but that does not mean that there is currently any way to make meaningful nutritional recommendations to the general public based on DNA samples. There are a few exceptions to this rule, of course—for instance, people with the genetic disorder phenylketonuria (PKU) should limit their intake of phenylalanine—but the nutrigenetic tests on the market offer far more general advice. While research into nutrigenetics continues, and some day it may in fact be possible to make dietary and lifestyle recommendations based on an individual's genetic profile, DTC consumer products purporting to offer such information were on the market well before they could possibly have delivered what they promised.

Broad-Based Genetic Testing

The company 23andMe was founded in 2006 by Linda Avey, Paul Cusenze, and Anne Wojcicki, and it began offering DTC genetic testing in 2007. Navigenics, founded in 2006 by David Agus and Dietrich Stephan, offered similar services, and other companies soon entered the market as well. By 2016, a review by Andelka M. Phillips identified over 200 companies offering some type of DTC genetic testing. Of course, companies enter and leave markets all the time, so the point is less the exact number of companies at a given point in time than that the DTC genetic testing industry has continued to grow and diversify over the years. Many experts believe this growth will continue: for instance, a 2017 article in Nature by Erika Check Hayden estimated that the value of the global market for DTC genetic testing came to a bit over $50 million in 2014, and the article projected that the value of this market would grow to approximately $175 million by 2020 and $350 million by 2022.

While each company offering DTC genetic testing is unique, there are sufficient similarities among them that the broad outlines of the history and current state of DTC genetic testing in the United States can be understood through the history of one company. This discussion will be based on 23andMe, because it is probably the best known of the companies offering DTC genetic testing, due to its early entry in the market, high capitalization (in 2007 alone it received $8.95 million in investment funding) and high market value (estimated at over $1 billion in 2017), broad reach (over 2 million customers as of 2017), extensive advertising campaigns, and well-publicized issues with state and federal regulators. 23andMe has also received extensive coverage both in the popular press (for instance, in 2008 Time magazine named its home DNA kit the best invention of 2008) and in professional journals, so many people with no specific interest in home DNA testing may well have heard of this company.

Despite the fact that 23andMe promises to provide consumers with information about specific health risks, they began operation without much state or federal oversight. In 2008, however, two states, California and New York, demanded that the company obtain the same licenses required by other companies that do human clinical laboratory testing. In 2010, the FDA (Food and Drug Administration, the U.S. federal agency that regulates pharmaceuticals and medical devices) informed five companies offering DTC genetic testing, including 23andMe, that their tests were considered medical devices. For this reason, the FDA required the companies to obtain federal approval that the tests are safe and effective before marketing them to consumers.

In 2013, the FDA ordered 23andMe to stop selling marketing their Personal Genome Service (PGS) because the company had not obtained FDA clearance for it. At this time, the PGS purported to offer information regarding serious medical issues such as cancer risk (based on analysis of the BRCA genes), celiac disease (a disease marked by autoimmune reaction to gluten, a protein found in some grains, including wheat) and response to drugs such warfarin (a blood thinner). After receiving the FDA's directive, 23andMe stopped marketing genetic testing for the purposes of determining health risks, but it continued to market genetic testing aimed at helping consumers learn more about their ancestry.

In 2015, 23andMe received FDA approval to begin offering a test to identify carriers of Bloom syndrome, a recessive genetic condition. In 2017, the FDA approved a 23andMe application to offer testing for 10 diseases through its Personal Genome Service Genetic Health Risk (GHR) program: Parkinson disease, late-onset Alzheimer disease, celiac disease, alpha-1 antitrypsin deficiency, early-onset primary dystonia, factor XI deficiency, Gaucher disease type 1, glucose-6-phosphate dehydrogenase (G6PD) deficiency, hereditary hemochromatosis, and hereditary thrombophilia. At the time of approval, the FDA also announced that they intended to exempt further GHR tests from 23andMe from having to go through premarket preview and that other companies offering similar testing might also be exempt from premarket review after submitting their first premarket notification to the FDA. The FDA ruling did not authorize marketing any tests for diagnostic purposes, however, but only for the purpose of identifying genetic mutations. The key distinction between the two is that a diagnostic test may be used to make major treatment decisions, while a test that identifies genetic mutations is only providing one piece of information that could be used in conjunction with other information to make medical decisions. In 2018 the FDA granted approval for 23andMe to offer testing for several BRCA mutations, making it the first company to be approved to offer DTC testing for genetic cancer risk.

DTC Genetic Testing Today

As DTC genetic testing has proved to be popular with consumers, many companies have entered the market. As with any business, some have also left the market, so the number of companies in business at any time, and the number offering specific services, tends to change over time. In 2016, Andelka M. Phillips analyzed the offerings of DTC genetic testing services offered by 246 companies identified as offering their services online in that year; many of these companies offered more than one type of genetic testing. Because this survey was conducted prior to 23andMe receiving FDA permission to market genetic testing for markers associated with common diseases (in 2017), it does not include genetic testing for disease markers.

Of the 246 companies surveyed by Phillips, over half (136 companies, or 55.3% of the total) offered some kind of health-related genetic testing, including carrier testing (27 companies, 11.0%) and nutrigenetic testing (72 companies, 29.3%). In 2016, 74 companies (30.1%) offered ancestry testing, some of which were specialized to particular ethnic groups (e.g., African DNA). Other common services offered included legal paternity testing (83 companies, 34%) and genetic relatedness (92 companies, 37%), while less common services included athletic talent testing (38 companies, 15%), child talent testing (4 companies, 2%), and matchmaking (3 companies, 1%).

According to a 2018 article by Antonio Regalado, over 12 million people have used one or more DTC genetics testing services, with the majority (about 7 million) using ancestry testing services only. By way of comparison, an estimated 330,000 people had used some DTC genetic testing service by 2013 (about 110,000 used ancestry testing only), 675,000 used some DTC genetic testing service by 2014 (200,000 ancestry testing only), 1.57 million used some DTC genetic testing service by 2015 (700,000 ancestry testing only), 2.6 million used some DTC genetic testing service by 2016 (1.4 million ancestry testing only), and 4.475 million used some DTC genetic testing service by 2017 (3 million ancestry testing only). These figures are cumulative and demonstrate that the use of DTC testing services showed steady growth until 2016 or 2017, after which point growth increased much more rapidly. A few companies provide the bulk of these services, with Ancestry.com claiming to have tested over 7 million people, and 23andMe over 3 million people. It is also worth noting that much of the increase in the use of DTC genetic testing services has been driven by interest in ancestry testing and that people choosing to get that type of testing may also order a package of health-related tests (some companies offer a discount if both types of services are ordered at the same time), so interest in one's heritage might result in having medical genetic testing performed as well.

The growth in DTC genetic testing services is reflected in the increasing number of articles published about them in medical and scientific journals. A search of the MEDLINE database (a resource maintained by the U.S. National Library of Medicine that contains references to journal articles in the life sciences and biomedicine), conducted on September 3, 2018, found a clear pattern in the number of articles including the terms "DTC genetic testing" or "direct to consumer genetic testing" between the years 2006 and 2018. Only a few articles per year were published in the first few years, followed by an increase to 8 in 2010, 12 in 2011, and 26 in 2012 (the most articles in any year). There was then a decline to 10 articles in 2013, and approximately 10 articles (with a range from 8 to 12) were published in each of the following years, through 2018. While this simple search may miss some articles that did not use either of the exact phrases included in the search and while more articles may be published in 2018 and 2019 (since there were almost four months remaining in 2018 when the search was conducted), it does give a clear indication of professional interest in the issues involved in DTC genetic testing.

Much of the growth in DTC genetic testing has taken place in the United States, where a broad range of such services are permitted by law. This is not the case in every country, as shown in a recent study by Louiza Kalokairinou of laws regarding DTC genetic testing in 26 European countries (most of which have offered universal access to health care as a norm for years, a context quite different from that in the United States). They found that in seven countries, genetic testing for health conditions required medical supervision, with the specifics of the type of testing included and who could provide such supervision varying from one country to the next. In some countries, such as France and Germany, DTC consumer testing is essentially banned due to legal requirements. For instance, in France a medical prescription is required for genetic testing, and such testing can only be performed for health care purposes. Sixteen countries require genetic counseling be provided for at least some types of genetic testing; for instance, in France, genetic counseling is mandatory and can be provided by either a genetic counselor or a geneticist. Fourteen countries have specific provisions regarding informed consent for genetic testing: for instance, a physician undertaking genetic testing in Germany must provide the patient with information about the purpose and significance of the testing and the potential health risks involved. In addition, the patient may withdraw consent to the testing and order the sample and results be destroyed, at any point before the results are received.

How DTC Genetic Testing Works

DTC genetic testing is typically based on a saliva sample, which is easy for the consumer to collect and which contains DNA from white blood cells and cells shed from the inside of the mouth. Using the procedures of 23andMe as an example, the process goes like this. First, the consumer chooses which testing services they want to receive from the company website. The company then mails the consumer a saliva testing kit, including instructions about how to use the kit; it also includes a barcode that will be used to link the analysis to the customer. The consumer collects the sample and mails the kit back to the company, the sample is tested in a lab, and the consumer's results are available online from the company six to eight weeks later (some companies may mail reports in addition to or instead of using online notification). Once receiving an email that their results are ready, the consumer can choose which reports they want to read online. The company typically retains the consumer's genetic information unless the consumer has requested otherwise, and the consumer's raw genetic data may also be available for download from the company website.

After confirming that the sample is large enough (about 2 mL or more is required) to use, and of good quality, the lab extracts and creates copies of DNA from the consumer's saliva, so they have sufficient material to analyze; the process of making copies of an individual's DNA is called amplification. The amplified DNA is then genotyped by being cut into segments and analyzed through the use of a DNA genotyping chip or microarray, a glass slide with millions of samples of DNA arranged in tiny "beads," with each sample reflecting a genetic variant for which the sample is being tested. The consumer's DNA is placed on the chip, the chip is heated to allow for hybridization (i.e., the DNA attaches to the chip), and the hybridized chip is analyzed by a computer. Notably, as with any lab test, the test can only find what it is set up to find, so it can only identify the genetic variants contained on the chip, which may not include all the variants that would be tested for in a medical context—for instance, some common BRCA variants are not included in the testing process and thus cannot be identified by this procedure.

As of August 2018, 23andMe offered two services: Ancestry and Health + Ancestry. The Ancestry service will be further discussed in chapter 6. The health reports are organized into four categories: Genetic Health Risk, Carrier Status, Wellness, and Traits. The Genetic Health Risk report includes information about some variants of the BRCA1 and BRCA2 genes, celiac disease, Parkinson disease, late-onset Alzheimer disease, and some other diseases. The report states what genetic variant(s) was/were tested for, if they were present in the sample, and contextual information such as the influence of other factors that are associated with the disease. The report also contains a basic description of symptoms of the disease, treatment options, and how common the variant is. The Carrier Status report includes information on whether variants associated with different diseases and conditions, such as cystic fibrosis and sickle cell anemia, are present in the consumer's DNA, as well as more general information about each disease, how common it is in the population, and its symptoms and treatments. The Wellness report contains information about matters such as weight, lactose intolerance, and deep sleep and the association between different behaviors and the matter in question (such as sleeping eight to nine hours per night being associated with lower body weight). The Traits report includes information about how the consumer's genetic makeup influences matters such as a preference for sweet or salty snacks or the likelihood that the consumer will go bald.

Despite the official-sounding name of these reports, the 23andMe website and the sample reports available on it also carry many disclaimers—such as that test results should not be used to diagnose disease, that disease risk can differ among people of different ethnicities, and that speaking with a physician or genetic counselor would be a good way to learn more about what the results mean. However, there is always the risk that the consumer could overlook or discount these warnings while focusing on the results provided by the tests. In addition, surveys of public understanding of basic genetic knowledge, such as that conducted by Susanne B. Haga and colleagues, have revealed that many Americans are confused about basic facts regarding genes and heredity, with lower levels of knowledge among non-White people and people with lower levels of education. Haga and her colleagues also found that many respondents to their survey did not seem concerned about the possibilities that DNA testing might affect their ability to find employment (84.3%) or to obtain health insurance (48.7%), suggesting that people ordering DTC genetic testing services are not necessarily aware of how the results of such tests might be used by people other than themselves.

Concerns Relating to DTC Genetic Testing

Many other concerns have been raised by medical professionals regarding DTC genetic testing. Some are discussed at length in subsequent chapters (including financial concerns, ethical concerns, and psychological issues associated with testing), so this section will concentrate on other issues regarding genetic testing.

One obvious question is whether the results provided to consumers are accurate, an issue that has been addressed by comparing results provided by DTC genetic testing companies with results for the same samples from a different lab. In 2018, Stephany Tandy-Connor and colleagues at the Ambry Genetics clinical diagnostic lab conducted this type of study, as reported in Genetics in Medicine. Tandy-Connor and colleagues compared results from their lab for patients referred for confirmation testing after having had DTC genetic testing, with results supplied to the patients by DTC testing companies. They found that about 40 percent of the gene variants reported by the DTC testing companies were false positives, meaning that the genetic material tested did not actually indicate the higher disease risk indicated by the DTC genetic testing company. To put it another way, results from the Ambry Genetics lab did not find evidence of increased disease risk in 40 percent of the cases where such risk was reported by the DTC genetic testing company. The most common genetic tests flagged with false positives were those for variants of the BRCA1 and BRCA2 genes, which are associated with increased risks for breast and ovarian cancer.

As noted earlier, although the results from DTC genetic testing companies often contain disclaimers that the information provided should not be used for diagnostic purposes, individual consumers may not understand the implications of that statement or may be so focused on a perceived threat to their health that the disclaimer does not register on their consciousness. Negative results for the recipient of false positive information may include increased stress and worry, demand for more tests that are in fact not needed (which may extend to relatives as well as the individual originally tested), and demand for medical procedures that are not needed and may be harmful.

Another question concerning DTC genetic testing is whether consumers correctly interpret the information provided by the company. This is particularly crucial given the fast-increasing popularity of DTC testing, fueled in part by the decreased cost of these services. For instance, when 23andMe began operation in 2007, they charged $999 for testing services, as compared to the $99 or less charged by many companies today. It is also a particularly relevant question since one argument used to promote DTC genetic testing is that is empowers consumers by providing them with essential information about their own bodies, but such a claim requires that consumers be able to accurately interpret the information provided to them by a DTC company.

A meta-analysis by J. Scott Roberts and Jenny Ostergren found studies indicating that most (80-90%) of consumers were able to accurately interpret test results. They also found that most people understood that many diseases were multifactorial, so the results of a single test should not be considered deterministic. However, other studies have found that many consumers did not understand exactly what the tests comprised— for instance, some thought that a DTC genetic testing service would test their DNA for all genetic diseases, rather than a relatively modest subset of them. A study comparing beliefs of the general public with those of trained genetic counselors found that the general public was more likely to overrate the benefits of testing, and many also overrated their ability to interpret test results without the assistance of a health care professional.

One potential problem with DTC genetic testing is that individuals receiving information about health risks may be subject to unnecessary stress or worry. However, Roberts and Ostergren found that several studies evaluating this question found little increase in self-reported anxiety or other test-related distress among people who received DTC genetic testing results, and one study actually found that anxiety was reduced among those receiving such results. The latter result may be due to the testing results indicating that the individual does not have markers associated with a particular disease or condition that they had been worried about prior to receiving the test results. For instance, individuals may have been aware of a disease or mutation that was common in their family, or which has been publicized in the mass media, such as the BRCA1 and BRCA2 mutations associated with increased risk of breast and ovarian cancer, and were relieved to learn that they did not have those mutations.

Another concern is whether DTC genetic testing results in increased use of the health care system and/or the performing of unnecessary procedures. Several studies summarized by Roberts and Ostergren found that about a quarter of individuals receiving DTC testing results discussed them with their primary care provider but that the receipt of such results was not generally associated with increased use of screening tests (e.g., colonoscopies, cholesterol tests). One exception, however, was found among women who received positive results for BRCA mutations, most of whom shared their results with their personal physicians.

Not every concern associated with DTC genetic testing has been addressed scientifically. For instance, although test results may contain disclaimers that they are most accurate for certain racial or ethnic groups, it is not clear if consumers who are not part of the specified groups understand what this means in terms of interpreting their own test results. Another concern is that genetic testing is highly specific, and consumers may not understand all the variants associated with particular diseases that are not included in their test results. A third concern is whether consumers understand that their results may be a false negative—that is, that although the results may say that the genetic analysis show that they do not have an elevated risk for Alzheimer disease, they may in fact have increased risk due to reasons not analyzed, such as family history or variants in other genes not included in the test. A final concern, which will be discussed further in a later chapter, is how literate people are in general about the meaning of medical risks, such as the distinction between relative and absolute risk.

DTC genetic testing has been available in some form since 1996, although at first few people used such services. DTC testing became more common after 2007, with the introduction of companies like 23andMe to the market, and the field has been growing even faster since 2016. Much of the recent growth in DTC testing has been due to people using these services to research their ancestry, rather than to obtain medically relevant information about their genes, but medical testing remains an important facet of the market. With the growth of the DTC testing market have come concerns about the accuracy of such tests and the reports that accompany the results, the ability of consumers to correctly interpret their test results, and whether the DTC testing industry will result in increased utilization of the health care system in ways that are wasteful or even harmful to individual patients. Types of medical genetic testing will be further discussed in chapter 4.


Chapter 4
 Types of Medical Genetic Testing

There are many different types of medical genetic testing, with each type addressing a particular concern or purpose. Legal and ethical considerations may vary depending on the type of testing and the circumstances under which it is conducted. Types of medical genetic testing covered in this chapter include carrier screening, prenatal screening and diagnostic testing, newborn screening, and adult diagnostic testing.

Carrier Screening

Carrier screening is performed to find out if an individual has a genetic mutation associated with a disease or disorder. It is most commonly performed for mutations associated with autosomal recessive disorders, in which a person will not have the disorder unless they have two copies (one from each parent) of the mutation. With recessive disorders, it is possible for an individual to have a copy of a mutation without knowing it or suffering any ill health because of it, because a single copy is not sufficient to have the disease; this type of person is called a carrier. If two carriers have children, however, there is a 25 percent chance for each of their children that the child will receive a copy of the mutated gene from each parent, and thus the child would have the disease. There is also a 50 percent chance that each child will receive one copy of the mutated gene and thus be a carrier of the disease.

Consanguineous marriage (marriage between two people who are closely related) increases the risk of passing genetic mutations to one's children. Different countries and different cultures have different definitions of what constitutes "too closely related to marry," and laws regarding these matters have also changed over time. Even within a country, laws may vary: for instance, some U.S. states ban marriage between first cousins (individuals who share a common grandparent), while in other states this type of marriage is permitted. While consanguineous marriage exists in many parts of the world, it is most common in the Middle East and North Africa. For this reason, people who have ancestry from those areas may be particularly interested in having premarital genetic testing performed.

Some genetic diseases are more common in particular ethnic groups for other reasons as well—for instance, sickle cell disease is more common among people with African heritage than among the white population. One theory concerning this observed difference is that carriers of the sickle cell trait have better resistance to malaria than do people without the trait, so having one copy of the sickle cell gene is beneficial to survival in regions where malaria is endemic. There is no value judgment in identifying a group as having a higher risk for a particular condition, but ethnicity and race can be useful in identifying if a person is a likely candidate for premarital genetic screening.

Carrier screening is usually carried out using a sample of blood, saliva, or tissue from the inside of the cheek. If the purpose of the testing is to determine the genetic risk to children of the couple, one partner may be tested first, because if those results come back negative (the individual does not have the genetic mutation tested for), there is no need for the other partner to be tested. This is because a child could only have an autosomal recessive disease if he or she receives copies of the genetic mutation from both parents.

One well-known example of carrier screening within an ethnic community is that of the Ashkenazi Jewish community and screening for Tay-Sachs disease. An estimated 1 in 31 people within the Ashkenazi Jewish population are believed to be carriers for mutations associated with Tay-Sachs disease. However, the widespread adoption of voluntary premarital screening within this community has led to a sharp decrease in the number of children born with Tay-Sachs disease; in fact, most children born with this disease today are not born to Jewish families.

In some countries, premarital carrier screening is required by law. For instance, about 1 in 7 people living in Cyprus are carriers for thalassemia, an autosomal recessive disease that reduces the production of hemoglobin in the blood. This disease may have serious health consequences for the individual, and it can also place severe financial and practical burdens on the state. By one estimate, if nothing were done concerning thalassemia screening, within 40 years the entire state health budget of Cyprus would be consumed by the costs of caring for thalassemia patients. In 1973, the Cypriot government began a system of mandatory screening for thalassemia before a marriage license could be obtained. Because this testing tended to take place after individuals were already planning to marry, most chose to continue with their marriage plans but to use prenatal testing to identify embryos with thalassemia, which could then be aborted. This program has greatly reduced the number of children born with thalassemia in Cyprus.

Saudi Arabia has a high prevalence of carriers of certain blood diseases, including sickle cell disease (over 4 percent of the population has sickle cell trait, meaning the individual has one copy of the mutation causing sickle cell disease) and beta thalassemia (over 3 percent of the population is a carrier for this disease). For this reason, the government began requiring premarital screening for sickle cell disease and beta thalassemia in 2004, with counseling available for those whose tests indicated a risk for passing on one or both diseases. According to published research by Ziad Ahmed Memish and Mohammad Y. Saeedi, over 1.5 million people underwent premarital screening between 2004 and 2009, with 4.5 percent testing positive (either having the disease or being a carrier for it) for sickle cell disease and 1.8 percent for beta thalassemia. Among couples where one or both partners tested positive for one or both conditions (an at-risk couple), over one-quarter (26.5 percent) chose to cancel their marriages. Notably, the rate of marriage cancellation among at-risk couples increased substantially over the period studied, from 9.2 percent in 2004 to 51.9 percent in 2009.

Prenatal Screening and Diagnostic Tests

Prenatal screening and testing are generally voluntary and any pregnant woman may choose to have one or more screening procedures or tests performed. However, women in certain categories may be at higher risk for bearing a child with one or more genetic abnormalities, and these women are more likely to elect to have prenatal testing. Maternal age is a common reason for choosing to have prenatal testing, because the risk of bearing a child with one or more genetic defects is higher for older mothers. Other factors that may indicate increased risk include a family history of a genetic condition (including a previous child born to the same mother with a genetic condition), if one or both parents are carriers for a specific genetic disease, abnormalities identified during ultrasound or other pregnancy monitoring procedures, and the results of screening tests.

Prenatal screening tests can indicate if a fetus is at a higher than a verage risk of suffering from aneuploidy (an abnormal number of chromosomes) or a few other conditions. While these tests are not diagnostic (i.e., they do not indicate the presence of a disorder), their results may indicate that the individual should undergo further testing. In the first trimester (first three months) of pregnancy, many women have a screening ultrasound and blood test, known as the first trimester combined test. The blood test measures the level of human chorionic gonadotropin (HCG) and pregnancy-associated plasma protein A in the mother's blood, while the ultrasound is used to measure the thickness of a space at the back of the fetus's neck (a nuchal translucency screening). Together these tests can identify heightened risk for Down syndrome (trisomy 21), trisomy 18, and some defects of the skeleton, heart, and abdominal wall. Positive results on either test do not necessarily meant that an abnormality is present in the fetus but that the risk for abnormality is higher than average, indicating the advisability of having more definitive tests performed.

In the second trimester, women commonly have another ultrasound and blood test, the latter called the "quad" test because it examines the level of four substances: HCG, estriol, alpha-fetoprotein (AFP), and inhibin-A. This test can indicate increased risk for Down syndrome, trisomy 18, and neural tube defects. An ultrasound is also typically performed in the second trimester to identify major physical defects in the brain, spine, abdomen, heart, face, and arms and legs in the fetus. Results from the first and second trimester screening tests can be combined in ways that make their results more accurate than either test can be by itself.

Cell-free DNA testing is based on a sample of the pregnant woman's blood and can be performed as early as 10 weeks into a pregnancy. This type of testing, also known as noninvasive prenatal testing (NIPT), is based on analyzing small fragments of DNA circulating in the blood. Cell-free DNA testing is used to detect chromosomal abnormalities, including Down syndrome, trisomy 18, trisomy 13, abnormal numbers of sex chromosomes, and conditions caused by missing or duplicated copies of sections of a chromosome. It is recommended for women at increased risk of having a child with one of these conditions, rather than for all pregnant women. Because it is based on a sample of the mother's blood, cell-free DNA testing poses no risk to the fetus.

Diagnostic prenatal testing is intended to provide a clear answer as to whether a disease or condition is present or not (although, like all lab tests, prenatal diagnostic tests can sometimes produce ambiguous or incorrect results). Amniocentesis involves removing a sample of amniotic fluid, which surrounds the fetus during a pregnancy, using a hollow needle (the procedure is usually guided by ultrasound). Analysis of amniotic fluid can provide information about genetic and chromosomal abnormalities such as Down syndrome. This type of testing can be used to diagnose fetal infection and to test the maturity of the baby's lungs and to determine the baby's sex. Amniocentesis is an invasive test and carries a small risk of miscarriage or injury to the fetus. Chorionic villus sampling (CVS) involves removing a small tissue sample from the placenta and analyzing it for chromosomal abnormalities and indications of genetic diseases such as cystic fibrosis; however, it does not provide information about neural tube defects. CVS can be performed earlier than amniocentesis (during the 10th-13th weeks of pregnancy) and, like amniocentesis, carries a small risk of miscarriage or damage to the fetus.

Newborn Screening Tests

In many countries, including the United States, babies are screened for certain disorders within a few days after their birth. The most common type of testing is the newborn heel stick test, in which a few drops of blood are drawn from the newborn's heel; this sample is collected on filter paper, attached to a card containing the infant's vital information, and sent to a lab for analysis. Most states also mandate that newborns be screened for hearing loss and for critical congenital heart disease; the latter uses a skin sensor to measure the amount of oxygen in the infant's blood. Results of newborn screening tests are usually available within two to three weeks, and they are supplied to the baby's health care provider. As with all screening tests, a positive result does not indicate diagnosis of a disease but does suggest that follow-up testing is advisable.

Every U.S. state requires newborns to be screened for PKU (phenylketonuria), as do many countries, because an infant with this condition lacks an enzyme needed to convert phenylalanine and may suffer brain damage if the condition is not immediately diagnosed and treated. If the screening test is positive, and is confirmed by a diagnostic test, the individual will need to follow a diet for the rest of their life limiting their intake of phenylalanine (found in protein foods) and to take a nutritional supplement to supply nutrients that they may lack due to the restricted diet.

The Recommended Uniform Screening Panel (RUSP), created by the federal Advisory Committee on Heritable Disorders in Newborns and Children, recommends screening every newborn for 35 core conditions and 26 secondary conditions. A core condition is defined as a condition for which a specific and sensitive test is available, the health outcomes are well understood, an effective treatment is available, and identification of the condition could influence the family's future reproductive decisions. Secondary conditions are those that can be identified when screening for a core condition or during confirmatory testing following an abnormal results on a screening test for a core condition. The RUSP can only make recommendations, but many states mandate most or all of the recommendation screening tests, and some offer additional tests: for instance, New York state screens newborns for 58 diseases and conditions, and Texas screens newborns for 55 diseases and conditions. Parents can also elect to have additional screening tests performed on their newborns.

Genetic Testing for Adults

Adults may undergo genetic testing to help their physician diagnose a disease, to indicate their risk for certain diseases, or to help manage other aspects of health care such as drug dosage. Testing may be recommended based on current signs or symptoms, family history, or some combination of these and other factors. While genetic testing can provide useful information to guide health care, it is worth noting that the relationship between an individual's genes and their state of health can be complex. For instance, some genetic diseases are caused by a mutation in a single gene (for instance, sickle cell disease), but others are associated with mutations in several genes, and environmental factors such as diet and lifestyle may also play a role in the development of some genetically linked diseases.

BRCA Mutations

One type of genetic mutation that has received a lot of publicity recently is that of the BRCA1 and BRCA2 genes; the process of testing for abnormalities in these two genes is often simply called BRCA testing. The BRCA genes normally act to suppress tumors by repairing damaged DNA; when one or both of the BRCA genes are mutated and not functioning properly, this increases the probability that damaged DNA will not be repaired and that the individual will develop cancer. Several inherited mutations in the BRCA genes have been identified as being associated with an increased risk in breast and ovarian cancers, as well as some other cancers, and these effects may be present even if only one copy of the gene is mutated (i.e., if the other copy is normal). The increased risk is substantial: for instance, the National Cancer Institute (NCI) estimates that about 72 percent of women with a harmful mutation of BRCA1 and 69 percent of those with a harmful mutation of BRCA2 will develop breast cancer by age 80, as compared to a lifetime risk of 12 percent for women in the population as a whole. Mutations in the BRCA1 and BRCA2 gene are also associated with recurring breast cancer. For instance, the NCI estimates that 40 percent of women with the BRCA1 mutation and a diagnosis of cancer in one breast will have cancer diagnosed in the other breast within 20 years, while the risk of a similar outcome for women with the BRCA2 mutation is about 26 percent.

Mutation in either BRCA gene is also associated with substantially increased risk of ovarian cancer. This is a rare cancer in the U.S. female population as a whole, with only about 1.3 percent of women estimated to develop ovarian cancer during their lifetime. In contrast, women with a harmful BRCA1 mutation have a risk of 44 percent of developing ovarian cancer by age 80, and women with a harmful BRCA2 mutation a risk of 17 percent of developing ovarian cancer during that time period. Men with the harmful mutations of the BRCA genes are also at risk for breast cancer and prostate cancer, and women with the harmful BRCA mutations are at increased risk of fallopian tube cancer. Both men and women are at increased risk of pancreatic cancer if they have harmful BRCA1 or BRCA2 mutations.

Some ethnic, racial, and geographic groups have a higher risk of BRCA mutations than the general U.S. population; groups at increased risk include Ashkenazi Jews and persons of Norwegian, Danish, and Icelandic descent. There are numerous specific mutations of the BRCA genes that have been identified, and the occurrence of these mutations also varies by ethnicity. Because BRCA mutations are rare in the population as a whole, testing for variants is generally recommended for those at higher risk of having a harmful mutation. Factors associated with higher risks of having a harmful BRCA mutation include, besides ethnic heritage, a family history of early breast cancer (before age 50), breast cancer in both breasts (in the same person), male breast cancer, multiple occurrences of breast cancer, multiple BRCA -associated cancers in the same person, and breast and ovarian cancer within the same person or the same family.

One approach to genetic testing if BRCA mutations are suspected is to ask a family member who has had a cancer associated with the mutation to undergo BRCA testing. If that individual has a harmful BRCA mutation, other members of the same family could consult a genetic counselor about the possibility of having themselves tested for BRCA mutations. However, BRCA testing is not recommended for individuals younger than 18 because the risk for BRCA-related cancers is low in children and there are no risk-reduction strategies developed specifically for children.

A positive result on a BRCA test means that a person has inherited a known harmful mutation on one or both of the BRCA genes and is at increased risk for certain cancers; it does not, however, indicate that the person will develop any of those cancers. Persons with a BRCA mutation can pass it down to their children, with each child having a 50 percent probability of receiving a mutated gene from the parent who has it. A positive result also indicates that each of the person's siblings has a 50 percent chance of having the mutated BRCA gene. People with positive BRCA results may choose to undergo enhanced cancer screening, such as having mammograms beginning at age 25 or 35, and having a mammogram each year. Some individuals with positive BRCA results may also elect to have prophylactic surgery (e.g., having both breasts removed) or to take drugs such as tamoxifen to reduce their risk of cancer.

A negative result from BRCA testing should be interpreted in the context of the individual's family history. If the individual with the negative result has a first- or second-degree relative (sibling, parent, child, grandparent, grandchild, aunt, uncle, niece, nephew, or half-sib) with a known harmful BRCA mutation, the individual's negative result is called a true negative. Such a result means they do not have the harmful mutation, and they have the same cancer risk as someone in the general population. However, if there is no closely related family member with a known harmful genetic mutation, results of the individual's test are less conclusive, because it is possible that the individual tested has an unknown but harmful mutation or a mutation not detectable by the test used. A third possibility is that a mutation in one of the BRCA genes is identified but it is not a variant currently associated with increased disease risk. These are known as ambiguous results, because it is difficult to know what they predict about an individual's health. Ambiguous results are not rare: in one study, ambiguous mutations were found in 10 percent of women undergoing BRCA testing.

Other Hereditary Cancers

It is often observed that certain types of cancers seem to "run" in families. While this may be due to shared lifestyle factors (for instance, smoking), it is also possible that individuals in a family share genetic mutations associated with higher risk of certain cancers. Tests currently exist to identify harmful genetic variants associated with increased risk, including the BRCA genes. Factors in an individual's personal or medical history that are suggestive of a hereditary cancer include occurrence of cancer at an unusually young age, multiple independent cancers in the same person, cancer in both of a pair of organs (e.g., in both breasts), several close relatives with the same type of cancer, unusual cases of a specific cancer (e.g., a male relative with breast cancer), birth defects associated with inherited cancer syndromes, and racial or ethnic heritage associated with a particular hereditary cancer syndrome.

Some of the mutations and their associated conditions have been given specific names: for instance, Li-Fraumeni syndrome, associated with changes in the p53 tumor suppressor gene, is associated with increased risk for many different types of cancer, including breast cancer, soft tissue sarcoma, bone cancer, leukemia, and cancer of the adrenal glands. Cowdenn syndrome, associated with changes in the PTEN tumor suppressor gene, is associated with increased risk for breast, thyroid, and endometrial cancer.

Lynch syndrome, also called hereditary nonpolyposis colon cancer, is associated with increased risk of colorectal cancer, often before the age of 50, and other cancers including those of the endometrium, ovaries, kidneys, pancreas, small intestine, liver, biliary tract, stomach, brain, and breast. Lynch syndrome is associated with changes in the MSH2, MLH1, MSH6, PMS2, and EPCAM genes, which normally repair damaged DNA. Familial adenomatous polyposis is associated with changes in the APC gene, which provides instructions for making the tumor suppressing APC protein and is associated with increased risk for colorectal cancer, nonmalignant colon polyps, and tumors of the small intestine, brain, stomach, bone, and skin.

Retinoblastoma is associated with changes in the RB1 gene, which provides instructions for making the tumor suppressor protein pRB. Retinoblastoma is associated with increased risk for cancer of the retina and pineal gland, osteosarcoma (a type of bone cancer), melanoma, and soft tissue sarcoma. Wermer syndrome, also called multiple endocrine neoplasia type 1, is associated with mutations in the MEN1 gene, which contains instructions for making the tumor suppressor protein menin. Cancers associated with Werner syndrome include pancreatic endocrine tumors and tumors of the parathyroid and pituitary gland; the latter are usually benign. Multiple endocrine neoplasia type 2 is associated with mutation in the RET gene, which provides instructions for making a protein involved in cell signaling. Associated cancer types include medullary thyroid cancer and benign tumors of the adrenal gland (pheochromocytoma). Von Hippel-Lau syndrome is caused by mutations in the VHL gene, which contains instructions for creating a gene that forms part of a protein degradation complex. Associated cancers include kidney cancer, pheochromocytoma (benign adrenal gland tumor), and other noncancerous tumors.

Heart Disease

Like cancer, heart disease can run in families. Many factors, including lifestyle and diet, can affect an individual's risk of heart disease, but inherited factors may also play a role. Some types of inherited heart disease are caused by multiple genetic changes that are not yet well understood. Other types of inherited heart disease, called monogenic conditions, are caused by mutation in a single gene; the latter are the diseases for which a genetic testing is most useful. One type of monogenic heart disease affects the heart muscle (cardiomyopathy): examples include hypertrophic cardiomyopathy, dilated cardiomyopathy, and arrhythmogenic right ventricular cardiomyopathy. Another type of monogenic heart disease affects the electrical system of the heart, and it may result in arrhythmia (abnormal heart rhythms): examples of this type include long-QT syndrome and Brugada syndrome.

The process of determining whether inherited heart disease exists in a family may begin by creation of a pedigree, a diagram that shows the familial relationships (parents, children, siblings, etc.) over multiple generations, plus indications as to which individuals within the pedigree had the disease being researched. Creating a pedigree is an imperfect process, because mild cases of disease may not be diagnosed and the cause of an individual's death may not always be known, but they are a good first step in evaluating whether hereditary heart disease exists within a family. Those at highest risk for inherited disease are first-degree relatives of an affected person (parent, sibling, or child), so they are the most likely candidates for genetic testing.

Genetic testing for an inherited disease should be evaluated with regard to the family pedigree, and the testing process should be considered as part of the process of evaluating risk within a family context. The results of genetic testing for a single individual may serve multiple purposes, including clarifying the risk or aiding in diagnosis for that person, identifying a familial cause of risk, predicting which family members are most at risk for the condition (based on their degree of relationship to the affected person), and providing information for family members considering having children. If a harmful mutation is identified in a family member, other members may choose to undergo predictive genetic testing. In predictive genetic testing, those most closely related to the affected person are also tested to see if they have the harmful mutation.

Pharmacogenetic Testing

Pharmacogenetics studies the ways that an individual's genetic makeup interacts with certain medicines, with particular focus on drugs for which the response varies widely depending on an individual's specific genetic characteristics. If a patient is to be administered one of the drugs whose effects are known to vary according to the patient's genetic makeup or if the individual is having a bad response to a medicine, a health care provider may order pharmacogenetic testing to find out if the individual's genes will affect or are affecting their response to a particular drug.

Pharmacogenetic testing is only available for a few drugs. The most famous example may be warfarin, a blood thinner sold under several brand names, including Coumadin and Marevan. Warfarin is often used to prevent blood clots and prevent stroke, but it may also cause dangerous bleeding. Mutations in two genes, CYP2C9 and VKORC1, affect a person's reaction to warfarin, and thus pharmacogenetic testing may be used to help determine the proper warfarin dose for an individual. Clopidogrel, sold under the brand name Plavix, is an antiplatelet medication administered to people at high risk for stroke and heart attack. Mutations in the CYP2C19 gene may affect how the individual responds to clopidogrel, and in the United States the drug now carries an announcement that testing is available to determine if an individual has a mutation that would affect how the drug works for them.

While the number of known pharmacogenetic interactions is not great, they do affect some commonly used types of drugs. These include opioids (the OPRM1 gene), abacavir (used to treat HIV; the HLA-B*5701 gene), statins (used to treat high cholesterol; the SLCO1B1 gene), some antipsychotic drugs (the DRD3, CYP2D6, CYP2C19, and CYP1A2 genes), some treatments for attention deficit disorder (the D4D4 gene), carbamazepine (used to treat epilepsy; the HLA-B*1502 gene), and some treatments for childhood leukemia and autoimmune disorders (the TMPT gene).

Huntington Disease

Huntington disease, formerly called Huntington chorea, is an autosomal dominant disease, meaning that an individual need have only one copy of a mutated gene in order to have the disease. While the mutated gene is usually inherited, sometimes it occurs due to random mutation. Symptoms of Huntington disease most commonly appear in adulthood and include intellectual and emotional changes, lack of coordination, and involuntary movements (twitching). An individual with Huntington disease may live 15-20 years after the onset of symptoms; during this time, the disease progresses, and the individual's physical and mental abilities continue to decline.

Because the first symptoms of Huntington disease often appear after the age at which people choose to have children, a person with the disease may not know that they have it at the time of marriage and procreation (the typical age of onset is around age 40). The disease is caused by mutations in the HTT gene, which contains instructions for making the Huntington protein. The disease-causing mutation occurs in a segment of DNA known as a CAG trinucleotide repeat, because the nucleotides cytosine, adenine, and guanine appear multiple times in that order. In most people, the CAG segment repeats 10-35 times, while a greater number of repeats are associated with a higher risk of Huntington disease. People with 36-39 CAG repeats may or may not develop the disease, while those with 40 or more repeats nearly always do. In addition, people with 27-35 repeats will not develop the disease, but their children are at increased risk of having it, because the number of repeats may increase from parent to child.

Because Huntington disease is transmitted in an autosomal recessive pattern, each child of an affected parent has a 50 percent chance of having the disease. Because of the relatively late age of onset of symptoms (typically around age 40), an adult may choose to be tested although they have no symptoms of the disease, in order to inform their reproductive choices as well as to help determine what may lay in store for them as they grow older (there are currently no effective treatments for Huntington disease). Three possible results exist for DNA test for Huntington disease: negative, meaning the person does not have the mutation and will not have the disease; positive, meaning the person is at high risk for the disease; and uncertain, meaning the person is at some risk for the disease.

A negative result means that that the CAG repeats in both HTT genes are in the normal range. If the individual has an affected relative, a negative result is an almost certain indication that the tested individual will not develop Huntington disease. A positive test means that the individual has 40 or more CAG repeats, and it is almost 100 percent accurate in predicting that the individual has inherited Huntington disease. A positive test does not provide information about prognosis, however, such as when the symptoms will appear or how severe they will be. About 1 percent of people tested for Huntington disease receive an uncertain result, meaning they may or may not develop the disease; each child of a person with an uncertain result has a 50 percent probability of inheriting the mutated gene.

Genetic testing is a useful tool in modern medicine, and different types of testing are available to address different questions. For instance, carrier screening can determine if an unaffected person has a genetic mutation they can pass on to their children. Prenatal screening and diagnostic testing are used to help determine if particular genetic mutations are present in children before they are born, while newborn screening (some form of which is mandated in all U.S. states and many countries) is used to identify genetic conditions in children shortly after they are born so that appropriate intervention may be ordered if necessary. Finally, genetic testing may also be performed on adults to help diagnose or evaluate the risk for many diseases, to help determine appropriate dosages of drugs, and to inform reproductive decisions. Genetic counseling, a type of health care service that many people employ to help them understand genetic test results, is discussed in chapter 5.


Chapter 5
 Genetic Counseling

Genetic counseling is a relatively new profession. In fact, the term genetic counseling only dates back to 1947, while the profession in its modern sense may be dated from 1969, when Sarah Lawrence College established the first genetic counseling master's degree program in the United States. This chapter discusses the services offered in genetic counseling, some specialty areas in the field, and some ethical issues in genetic counseling.

The Field of Genetic Counseling

The term genetic counseling was coined in 1947 by Sheldon Reed, who in that year became the director of the Dight Institute for Human Genetics at the University of Minnesota. The Dight Institute had been founded in 1941 with the intent of promoting eugenics, but Reed sought to distinguish between eugenics, which often used coercive methods (e.g., forced sterilization) in the presumed service of the larger society, and genetic counseling, which he saw as a kind of social work that used genetic information to serve the interests of individuals and families. Reed believed that the purpose of genetic counseling was to present people with relevant information and to trust them to make a rational decision based on the information and their understanding of their specific circumstances.

The first master's degree program for genetic counseling was established in 1969 at Sarah Lawrence College, a small women's college located in Bronxville, New York, about 15 miles from midtown Manhattan. Prior to this time, most genetics advice was delivered by physicians, who were predominantly male; in contrast, the Sarah Lawrence program initially educated only women, and they were trained in genetics and counseling but not medicine. Students entering a genetic counseling program today are generally required to have taken basic courses in the sciences, including chemistry, biology, and human genetics, as well as classes in psychology and statistics. The coursework for a master's degree typically includes classes in genetics, clinical applications, and psychology, along with clinical practice and internships. All accredited programs require that students be trained in three specialties—prenatal genetics, pediatric genetics, and cancer genetics—but other areas of specialization are also offered in some schools.

The field of genetic counseling has greatly expanded since the Sarah Lawrence program opened, and as of 2018 there are 39 accredited master's level genetic counseling programs in the United States and 4 in Canada, with another 6 programs in the United States in the process of seeking accreditation. After graduating from an accredited program, genetic counselors must pass a board examination before beginning to practice; some states also require that the counselor have a professional license to practice in that state. According to the Occupational Outlook Handbook published by the Bureau of Labor Statistics, over 3,000 people worked as genetic counselors in the United States in 2016, and the field is expected to grow by 26% (much faster than average) by 2026.

The profession of genetic counseling is recognized outside North America as well. For instance, two universities in Australia offer master's degrees in genetic counseling, and about 280 people work as genetic counselors in Australia and New Zealand. Several European countries also offer graduate programs in genetic counseling, including the Czech Republic, Finland, the United Kingdom, Italy, the Netherlands, Norway, Russia, and Spain. Other countries that recognize the professional of genetic counseling include Israel, Saudi Arabia, South Africa, Cuba, India, Indonesia, Japan, Malaysia, the Philippines, Singapore, South Korea, and Taiwan.

What do Genetic Counselors Do?

Genetic counselors are trained in both medical genetics and counseling, and their primary job is to advise individuals and their families about matters pertaining to their genetic makeup. They act as a bridge between scientific research in genetics and patients who lack the specialized knowledge to independently interpret the results of advanced research. The latter individuals may well need information to help them make choices (for instance, whether to be tested for a condition) and to understand how their genetic makeup may affect their lives. Genetic counselors interpret test results so that they can be understood by people without specialized education in genetics, and they help people understand their choices given the results of genetic testing.

Genetic counselors today work in a variety of locations, and some conduct research as well as directly counsel patients. Many work in clinical settings, including hospitals, and they may well work on a team with physicians and other health care professionals. The types of issues a genetic counselor may be asked to address include:

	What types of genetic tests are available, and what kind of information they can provide?
 	What is the meaning of specific genetic test results, and what are the possible consequences for an individual's future health?
 	How can diseases and conditions be inherited, and what may an individual's genetic makeup mean in terms of marriage and childbearing?
 	What is the relationship among personal genetic makeup, family history, and lifestyle factors in terms of disease risk?
 	What options exist for an individual given the results of a specific genetic test, and how can that person make informed decisions regarding his or her future?


Specialty Areas in Genetic Counseling

The number of tests for genetic conditions has rapidly increased over the years, and as a result genetic counseling has become more specialized. Besides the basic fields of prenatal genetics, pediatric genetics, and cancer genetics, a number of other specialties are recognized by the Society for Genetic counselors, a national professional organization for genetic counselors in the United States. Genetic counselors working in the field of assisted reproductive technology (ART) and infertility genetics are experts in the genetic causes of infertility and in genetic technologies such as preimplantation genetic diagnosis (PGD), which is used in assisted reproduction. A genetic counselor in this field can help individuals plan the necessary genetic testing before beginning ART, perform pedigree analyses to help assess genetic risk, provide health information and family risk assessment about a sperm or egg donor, explain how particular genetic mutations may be associated with infertility, interpret the results of genetic tests related to reproduction, and help people process and cope with the implications of their test results.

The field of cancer genetics is focused on the study of hereditary cancers and the patterns of cancer occurrence in families. Counselors working in this field can help individuals understand how genetic mutations associated with cancer are inherited, what the presence or absence of a mutation means for their health and the health of any children they may have, and can alert individuals to particular warning signs suggesting hereditary cancer, such as cancer diagnosis at an unusually young age or multiple cases of the same or related cancer among close relatives. They can also construct a family pedigree and use information provided about the individuals in the pedigree, such as cause of death, age of death, and whether they had any signs or symptoms of cancer to help plan genetic testing for family members, by identifying the best candidates to be tested and the appropriate genetic tests. Following the testing, the counselor can help the family members understand the results and plan what to do next.

Cardiovascular genetics is concerned with hereditary cardiovascular disease, including cardiomyopathies (diseases of the heart muscle), arrhythmias (irregular heartbeat), aortopathies (e.g., Marfan syndrome, Ehlers-Danlos syndrome), cardiac amyloidosis (a disease characterized by deposits of amyloid protein in the heart tissue), congenital heart disease, and familial coronary artery disease. A cardiovascular genetic counselor can help an individual or family understand the indications of hereditary cardiovascular disease (e.g., family history of sudden cardiac death before age 50), construct a family pedigree to help family members understand who is most likely to be affected by hereditary cardiovascular disease if it exists in the family, and can recommend appropriate genetic tests and interpret the results of those tests.

Cystic fibrosis (CF) genetics is a specially concerned with mutations of the CFTR gene, which provides instructions for making the CF transmembrane conductance regulator protein. Mutations in this gene are associated with CF and CFTR-related metabolic syndrome, as well as some other conditions including hereditary pancreatitis and male infertility. All American states require newborns be screened for CF, and a genetics counselor can help the family understand the meaning of a positive test result and possible courses of treatment. For instance, there are some CF drugs tailored to address specific mutations. The counselor can also advise families about having genetic testing done for other family members after a child tests positive for CF.

Fetal intervention and therapy genetics is a specialty within prenatal genetics, which focuses on the diagnosis and treatment of fetal abnormalities (abnormalities in a fetus that are detected before birth). Functions of the genetic counselor in this specialty, who usually works with a team of specialists in fetal medicine and surgery, include educating the family about their options, helping to coordinate fetal testing, interpreting test results to the family, providing support to the family, and helping to coordinate postnatal care.

Hematology genetics focuses on nonmalignant (not cancerous) blood disorders, including hemophilia and other bleeding disorders, anthrom-bophilias (disorders in which the individual is at increased risk for a blood clot in a blood vessel), and sickle cell disease and other disorders that result in abnormalities in the hemoglobin molecule. Functions of the genetic counselor in this specialty can include explaining the hereditary nature of blood disorders, suggesting appropriate tests and interpreting their results, and advising the patient on matters such as reproductive decisions.

Metabolic genetics focuses on inborn metabolic conditions. There are hundreds of specific inborn metabolic disorders, and while each individual disorder is rare, as a group they make up about 15 percent of all single gene disorders. Examples of inborn metabolic disorders include disorders of amino acid and organic acid metabolism, fatty acid oxidation disorders, glycogen storage disorders, and disorders of carbohydrate metabolism and transport. Often a metabolic genetic counselor is called to consult on cases involving infants and children (e.g., if a newborn has abnormal results on a screening test) and to advise prospective parents with a family history of metabolic genetic disorders, but the counselor may also consult on cases involving adults.

Neurogenetics specializes in hereditary neurologic conditions such as muscular dystrophies, myopathies (diseases of the muscle tissue), neuromuscular disorders (e.g., amyotrophic lateral sclerosis, also known as Lou Gehrig's disease or motor neuron disease), and movement disorders (e.g., Parkinson disease and Huntington disease). Neurogenetics counselors advise family members regarding genetic testing, help interpret the results of the testing, help the individual and family deal with the consequences of having an inherited neurogenetic condition, and advise prospective parents about their reproductive options.

Pediatric and clinical genetics is a specialty that works with people of all ages. Counselors in this specialty usually work with families as part of a medical team, and deal with a wide variety of conditions, including birth defects, failure to thrive, autism, developmental delay, inherited blood disorders, inborn errors of metabolism, dysmorphic features (differences in body structure), and some types of pediatric cancer. Genetic counselors often work with a family throughout the diagnostic process, and help interpret information from genetic tests, educate them about diagnoses, and provide risk assessments. They may also assist when a patient is making the transition from pediatric to adult care.

Personalized medicine genetics, also called genomic medicine genetics, synthesizes information from multiple sources, including molecular analyses, medical and family history, and behavioral and environmental factors, to help determine an individual's risk of disease or to help optimize their care. Patients seeking the services of a personalized medicine genetic counselor are often referred after they have had genomic based tests, such as pharmacogenomic testing, whole genome or whole exome sequencing, or single nucleotide polymorphism (SNP)-based risk assessments (assessments based on SNPs, differences in a single nucleotide in a particular segment within a person's DNA).

Prenatal genetics focuses on risks, including genetic mutations and birth defects, to a current or future pregnancy. Clients who are most likely to seek prenatal genetic counseling include women over 35, women over 33 who have a multiple gestation (i.e., who will have a multiple birth—twins, triplets, etc.), those with a family history of a genetic condition, those from consanguineous families, those from racial or ethnic groups with an elevated rate of particular genetic diseases, those who have had abnormal results from prenatal screening (e.g., ultrasound) or diagnostic testing (e.g., amniocentesis), and women exposed to certain risk factors, including radiation, certain medications, or certain diseases during pregnancy. Counselors advise the client on possible genetic tests, interpret the test results to them, refer the client to other specialists as necessary, advise prospective parents of their options, and provide psychosocial support to the client and family.

Genetic Counseling and DTC Genetic Testing

It would not be surprising to find that some people used a direct-to-consumer (DTC) genetic testing service and then sought out further information from a genetic counselor, but DTC testing is new enough that this question has not been studied extensively. One study, published in 2017 by Diane R. Koeller, looked at over 1,000 DTC genetic testing consumers found that only 4 percent made or planned to make an appointment with a genetic counselor after receiving their DTC test results. Compared to those who did not seek additional genetic counseling, those who did were on average younger, more likely to have children, and more likely to have had previous genetic testing. Factors associated with seeking out further counseling included self-reported fair or poor health, having ordered the testing due to health concerns, and uncertainty about the meaning of the results.

Ethical Principles in Genetic Counseling

Genetic counselors work with confidential information and provide individuals and families with information that touches on some of the most personal and sensitive aspects of life, including health, reproduction, and familial relationships. They are specifically trained to deal with these issues and to interpret and communicate scientific medical and genetic information to individuals and families in a manner that is culturally appropriate and in a way that the clients can understand the information and use it to make choices concerning their future. Given the highly charged issues with which genetic counselors deal and the high degree of trust placed in them by their clients, it is not surprising that the profession of genetic counseling has developed a code of ethics specifying the goals and values of the profession and the expected conduct of professionals in the field. The National Society of Genetic Counselors, a professional organization for the field in the United States, has a code of ethics (available on their website) specifying the ethnical responsibilities of their members and their relationships with clients, colleagues, and the larger society.

The first section of this code of ethics deals with the characteristics expected of genetic counselors and their obligations as professionals. These obligations include acquiring accurate and balanced information relevant to a particular situation, keeping up with developments in their field, recognizing their place within the health care system and staying within the scope of their own professional knowledge, accurately representing their competence and credentials, identifying and managing conflicts of interest, disclosing conflicts of interest if they may interfere with providing professional services, avoiding using their professional and institutional privileges for gain, and being responsible for their own physical and emotional health.

The second section, dealing with counselor-client relationships, emphasizes the values of care and respect for the client's autonomy, individuality, welfare, and freedom. Specific expectations include providing unbiased counseling to clients; defining their professional role to clients; avoiding discrimination on any basis; enabling clients to make informed decisions; respecting the client's beliefs, traditions, and circumstances; making an appropriate referral if the counselor cannot provide appropriate services; maintaining the client's privacy and confidentiality; and avoiding exploitation of clients.

The third section emphasizes that the relationships among genetic counselors and their colleagues should be based on values such as mutual respect, caring, collaboration, veracity, and support. Specific obligations include sharing knowledge, respecting the competence and perspectives of colleagues and trainees, encouraging ethical behavior, giving supervisees appropriate responsibilities, maintaining appropriate boundaries, taking only appropriate responsibility for work, acknowledging the contributions of others, and informing employers of the ethical obligations of genetic counselors.

Ethical Dilemmas Related to DTC Genetic Testing

DTC genetic testing, although available in some form since 1996, has become extremely popular in the last few years. This model of genetic testing, in which a consumer orders testing from a company and receives the results directly, rather than through a medical professional, has raised a number of ethical issues related to genetic counseling. Alice K. Hawkins and Anita Ho summarize these ethical issues in an article in the Journal of Genetics Counseling and analyze them in relation to customary ethical principles observed in modern health care.

Hawkins and Ho note that while DTC genetic testing has proven extremely popular with consumers, many medical and genetics professionals are critical of the process, or are cautiously optimistic of the promise of the DTC process if it is combined with appropriate genetic counseling. However, genetics counselors themselves are often skeptical of the DTC testing process, or find aspects of it concerning, creating a dilemma because while counselors may be asked to help consumers interpret test results and their implications, they might also believe that medical professionals should have been involved in the process from the beginning. They may also be unsure of the accuracy of the results they are asked to interpret when the testing was done by an unknown lab. In such a case, the counselor must either assume that the lab work was done correctly and interpret the results as received, or order a new round of testing at the expense of the client, which may have been something they were hoping to avoid by using a DTC test.

Two core principles of genetic counseling are the ethic of care and principle-based ethics. The ethic of care specifies that values such as compassion, sympathy, and empathy are key to providing care. Principle-based ethics include the values of respect for the autonomy of the patient or client, nonmaleficence (doing no harm, or doing the least possible harm, to the patient or client), beneficence (doing what is best for the patient or client), and justice. The concept of justice in this context includes fair distribution of resources and equal distribution of the burdens and benefits of new treatments across all of society.

The care ethic emphasizes values seen as positive in relationships, and it is particularly relevant to genetic counseling because genetic information often has bearing for an entire family as well as the individual who has come for testing and counseling. DTC genetic testing, in contrast, may neglect the importance of personal and familial relationships because tests are marketed to individuals and the companies are not required to provide appropriate counseling before and after the testing process. To put it another way, in the view of some genetic counselors, DTC testing treats the client as a consumer buying a product rather than as someone in a therapeutic relationship. This approach is seen as problematic by some in the counseling profession since the product in question may include important information concerning the life and health of the individual and others in their family.

The principle of autonomy is based on the belief that the right to think and to take action is intrinsic to each individual and that health care should reflect that belief. In genetic counseling, this means that the job of the counselor includes providing a client with the information and tools necessary to freely make informed decisions, with understanding of the risks, benefits, and possible consequences of those decisions. It also means that the counselor respects the culture, beliefs, and family relationships of the client as well as the client's personal beliefs and that any testing must be done with the informed consent of the client. DTC testing is problematic with regard to autonomy because an individual may not receive enough information from the company to give informed consent to the testing process, the tests may be marketed in ways that create social pressure or create false expectations, and the impersonal nature of the testing procedure means that a person's genetic material may be tested without their knowledge or consent. On the other hand, one benefit DTC testing does provide is the ability to be tested anonymously, which eases concerns about genetic discrimination and could be seen as increasing an individual's autonomy.

The principles of beneficence and nonmalificence are often seen as two aspects of the same principle in a health care setting. Beneficence requires promoting a client's well-being, while nonmalificence requires minimizing harms to the client. One key concern, mentioned earlier, is the possibility of genetic testing without consent; besides being a violation of autonomy, the results of such testing could impair relationships within the family, particularly if appropriate support is not available. The lack of adequate professional support to interpret results is also contrary to the principles of beneficence and nonmalificence, although it is worth noting in this context that some DTC companies now offer some counseling to those who have purchased testing services. In particular, clients need to understand the "gray areas" around their test results (e.g., the limited predictive validity of some genetic tests) so that they do not make health or lifestyle decisions based simply on the results provided by a single genetic test; understanding of the limitations of genetic testing is not common in the general public, and thus it is important that people receiving genetic test results have access to someone who can interpret those results for them. Marketing of DTC tests (a major factor in the growth of this industry) may exaggerate the clinical usefulness of any information they can provide, and consumers may well miss or fail to understand disclaimers about the limited nature and usefulness of the information provided. A final issue is the general lack of concern perceived by some to exist within the DTC testing process for the issue that clients may need to be educated about the familial aspects of many genetic diseases, and the absence of any expectation that at-risk relatives be contacted and the nature of the relevant genetic risks be explained to them.

The principle of justice states that health care should be appropriate and equitable and the risks and benefits of new treatments spread across all of society. In one sense the availability of DTC genetic testing may be seen as increasing justice, since DTC genetic tests are generally cheaper than having testing performed through the traditional medical route. This is particularly true when the costs of consultation are included in calculating the costs of testing·for instance, if an individual has to pay to see a physician in order to have a test ordered and again to have the results interpreted. On the other hand, one reason for the lower cost of DTC genetics testing is that the costs of interpretation are shifted to the consumer and the consumer's health care providers. For instance, if a consumer decides to have his or her personal physician interpret the test results for them or contacts a genetic counselor for that purpose, someone must pay for those services, which are not included in the fee charged by the DTC company. Besides the costs of interpreting the tests performed by a DTC system, increased used of DTC genetics testing may increase the burdens on the existing health care system, for instance, if the consumer's physician has the tests repeated or orders additional follow-up testing. Because those who order DTC genetic testing tend to have higher socioeconomic status and are more likely to be Caucasian, than the population as a whole, the issue of spending additional societal resources on those who are already well off is also raised.

Although the professional field of genetic counseling is a relatively new addition to the health sciences, genetic counselors offer many important services to the public. Most importantly, they can act as a bridge between the science of genetics and the needs of the general public. As scientific understanding about the genetic nature of disease increases and as more and more tests for specific genetic disorders become available, there will be an increased need for people who can interpret that scientific knowledge and those test results to the public, and genetic counselors are trained to do precisely that. Chapter 6 examines a relatively new use of genetic testing, that of tracing one's ethnic or racial heritage.


Chapter 6
 Heritage Tracing

One of the most popular usages of direct-to-consumer (DTC) genetic testing is heritage tracing. Many people are interested in studying their genealogy, and genetic heritage tracing may hold particular appeal for those people who don't have access to the usual historical records regarding their ancestors, such as African Americans whose ancestors were enslaved or people whose ancestors had to flee their home country due to war. Advertising for DTC companies often capitalizes on this preexisting interest by claiming that they can analyze a customer's DNA and determine precisely what percentages of that individual's heritage come from particular geographical regions or ethnic groups. However, the process of identifying ancestry from a DNA sample is far less precise than one might imagine from the reports provided by DTC companies, and individuals who have submitted their DNA to more than one company have sometimes been surprised to receive quite different descriptions of their ancestry from different companies.

How can Genetics be Used to Trace Heritage?

There are two basic approaches to heritage tracing: one based on biogeographical ancestry, the other on lineage ancestry. Biogeographical ancestry is based on the concept that if one had a time machine and could draw samples of DNA from people living in different parts of the world a thousand or more years ago, that DNA could be compared to modern samples of DNA to help identify the ancestry of people living today. Since time machines do not exist outside the world of science fiction and there are no samples of DNA available from people who lived long ago (apart from a relatively small number of samples that have been drawn from human remains), the DNA samples used to represent different regions of the world are drawn from people now living in those regions. This is problematic because humans migrate over time, and the genetic makeup of people living in, say, modern Senegal today may differ in important ways from those living in that geographical reason 1,000 years ago.

In order to analyze biogeographical ancestry, companies typically use a database of Ancestry Information Markers (AIMS), based on databases of single nucleotide polymorphisms (SNPs, or differences in one nucleotide within a section of genetic material). SNPs are used for genetic heritage tracing because they often do show substantial differences between geographic and ethnic groups, particularly if sufficient numbers of AIMS are used. These AIMS databases are proprietary and differ from one company to the next, providing one explanation as to how the same DNA sample submitted to different companies could produce a different estimate of an individual's biogeographical heritage. The accuracy of the analysis depends on the use of a sufficient number of AIMS (one study found that results were reasonably accurate if 400 or more AIMS were used, less so if only a few dozen AIMS were used), yet companies are not required to disclose how many AIMS are used in the matching process. And because the databases themselves are proprietary, there is no way for a consumer to find out how the results reported to them were produced.

The process of biogeographical ancestry testing is typically based on a small percentage (perhaps 2 percent) of the customer's genome, so results provided actually only apply to the percentage of the genome tested (and that percentage will probably not be revealed to the customer). For this reason, even if the actual testing is carried out with the most professional and scientific means possible, reported results are misleading if the customer thinks they are getting an analysis based on their entire genome (or, to people less familiar with scientific terminology, if they think the analysis describes them as a whole person). To say that a test based on 2 percent of an individual's DNA shows 50 percent Northern European ancestry, for instance, is not the same thing as saying that the individual whose DNA was tested has 50 percent Northern European ancestry, but it's easy to see how one could confuse the two statements.

Lineage ancestry is the process of identifying individuals who are in one's maternal or paternal line of descent. Mitochondrial DNA, which is inherited only from one's mother, is used to trace the maternal line of descent, while Y chromosome testing, which is inherited only from one's father, is used to trace the paternal line of descent.

Mitochondria are small structures within all plant and animal cells that have their own DNA (the theory of endosymbiosis suggests that mitochondria were one independent cells but became incorporated into more complex cells, explaining why they have DNA). Mitochondrial DNA is relatively short and therefore contains fewer base pairs than does chromosomal DNA: human mitochondrial DNA contains about 16,500 base pairs, versus over 200 million base pairs in the 46 chromosomes of humans. Mutation of mitochondrial DNA is relatively rare (estimated to occur in fewer than 1 in 100 people), so it is quite possible that an individual living today has identical mitochondrial DNA to that of their ancestors going back many generations.

For most of human history, large-scale movements of population across long distances were rare. With stable populations in particular locations, the mutations that do occur in mitochondrial DNA would eventually result in recognizably different patterns in the DNA of people living in different locations. Most contemporary analyses of mitochondrial DNA focus on the HvrI region within the DNA, which includes about 400 base pairs and is the most variable part of mitochondrial DNA (i.e., the greatest number of mutations occur in the HvrI region). Specific variations within this region can be identified with specific continents. However, due in part to human migration within continents, it may not be possible to identify the region of origin more specifically. This means that while it may be possible to identify mitochondrial DNA as having African origins, it may not be possible to specify which part of Africa, let alone which region now part of a specific modern African nation, an individual's ancestors came from. As with biogeographical ancestry testing, lineage ancestry testing is usually based on a small sample of an individual's genome, and the results of the sample may be the same as if the individual's entire genome had been analyzed.

Y chromosome (Y-DNA) testing can be used to study one's patrilineal ancestry. Because only men have Y chromosomes (the sex chromosomes of most men are generally XY, while the sex chromosomes of most women are XX), the Y chromosome of an individual man must have been received from his father, who received it from his father, and so on. Women cannot utilize Y-DNA testing directly, but they can use the results of a test performed on the DNA of a male relative, such as a father, brother, paternal uncle, paternal grandfather, or male cousin who shares the same paternal heritage.

Y-DNA testing is based on noncoding sections of DNA, which is sometimes called "junk" DNA, although that term is falling out of favor as new discoveries suggest these sections may perform important functions. One type of analysis is based on SNPs, short fragments of DNA that differ by a single nucleotide. SNP analysis may be used to provide information about one's "deep" ancestry, meaning ancestry dating back hundreds or thousands of years. Another type of Y-DNA testing is based on short tandem repeats (STRs), repeating segments within a chromosome in which the number of repetitions varies from one person to the next. Usually, a son inherits the same Y-DNA as his father, but occasionally a chance mutation occurs. These mutations allow Y-DNA testing to trace paternal lineage, as an exact or nearly exact match (one with only a few mutations) is a good indication of common paternal ancestry. STR testing is most useful within surname projects, to test hypothesized relationships within a surname group (group of people sharing a common last name or family name, which in many cultures is passed down through the paternal line).

Although many people eager to learn about their ancestry have great expectations about the usefulness of the results of genetic testing, a desire targeted in the advertisements of many DTC genetic testing companies, it is worth keeping in mind that DNA alone is a poor guide to ancestry. Genetic genealogy, which combines the use of historical and genealogical records with the results of DNA analyses, is a more reliable method of trying to trace one's ancestry than is the use of DNA information alone for that purpose.

Race and Nationality as Social Constructs

In the United States, we are used to classifying people, including ourselves, by race. While filling out a form, for instance, you may be asked to choose one of several categories to describe yourself. Often the choices offered are the five broad categories used by the federal government: White, Black or African American, Asian, American Indian or Alaska Native, and Native Hawaiian or Other Pacific Islander. Perhaps not coincidentally, these categories roughly correspond to previous theories about the existence of five races, one per continent/broad geographical area: European, African, Asian, Native American, and Oceanian. Sometimes an additional category, Hispanic or Latino, is included, although more often you are asked to choose a racial category and then separately indicate whether you are Hispanic or Latino, because Hispanic or Latino person is most commonly considered a cultural or ethnic category that can apply to a person of any race. Social statistics such as income levels or college graduation rates are often reported with a racial and ethnic breakdown, and information about race and ethnicity is often included as a factor in medical research.

Because we commonly talk about race and some of us use racial categories in our work, it is natural to think of race as something that really exists and can be objectively determined, in the same way that we can measure a person's height or weight. Once race was once considered to be based in biology, and thus could be used as an explanation for observed differences in different categories of people. However, most social scientists today believe that racial categories are a social constructs created by human beings in particular cultural contexts.

For instance, in the United States, it used to be common (and in some quarters still is common) to consider a person with any African heritage as black. This definition sometimes had the rule of law, for instance, in states that enforced segregation and prohibited certain acts (such as marriage) between a black and a white person. In contrast, in South Africa during the Apartheid era, the law made a distinction between individuals who were black and those who were "colored," the latter referring to people of mixed race including some African ancestry.

As Vivian Chou points out in a 2017 article, the old model of the five races (which was developed before development of our modern understanding of genetic inheritance) suggests that the genetic makeup of members of each race should be relatively uniform within one race and distinct from that of other races. In fact, modern genetic research indicates that while some genetic clustering can be observed among modern human populations, the variation between individuals from different geographic regions is relatively small compared to the much greater variation within a single region, so from a genetic point of view, it is not justified to try to define racial categories based on geographic distinctions.

For instance, a 2002 study found almost half of human alleles (different versions of the same gene) were found in all seven major geographical regions of the world, and almost all (over 92 percent) were found in at least two regions. In contrast, just over 7 percent of alleles were unique to a single region, and those alleles only appeared in a minority of the residents of that region. Another study comparing the DNA of three scientists—James Watson and Craig Venter, both of European descent, and Kim Seong-Jin, of Korean descent—and found that Watson and Venter shared more alleles in common with Kim than they did with each other. It is also worth noting a statistic frequently cited in biology, which is that all humans share almost all their DNA in common, with the differences between people based on the approximately 0.1 percent that differs plus the influence of environmental factors.

We are also used to thinking of nationality as a characteristic of a person, and sometimes wars have been fought or people denied their civil rights based on their nationality. While it is convenient to identify modern people as citizens of a particular nation (for instance, laws governing international travel sometimes differ according to what passport an individual holds), nationality is also a social construct rather than an indication of biological differences that could be used to sort people into nonoverlapping categories. In addition, the political definitions of nations and their national boundaries have changed over the years, with some nations being created and others changing or disappearing.

Czechoslovakia, for instance, experienced both types of change during the 20th century. First, the country of Czechoslovakia was created out of part of the Austro-Hungarian Empire after World War I. Then, in 1993, this country was split into two separate countries, the Czech Republic and Slovakia. This change in political reality for a small country in Europe, of course, has nothing to do with the genetic material of the people who lived there, or with those whose ancestors lived there hundreds of years ago. Even the definitions of broad regions, such as what countries or regions should be included in "Scandinavia" or "Eastern Europe," have changed over time, and different definitions may be used in different countries or contexts as well.

To say that race and nationality are social constructs is not to deny their importance in anyone's daily life. Certainly racial prejudice and discrimination continues to exist, and one person may be treated better or worse than another, based on their perceived race, which is typically defined based on observable physical characteristics, such as skin color and facial features. Similarly, a person's life may be impacted by their nationality: for instance, their ability to travel may be facilitated or restricted based on what type of passport they hold. However, identifying one's heritage in terms of race or in terms of modern country or regional boundaries can also become an exercise in trying to treat a human-created construct as if it had biological reality.

Jewish Ancestry Tracing

There are multiple ways to answer the question "Who is a Jew?" including ancestry tracing (i.e., was one's mother or grandmother Jewish?), personal identification (i.e., does the individual self-identify as a Jew?), and choice (i.e., has a person who does not have maternal Jewish ancestry converted to Judaism?). Genetic testing has also been used as a source of information in determining Jewish ancestry, but it does not replace other definitions. Today, different people and organizations apply different standards to determine who they consider to be Jewish, and this multiplicity of definitions is not problematic in most circumstances.

One context in which the choice of rules used to define who counts as Jewish is the process of immigration to Israel. As discussed by Ian McGonigle in the Journal of Law and the Biosciences, in 1950 Israel passed the Law of Return, which specified that any Jewish person had the right to live in Israel and become a Jewish citizen. This law did not include a definition of who was considered a Jew, and a definition was not created until 1970, when the law was amended to specify that a Jewish person either had a Jewish mother or was a convert to Judaism and did not practice any other religion. The 1970 law also extended the definition of who was eligible for the rights granted a Jew to the children or grandchildren of Jews (including through the paternal line) as well as the spouses of Jews.

After the fall of the Soviet Union in the 1990s, many Jews from former Soviet Republics sought to immigrate to Israel. Because the Soviet Union suppressed religious practice, establishing Jewish heritage was problematic for many of these individuals. DNA testing for markers associated with Jewish ancestry became an additional source of evidence accepted in Israel in the context of an individual's attempt to establish that they are Jewish. The official use of genetic testing to establish Jewishness was widely publicized in 2013 regarding the case of Masha Yakerson, a college student of Russian ancestry who applied to take a Birthright Israel trip to visit Israel in 2013. Her family was told that she would have to get a DNA test to support her claim to Jewish ancestry, and in the wake of the ensuing publicity, the Office of the Prime Minister of Israel confirmed that genetic testing was currently being required of some individuals from the former Soviet Union who wished to immigrate to Israel.

In 2017, a ruling by Rabbi Yosef Carmel, a rabbinical judge and head of the Eretz Hemdah Institute for Advanced Studies, established the use of a specific genetic test to aid in determining who is considered a Jew under Israeli law. This test is based on specific genetic markers within mitochondrial DNA, which is only inherited from their maternal line and is usually inherited without mutation. According to historical and genealogical research, about 40 percent of Ashkenazi Jews are descended from four women who immigrated to Europe from the Middle East about 1,000 years ago; the stability of mitochondrial DNA explains why these same markers would be present in about 40 percent of Ashkenazi Jews today. The ruling also clarified that the lack of these specific genetic markers would not be taken as evidence that a person was not Jewish, because even among Ashkenazi Jews, 60 percent do not have these markers.

The Cohanim Modal Haplotype is another genetic marker that has been used to trace Jewish ancestry. A haplotype is a set of variations in DNA on a chromosome that tend to be inherited together, typically because they are located near each other on the chromosome. The Cohanim Modal Haplotype is found on the Y chromosome, which only men have (women have two X chromosomes; men one X and one Y), and thus can be used to trace paternal ancestry. The original research on the Cohanim Modal Haplotype was published in 1997 and announced that certain genetic markers were more common among male Jews who self-identified as being from the Cohen (plural Cohanim) or historical Jewish priestly caste. Additional research has increased the number of markers studied, and in general it has confirmed the hypothesis that genetic markers can be used to distinguish male descendants of the Cohanim from other Jews and from non-Jews.

People of the British Isles

In 2004, Sir Walter Bodner initiated a project called the People of the British Isles, an international research collaborated funded by the Wellcome Trust. The purpose of this project is to study the genetic makeup of individuals from different parts of England, in part to create a genetic map of the country. This project is the first such attempt to carry out such widespread genetic research and mapping within any country. Blood samples were taken from over 2,000 volunteers who met two requirements: all four of their grandparents were born in rural Britain, and those four grandparents were born within 80 km (50) miles of each other. These requirements meant that the researchers were coming as close as they could to drawing samples from the population of rural England as it existed in the late 19th century. DNA was extracted from the blood samples, and cluster analysis was used to group the samples based on genetic characteristics. The basic concept behind cluster analysis is that the samples sorted into the same cluster are more similar to each other than they are to samples in other clusters, and a hierarchy can be established based on the similarities or differences between different clusters.

As can be seen on a map included on the project's website, superimposing the 17 genetic clusters identified by this project on a map of Britain (England Scotland, Wales, and Northern Ireland), the genetic clusters identified correspond strongly to historically recognized geographic areas. For instance, Cornwall and Devon, although adjacent to each other in Southwestern England, have long been recognized as different areas, and the genetic samples taken from individuals from the two areas sort into two separate clusters, with little overlap except at the border between the two areas. In addition, the border identified by the testing results corresponds closely with the modern political boundary separating the two counties.

A hierarchical cluster tree created by merging the clusters most similar to each other shows that genetic clusters drawn from individuals in nearby areas are typically more similar to each other than are clusters from more distant geographic regions. The existence of these clusters suggests that the population of Britain was geographically stable over long periods, in contrast to what is commonly assumed regarding the movement of individuals within a country and across national boundaries. For instance, three clusters from the Orkney Islands north of Scotland are quite similar to each other and distinct from other clusters from regions further south. Another set of clusters consisting of individuals whose grandparents were born in Wales are more similar to each other than they are to clusters of people born elsewhere in Britain, and those from south Wales are similar to each other but distinct from the clusters of people born in north Wales.

Another finding of the People of the British Isles was that there appears to be no genetic clustering corresponding to a Celtic group, because the samples drawn from areas considered Celtic (Scotland, Northern Ireland, Wales, and Cornwall) are distinct from each other and share more similarities with people from other parts of England than with the other Celtic areas. For instance, the Cornish samples have more in common with the samples drawn from other parts of England than they do with the samples drawn in Wales or Scotland. This suggests that although the designation "Celtic" is meaningful in terms of history and culture, it may not be based on biology.

This project also compared the genetic samples taken from British residents with those from over 6,000 individuals from 10 European countries (the latter samples had been collected for a different study). While the DNA from the European samples clustered into 51 groups, only 9 of these clusters were found in any significant number in the English samples. Some regions showed distinctive relationships to the European samples, suggesting patterns of migration and settlement. For instance, the Norse Viking cluster was most prominent in the Scottish, Northern Irish, and north of England clusters, particularly in the three clusters from the Orkney Islands. In contrast, the study found no clusters corresponding to the Danish Vikings, although they are known to have lived in much of Britain. It is known that genetic markers can disappear from a population simply due to chance, and this process could explain the absence of Danish Viking DNA among the samples analyzed for this project.

DTC Heritage Tracing Services

A substantial number of people have already used the services of a DTC genetic testing company to gain information about their ancestry and heritage. Since such testing is often done strictly to satisfy the consumer's curiosity (rather than, say, to settle a legal dispute or make a medical decision), it can be viewed as a harmless recreation even if the results are not as precise and scientific as they may seem to be. Even if the results are not used for a legal or medical purpose, however, they can create family discord if the reported heritage percentages do not match the narrative told within the family, or the known facts regarding the origins of ancestors for multiple generations. If customers misunderstand the testing process (for instance, that only a small sample of their genome is being used and that it is being matched to people living in geographic regions today rather than to those who lived there hundreds or thousands of years ago), and fail to appreciate the probabilistic nature of such testing, they may think that the results provided by the DTC company are more certain than they really are.

One source of misinterpretation is that all the percentages reported for specific types of ancestry are estimates and thus have an associated confidence interval or range. For instance, a report might say that an individual has 25 percent Eastern European ancestry, with a range of 12-38 percent; this means that while 25 percent is the best estimate of how much Eastern European ancestry a person has, the actual percentage, given the test results, could be anywhere from 12 percent to 38 percent. Some companies include this type of reporting (an estimate plus a range), which is commonly used in the medical literature but is unfamiliar to many people not working in that field. The result may be that persons not accustomed to thinking in terms of estimates and confidence intervals may simply take the reported estimate as a matter of fact rather than a probability. Other companies do not report the range of possibilities for each estimate, implying that the percentages provided are the true and definite answer rather than simply the most likely answer.

Another detail that may get lost if an individual does not read the "fine print" in their report is what modern countries are included in each region. "Eastern Europe," for instance, probably includes numerous countries occupying a large portion of Europe, and each company will have its own definition of what countries are included in each region. A designation such as "Eastern Europe" is far less precise than is typically used in tracing genealogy—for instance, most people would be clear as to whether one of their specific ancestors came from Poland or Croatia; not all company reports include this level of detail. And if they do, the estimates for specific countries are likely to be even less precise (whether that fact is reported or not) than the results for broad regions, because they by necessity will be based on smaller samples of individuals.

Individuals who have mailed their saliva samples to multiple companies for analysis have sometimes found significant discrepancies in the results provided by the different companies, which throws suspicion on how accurate the reports are. For instance, Kristen V. Brown reports sending her samples to three companies: AncestryDNA, 23andMe, and National Geographic. One company reported that she was 32 percent Scandinavian (not surprising, since her father was Norwegian), another 28 percent Northern European (including other countries along with modern Scandinavia), and the third that she was only 3.1 percent Scandinavian. One company reported that she was 11 percent Middle Eastern, another only 5.5 percent Middle Eastern and North African, and a third only 3.3 percent Middle Eastern. Even more interesting was the fact that while 23andMe reported that she had no South Asian ancestry, when she uploaded the information provided by 23andMe to a different site, GenCove, it reported that she had 8 percent ancestry from the Indian subcontinent.

The reliability of information received from DTC genetic testing companies was also questioned by the results of an investigation by the American television program Inside Edition. The program had three sets of identical triplets and one set of identical quadruplets (in each case, the siblings would have identical genetic material) send saliva samples to several different DTC genetic testing companies, then compared the reported results. Even when the DNA from one set of identical siblings was submitted to the same company, the reported results sometimes differed, casting doubt on the accuracy of the testing and reporting process. For instance, one set of identical triplets whose DNA was submitted to the same company received reports of British Isles ancestry ranging from 59 percent to 70 percent, Scandinavian heritage ranging from 6 percent to 0 percent, and Western and Central European heritage ranging from 11 percent to 0 percent.

Brown also reports that the results provided to some individuals have changed over time. Because an individual's DNA does not change, the differing results were due to changes in the data sets against which each individual's sample was tested (a fine point probably lost on many individuals who purchase DTC genetic testing services). For instance, she reports that a friend originally received a report classifying him as primarily Arab North African, but as the company's database grew, his reported identity changed to include a substantial component of Jews from Southern Europe. Another individual found the percentage of Irish ancestry reported for his DNA changed with the growth of the DTC company's data set.

If the reported identities of white customers of DTC genetic testing companies are unreliable and unstable, the problem is exacerbated for people of color, because they are underrepresented in most company's databases. For instance, Euny Hong, an American of Korean ancestry, reported in a 2016 article in Quartz that at the time she had her DNA tested by 23andMe, the company's database included only 76 Koreans. The database used by 23andMe included far more Europeans (about eight times as many) as it did people from East Asia (which would include Korea), and far more Europeans than individuals of sub-Saharan African descent were also included in 23andMe's data set. Another discrepancy Hong noted in her results is that no distinction was made between Northern and Southern Chinese, who have different genetic traits, suggesting that 23andMe was far more focused on providing breakdowns of European ancestry than the ancestry of individuals from other parts of the world.

Many people have used DTC genetic testing services to gain information about their heritage. Genealogy is a popular leisure activity in many parts of the world, and genetic testing holds particular interest to individuals who may be unable to find historical records of their ancestors (e.g., if the ancestors were slaves or refugees). The advertising for DTC companies often emphasizes the appeal of learning about one's ancestors and de-emphasizes the uncertainty of the reports they provide to customers, so customers often do not understand that the reports they receive are estimates rather than absolute answers. Customers may also be unaware that the precision of such estimates may vary widely depending on the individual's heritage. For instance, most services have far more Europeans in their databases than they do Asians or sub-Saharan Africans, and thus the estimations of heritage for Asians and sub-Saharan Africans is necessarily less precise than it is for Europeans. In addition, individuals who have submitted their DNA to multiple DTC companies have received substantially differing reports regarding their ancestry, and genetically identical individuals (e.g., identical triplets) have received differing reports from the same company, casting doubt onto the testing and reporting process for everyone. Chapter 7 will examine uses of genetic testing outside the fields of medicine and heritage tracing, including genetic testing as used in forensics, archaeology, paternity and relationship testing, and descendant tracing.


Chapter 7
 Other Uses of Genetic Testing

Genetic testing is a powerful technique with multiple applications, and it is used today for many purposes besides medical diagnosis and heritage tracing. DNA fingerprinting is an important forensic tool used in criminal investigations, because a sample of DNA-containing biological material such as blood can often be identified to a high degree of certainty as coming from a particular individual. Archaeologists use DNA from human remains as a tool in many tasks, including identifying individuals, identifying an individual's gender and ancestry, and identifying the source of coprolites (fossilized feces). DNA is also used in paternity and relationship testing, where it can determine much more accurately than the blood tests previously used whether an individual is or is not the father of a given child, and whether different people are related. Finally, DNA analysis is used in descendant tracing, for instance, if an individual wants to determine if they are descended from some specific historical figure such as Thomas Jefferson.

Forensics

In the criminal justice system, any tangible object, including biological materials, which can connect a crime scene and an offender is considered physical evidence. DNA contained within biological materials is therefore considered a type of physical evidence and, if handled and analyzed appropriately, may be used in a criminal justice investigation and trial. Common DNA-containing biological materials that may be collected as part of a criminal investigation include saliva, sweat, blood, hair (although the follicle is required—hair cuttings do not contain DNA), semen, and body tissue. Even a small number of cells—such as that contained in the saliva on a toothpick or cigarette butt—may contain enough DNA to be useful in a criminal investigation, because the available DNA can be copied or amplified using PCR (polymerase chain reaction). If biological samples are frozen or stored dry, they may be successfully analyzed many years later, while samples stored wet generally degrade quickly and must be analyzed soon after collection.

When biological material is collected from a crime scene, the first step in analysis is to extract the DNA and measure its quantity. PCR is then used to amplify the DNA, making millions of copies of the segments that will be analyzed. Analysis typically focuses on STR (short tandem repeat) regions, sections of DNA in which a sequence (typically of two to six base pairs) repeats itself. Because individuals differ in how many times these sequences repeat, analysis of multiple STR regions can identify the DNA of a particular individual with a high degree of certainty (an inclusion), and can also be used to determine that it did not come from other specific individuals (an exclusions). The STR profile of a sample of DNA (also referred to as the DNA profile) isolated from biological materials found at a crime scene can be compared with that of known individuals, such as victims or suspects in the investigation. If a match or inclusion is made, the STR profile is then compared to profiles from a population database of individuals from the same ethnic group (different databases are used for white and African American individuals, for instance). Finally, a case report is issued including statements about the random match probability, i.e., the chance that a randomly selected person from the appropriate reference population would have an identical STR profile to that of the person matched with the sample.

In the United States, the Federal Bureau of Investigation (FBI) has established the CODIS (Combined DNA Index System) to support the use of DNA in criminal investigations. CODIS includes computer software used in DNA analysis as well as the National DNA Index System (NDIS), which includes DNA profiles from federal, state, and local forensic labs that choose to participate in the system. Individual states also maintain databases which may contain DNA profiles from materials collected from crime scenes, samples from convicted individuals, and samples from arrested individuals (laws governing the circumstances under which biological samples may be collected, analyzed, and stored differ from one state to the next). A DNA profile of biological material collected from a crime scene may be compared to the profiles in the CODIS and state systems. If there is a match and it is confirmed, this fact can be used as probable cause to obtain a court order to collect a biological sample (typically a blood sample, a cheek swab, or a plucked hair) from the suspected individual. This sample will then be analyzed, and the results can be used as evidence in the investigation.

The process of comparing a DNA sample from a known individual with a sample from a crime scene results in either an inclusion (also called a match or nonexclusion, meaning the individual's DNA matches that taken from the crime scene) or an exclusion (also called a nonmatch or noninclusion, meaning the two samples do not match; a nonmatch at any analyzed region is normally considered sufficient to exclude an individual). A false match is possible, particularly if only a few loci are considered in the analysis. For this reason, 13 STR loci (regions) have been specified by the FBI as standard for the CODIS; the probability of two individuals who are not identical twins matching on all 13 loci has been estimated as less than 1 in 1 billion. One complication is if the sample comes from an individual who has recently received a blood transfusion, DNA from both the individual and the transfused blood may turn up in the analyzed sample. If it is not possible to identify which DNA came from the individual, a second type of biological sample may need to be collected.

Another use of DNA analysis in criminal justice is its application to "cold cases," that is, crimes that occurred many years ago but were never solved. One such example is that of Leon Dundas, a Jacksonville man who was a suspect in a rape investigation in 1998. Dundas declined to give a blood sample at that time, but after his death in 1999, criminal justice authorities obtained a sample of his blood from the medical examiner's office. His DNA matched that collected from 11 unsolved rape cases in Jacksonville and Washington, DC, crimes that were unlikely to ever have been resolved without this additional DNA evidence. DNA evidence can also be used to clear suspects, even after they have been convicted and sentenced. According to the Innocence Project, 364 individuals in 37 states have been cleared by DNA evidence as of 2019 (the first DNA exoneration occurred in 1989). More commonly, DNA analysis is used to exclude suspects before they come to trial: for instance, the Innocence Project cites a 1995 study in which more than 25 percent of the over 10,000 cases included in the study had excluded one or more suspects (i.e., they were no longer considered suspects) following DNA analysis.

DNA analysis can also be used to identify an unknown body. A wider range of body tissue may be removed from a corpse than from a living individual, including bone, teeth, fingernails, muscle, skin, and tissue from internal organs. The DNA profile from the body can be compared to that of individuals believed to be closely related, such as parents, to identify or confirm the identity of the body. The DNA Doe Project, a nonprofit organization, uses DNA analysis and the information contained in the publicly accessible database GEDmatch (further discussed in the following section on the Golden State Killer) to attempt to identify relatives of "John Does" and "Jane Does," that is, unidentified bodies, often of murder or suicide victims.

Of course, the accuracy of a DNA analysis depends on the investigating organization following correct procedures and interpreting the results appropriately. This is true of any scientific procedure but is worth mentioning because there have been several high-profile examples of police laboratories that did not conduct DNA analysis appropriately or labs or police departments that did not interpret the results correctly, resulting in innocent people being convicted for crimes. For instance, in 2002 it was determined that technicians in the Houston Police Crime Laboratory in Texas were routinely making basic mistakes in the process of interpreting DNA samples, resulting in incorrect identifications of suspects, in at least some cases leading to the conviction of innocent persons. The problems with the Houston lab were only identified following an investigation by a local television station, KHOU 11, which had independent forensic experts analyze DNA profiles from the lab. The results of this investigations suggested there was no oversight, or insufficient oversight, over the work done at the lab. Problems identified ranged from incompetence in creating a DNA profile for one individual from multiple samples (the profiles should have been identical but were not) to incorrectly identifying a match between two samples that clearly did not match. To cite another well-known case, the possibility of a DNA sample having been contaminated in the crime lab or while being collected was raised by lawyers in the O. J. Simpson murder trial and may have contributed to his being found not guilty.

The Golden State Killer

Most criminal justice applications of DNA analysis involve databases containing samples from individuals who have been convicted or arrested. Those individuals represent only a small percentage of people in the United States, and thus it is not surprising when DNA from a crime scene fails to match any samples in the database. This failure to find a match is particularly likely if the individual had not previously been arrested or convicted or if they lived in a jurisdiction that did not collect and store DNA profile data. The creation of genetic profile databases, some of them public, for the purpose of ancestry tracing has resulted in new possibilities to identify DNA samples for criminal justice investigations. One famous example of how a public DNA database could be used to identify a suspect is that of the Golden State Killer, who committed a series of rapes, murders, and burglaries in California from 1974 to 1986. The crimes, which were linked by a similar MO (modus operandi, a particular way of doing things), were highly publicized when the crimes were being committed, but the current suspect, James DeAngelo, was not arrested until 2018.

DeAngelo was identified through a process that utilized a free, publicly accessible personal genomics database, GEDmatch. This database allows people to upload data from their DNA test results and will report if any closely related profiles (i.e., potential relatives) exist in the database. All the data in GEDmatch is voluntarily submitted (often by individuals tracing their genealogy and hoping to identify relatives previously unknown to them), and commercial sites such as 23andMe and Ancestry.com were not involved in the Golden State Killer investigation. An official from Ventura County uploaded the DNA profile from a rape kit to GEDmatch, and the database identified multiple individuals who had submitted their own DNA profiles to the database and who were indicated by the database as potentially being relatives to the individual whose DNA came from the rape kit.

DeAngelo had not submitted his data to GEDmatch. However, the police department, working with a genealogist, was able to create a family tree for the DNA sample from the rape kit, based on the results from GEDmatch. The process of identifying suspects in the Golden State Killer case included consideration of facts like age, gender, and residence at the time of the crimes, and ultimately two suspects were identified: DeAngelo and another individual who was ruled out after further testing. Two biological samples were surreptitiously collected from DeAngelo, both of which matched profiles from Ventura and Orange County, and DeAngelo was arrested. Due to the statute of limitations, DeAngelo could not be charged with some of the crimes of which he was suspected, but he was charged with multiple counts of murder and kidnapping. A status hearing was held for DeAngelo in Sacramento in August 2019, with his next court date scheduled for December 2020.

Besides apparently solving a number of cold cases, the Golden State Killer case brought public awareness to the potential uses of DNA profiles. Other law enforcement agencies have begun using GEDmatch as a tool in criminal investigation, and multiple suspects have since been identified on this basis. The publicity surrounding the Golden State Killer case also made the general public more aware of issues of privacy surrounding their DNA profile, should they choose to make it public. Privacy issues have been raised regarding making DNA profiles publicly accessible, because that information could lead to the identification of relatives who have not consented to that process and may not even know that it is happening.

Archaeology

One way archaeologists may use DNA analysis is to identify an individual through their remains, such as bones. To cite a famous example, in 2012 the skeletal remains of an unknown adult male were discovered in Leicester, England, on the site of what had formerly been the Greyfriars Priory Church. After extensive testing, the bones were determined to belong to Richard III, an English king killed in 1485 during the Battle of Bosworth Field. His remains were reinterred at the Cathedral Church of St. Martin in Leicester in 2015 as part of a memorial service.

Multiple investigative techniques were used to identify the remains, beginning with a general examination of the condition of the skeleton. This process revealed severe scoliosis or curvature of the back (Richard had been famously described as a hunchback), and the age of the skeleton was determined to be within the range of Richard's death. Mitochondrial DNA (DNA from within the mitochondria, small organelles contained in every cell), which is inherited only from the matrilineal line (i.e., from one's mother, grandmother, and so on) was extracted from the bones and compared to two descendants of Richard's sister Anne. The sum total of evidence convinced scientists at the University of Leicester that the remains were indeed those of Richard, a fact announced in February 2013.

Mitochondrial DNA is often favored in anthropological investigations because it is more abundant and because it mutates less often than nuclear DNA (the DNA found in the nucleus of every cell). Traces of DNA are often found in historical objects that have come into contact with body fluids containing DNA, such as saliva (which contains cells from the linings of the cheeks). As reported by Kelly J. Dixon in 2006, this type of DNA analysis was used to investigate objects excavated from the Boston Saloon, an African American-owned business that operated in Virginia City, Nevada, from 1864 to 1875. While DNA degrades upon exposure to light, archaeologists examined the interior of the stem of a clay pipe, where the user would have deposited saliva in the course of smoking the pipe, and which had been protected from the sunlight due to its shape. They were able to recover DNA from the pipe and determined that it was that of a woman, suggesting that women as well as men patronized this saloon.

Coprolites, or fossilized feces, are often recovered from archaeological sites, and it is sometimes possible to extract analyzable DNA from them. One successful use of DNA analysis in this regard is the work done in 2002 by scientists from the University of Oregon on some coprolites recovered from a cave in Oregon, which had been dated to 14,000 years ago. DNA analysis determined that the coprolites came from humans rather than animals, which suggests that humans were in the Americas earlier than was previously thought. The early date of this fossil and its location has also caused some archaeologist to consider that early human might have arrived in the Americas by boat rather than walking across the Bering Strait and then proceeding southward down the west coast of what are now Canada and the United States.

As DNA analysis can be used to determine familial relationships among living people, so it has also been applied to trace ancestry among ancient peoples. As noted in a 2010 review article in Cell by Michael C. Campbell and Sarah A. Tishkoff, analysis of mitochondrial DNA and X- and Y-chromosome data has established that the first modern humans appeared in Africa about 200,000 years ago, that they migrated into the Near East about 100,000 years ago, and into Eurasia about 40,000-80,000 years ago. Similar analyses have suggested that the effective population size of the first anatomically modern humans to leave Africa was approximately 1,500 individuals. Analysis of the DNA drawn from samples of the current population identified 14 genetically distinct ancestral populations clusters and also established that genetic relatedness was correlated with linguistic and cultural similarities.

Archaeologists can also use DNA analysis when studying plants and animals. For instance, genetic evidence can be used when tracing the process by which crops are domesticated and which genes are associated phenotypes favored by the humans cultivating them. When particular strains of a plant are found in an area where it was not cultivated, this evidence provides information about trade routes. DNA is also use to trace the process of domesticating particular animals—for instance, it is known that all dogs are descended from the wolf (Canis lupus), and genetic analysis has allowed scientists to identify 14 ancient breeds genetically distinct from most other modern dogs.

Paternity and Relationship Testing

While the maternity of a child (who is the mother?) is generally obvious, the paternity (who is the father?) is not always so. Establishment of paternity is important in matters like child support and child custody, so a number of legal procedures have been created to help determine paternity when it is contested. About 60 percent of births in the United States in 2017 were to married women, and in those cases it is generally assumed that the woman's husband is the father of the baby. By the same principle, if a child is born within a certain period (typically 300 days) of a divorce, it is generally assumed that the husband at the time the child was conceived is the father. While laws vary from state to state, if a woman is not married at the time of a child's birth, it is generally still possible for a man to acknowledge paternity by signing a legal document attesting to that fact. Conversely, if a husband or ex-husband wishes to deny that he is the father of a child, some states allow the filing of a denial of paternity document at the time of a child's birth.

Prior to the development of DNA profiling, methods such as blood group typing and HLA (human leucocyte antigen) typing were used to help determine paternity, but today DNA profiling is preferred because of its greater accuracy. Paternity testing with DNA analysis is also possible before the child is born, through amniocentesis, chorionic villus sampling, or by analyzing the mother's blood (which during a pregnancy contains a small amount of fetal DNA). This testing may be provided by a private company, but in many states it is offered for free by the state agency in charge of social services if paternity is not already established. The mother, child, and person whose paternity is being investigated must all provide samples, which will then be tested. Typically, a high degree of probability is required to establish paternity, such as 98 percent probability that the man is the father given the test results.

Establishing paternity has important financial consequences: for instance, legally a man may be ordered to provide support to a child and/ or the child's mother if it is determined that he is the father of the child. It can also have important social consequences for both the father and the child: for instance, once paternity is established, the father can seek visitation rights. While DNA testing is highly accurate, there are several cases in which the results provided may be erroneous. The most obvious are errors on the part of the lab or someone else who handled the samples—perhaps the sample was contaminated or allowed to degrade by not being handled and stored properly, for instance.

Assuming everything was done correctly during the testing process, there are three ways that a DNA test could incorrectly identify the father of a child. One is if the actual father is closely related to the man identified as the father, such as his brother. Because siblings share about 50 percent of their DNA, a paternity test could incorrectly identify one brother as the father of a child, when the father is actually the other brother. In such cases, further testing including both brothers may be able to clarify who is actually the father of the child. It may also be possible to eliminate one of the brothers due to circumstances: for instance, if one were living out of the country during the period when the child was conceived, he clearly could not have fathered the child. A second reason a DNA paternity test may provide incorrect results is random mutation. Since the DNA test for paternity is based on matching genetic makeup at particular loci (locations), and random mutation of genes occurs naturally, rules of thumb have been developed to deal with a nonmatch on one or more loci. Generally, one nonmatch is not considered enough to exclude a man as father of a child, while many nonmatches are considered sufficient for exclusion. However, if there are two nonmatches, further testing may be necessary to settle the issue. One other circumstance that could produce a nonmatch error is chimerism. A person with this condition has two sets of DNA, caused by the fusing of two nonidentical embryos in the womb. Chimerism can occur in women as well as men but is extremely rare, with fewer than 50 cases currently known, so it is a possible but extremely unlikely reason why DNA testing would fail to correctly identify the parents of a child.

In the United States, laws governing paternity and other family matters are typically established at the state level, and so the regulations involving them differ from one state to the next. For instance, while many states will accept the results from an at-home DNA test, in New York State the sample must be collected by an approved DNA collector. Laws also differ from one country to another, so anyone considering having paternity testing done needs to consult the specific laws and regulations that apply to their specific circumstances. To take the state of California as an example, DNA testing is one piece of evidence that may be used to establish parentage in cases when the parents were not married or registered domestic partners at the time of a child's birth. Once an individual is established as a legal parent (which requires filing of an official Declaration of Paternity or obtaining a court order), he or she has all the rights (e.g., to request custody and/or visitation) and obligations (e.g., financial support) of a parent. Establishing parentage also gives the child rights assumed if the parents were married, including access to medical records, the right to inherit and receive social security and veteran's benefits if available from either parent, and the right to receive health and life insurance coverage from either parent.

DNA analysis is also used to establish relatedness among family members in circumstances such as immigration. Because laws vary by country, different laws and procedures are relevant in different circumstances. In the United States, relatedness for the purpose of visa applications is normally established through documentary evidence (e.g., a marriage certificate or birth registration) and DNA testing is only used when such documentation is not available (for instance, if the applicant is a refugee and the records were destroyed or could not be accessed from the home country). DNA testing is the only method other than documentation that may be used to establish relatedness, and it can only be used to establish paternity, maternity, and full-siblingship or half-siblingship. The testing is performed via cheek swab and must be conducted at an accredited facility (not a home test). Further information about this method of establishing relatedness for immigration is available from the website of the U.S. State Department.

Descendant Tracing

Another use of DNA analysis is to determine if two individuals are related for purposes of the historical record, or to establish a connection between a living person and someone now dead. A famous example of this use of DNA testing was that of determining whether some living individuals were descendants of Thomas Jefferson, the third president of the United States. With his wife, Martha Skelton Jefferson, Jefferson had six children, but only two, his daughters Martha and Mary, lived to adulthood. Jefferson did not remarry after her death in 1782, although he lived until 1826. Jefferson owned a slave name Sally Hemings, a mixed race woman and possibly the half-sister of Martha Skelton Jefferson. For many years some people, including descendants of Sally Hemings, asserted that Jefferson was the father of some or all of her children, while others, including many historians, denied this relationship. One of Hemings's sons, Madison Hemings, asserted in a newspaper interview in 1873 that his father was Thomas Jefferson. It was quite common for slave women to give birth to mixed race children, with the father of the children being members of the family that owned the woman, and one alternative explanation of Hemings's children put forth by those who did not believe they were fathered by Thomas Jefferson was that their father was Peter Carr, Jefferson's nephew.

In 1998, a Y chromosome DNA analysis established that a descendant of Sally Hemings's son Eston Hemings matched that of Field Jefferson, Thomas Jefferson's uncle, and no match was found between Hemings's son and the male Carr line (only men have Y chromosomes, which are always inherited from one's father). In 2001, the Monticello Foundation, a private nonprofit corporation that owns and operates Jefferson's home of Monticello in Charlottesville, Virginia, commissioned a separate study, which concluded that Jefferson probably fathered all of Sally Hemings's children. Besides the DNA evidence, historians have used information about the period during which each of Hemings's children could have been conceived and whether Thomas Jefferson or any of the other proposed fathers were in the same physical location and thus could possibly have possibly fathered her children.

While the most common uses of genetic testing today are as a tool of medical diagnosis and for the purposes of heritage tracing, it is also useful in other fields. In the criminal justice system, DNA fingerprinting may help to identify the perpetrators of a crime and to identify human remains. In anthropology, DNA testing is used to identify individual human remains, to study ancestry, and to identify whether coprolites are human in origin. DNA can be used to establish the relatedness or lack thereof of individuals, and thus is an important tool in establishing paternity of children and determining family relationships for immigration purposes. Finally, historians and interested individuals have used DNA analysis in descendant tracing, for instance, to determine who can claim ancestry from a particular historical individual. The remaining chapters focus on controversies regarding genetic testing, with chapter 8 focusing on financial concerns related to genetic testing.


Part II
 Controversies and Issues


Chapter 8
 Financial Concerns Related to Genetic Testing

Genetic testing is a powerful tool that can be used to improve people's health and welfare, but it is not free. The question of who pays for genetic testing differs from one country to the next, because different countries have different health care and/or insurance systems. In the United States, which has a variety of public and private insurance programs rather than a national health care system, the question of who pays for genetic testing may differ not only from state to state but also from one health insurance plan to another. This means that anyone considering having genetic testing done needs to consider their particular circumstances—for instance, if they have private insurance, what genetic testing services are covered and in what circumstances—as part of their decision-making process. At the societal level, there are other costs to be considered as well—for instance, do those who have genetic testing performed, even if paid for out of their own pocket, then use more health services that are subsidized by either the government or a private insurer? The possibility of discrimination on the basis of genetic testing is also an important societal issue, as are the costs resulting from inaccurate genetic testing.

Consts of Genetic Testing and Insurance Coverage

In the United States, it is virtually impossible to speak with any specificity about the costs of genetic testing. Not only do the fees charged by the companies who provide this type of testing vary widely, but the out-of-pocket costs to an individual are dependent on a number of circumstances. These circumstances include the type of health insurance the individual has, where he or she lives, what type of testing is involved, who ordered the testing, and the reason it was ordered. Some genetic testing services, such as newborn screening, are routinely provided for free in some states, while in others a small fee is charged (e.g., $15 per infant). Insurance plans often cover genetic testing for chromosomal abnormalities, prenatal and neonatal diagnoses and may cover screening for particular hereditary conditions as well (such as cystic fibrosis and Tay-Sachs disease).

There is much greater variability in the cost to the individual for genetic testing in adults. For people with private insurance, the cost to the patient for any particular type of genetic testing may be difficult or impossible to determine until after the service has been delivered and the claim processed. Charges for medical services are governed by a complex system of coding (Current Procedural Terminology [CPT] codes), which is not transparent to the average person, and the same test may be covered completely in one context and not at all in another (e.g., it may make a difference whether it was coded as a screening or diagnostic procedure). Part of the reason this is an area of uncertainty is because genetic testing has developed quickly, and the coding system has not kept pace: the National Human Genome Research Institute estimated in 2018 that fewer than 200 CPT codes exist to classify the 70,000 genetic tests currently available. Charges and coverage for genetic testing may also depend on where the test was performed, because insurers often contract with particular health care centers or labs to provide services to their clients at a discounted rate and will only reimburse the patient for services provided at those locations. Even if a service is covered, the individual may face substantial out-of-pocket costs in terms of a deductible or copayment, depending on the specific stipulations of his or her policy.

This uncertainty concerning costs may be one reason for the popularity of direct-to-consumer (DTC) genetic testing services—they not only allow the individual to bypass the bureaucracy of the traditional health care system, but also state a specific price for each of their services. If an individual is considering having genetic testing performed within the traditional medical care system (i.e., as ordered by a physician) and costs are a concern, the best course of action is to check with the insurer and/or the health care provider in advance, to try to determine what the cost of the testing services and any necessary follow-up services will be.

Increased Use of Medical Services

One concern when DTC testing became available was whether it could create a burden on the health care system due to individuals seeking consultation with their physicians over the results of such tests. Related concerns included whether such individuals would demand further testing that would not normally be indicated for their circumstances, or would otherwise seek additional health care services as a result of their test results. Since the United States does not have a national health care system, the policies of private insurers and state and local regulators influence what types of services will be covered (i.e., paid for by the insurer) for a specific individual. Costs for identical services can also vary widely across different health care providers. This makes it difficult to generalize about the effect of DTC testing on medical care use, and the results of individual research studies should be interpreted with this caveat in mind.

A 2018 literature review by Kelly F. J. Stewart, Anke Wesselius, and colleagues, which looked at 19 research articles published as of 2017, found that just over one-quarter (26.5 percent) of individuals who had DTC genetic testing performed shared those results with a physician or other health care provider, and just 10.4 percent shared their results with a genetics counselor. Factors associated with a higher likelihood of sharing results with a physician or health care provider included being female, older, married, have a higher family income, and having children. Overall, there was little evidence across the studies included in this review that the receipt of DTC genetic testing results resulted in substantial additional consumption of medical services, including screening services, visits to a health care providers, or additional lab tests or procedures performed.

In contrast, a 2014 article by Cinnamon S. Bloss, Nicholas J. Schork, and Eric J. Topol found that adults who received the results of genomic testing from a DTC company had also frequently undergone additional pharmacogenomic testing, for instance, to look at issues such as side effects from certain medications or the effectiveness of certain drugs. About one-third of study participants had received results of the additional pharmacogenomic testing, while the other two-thirds were still waiting for their results. Those who had already received the results of their pharmacogenomic tests showed increased use of medical services, including physician visits, and were also more likely to have shared their results with their physician than was the case for those still awaiting their additional results.

Genetic Discrimination

Even if the immediate costs of genetic testing and interpretation of the results are paid by insurance, a person ordering genetic testing must consider what future costs they might incur due to the test results. One important area of consideration is that of genetic discrimination, that is, the possibility that the information from the test could be used by an employer, insurer, or other party to discriminate against the person who was tested. For instance, an insurance company might try to refuse coverage or charge more to an individual who had been identified as having a gene mutation associated with higher risk of some disease or condition. Along the same lines, an employer might choose to not hire an otherwise qualified person, or fire someone currently employed, based on information about their genetic makeup.

The possibility of genetic discrimination is of particular concern in the United States, where many people receive their health insurance from private companies as part of a benefits package provided by their employer. The insurance company makes money by collecting more in premiums than they pay out in benefits, so they have an obvious incentive to avoid insuring anyone who has an increased risk of incurring high medical costs. Similarly, since the cost to the employer of health insurance for employees is typically renegotiated on a regular basis, the employer has an incentive to not hire or continue to employ someone who requires or may be predicted to require expensive medical treatment in the future, because the cost of caring for that individual may result in increased costs for the employer and/or increased premiums for the other employees at that company.

The Genetic Information Nondiscrimination Act (GINA), which was passed in 2008 and took effect on May 21, 2009, is intended to protect Americans from genetic discrimination. Title I of GINA prohibits genetic discrimination by health insurers, and Title II of the same law prohibits genetic discrimination by employers. According to the provisions of Title I, it is illegal for health insurance providers to require an individual to submit genetic information before making a decision about their eligibility or coverage. Title I also prohibits insurers from using genetic information (if they have already obtained it) to make decision about eligibility or coverage. GINA also prohibits employers from using genetic information to make decision about matters such as hiring, promotion, or pay, or to use such information to limit, classify, or otherwise mistreat an employee. It also prohibits employers from requiring, requesting, or purchasing genetic testing services or genetic information about employees or job applicants or their families. Exceptions to GINA for employers include inadvertent knowledge of an employee's genetic information (for instance, by overhearing a conversation), information that is publicly available, information provided voluntarily, and information provided as part of an application for leave under the Family and Medical Leave Act.

Genetic information protected by GINA includes the results of genetic tests, family health history, participation in genetic research, and the use of genetic services including genetic counseling. Besides protecting individuals from discrimination based on their genetic makeup, GINA is intended to make people feel comfortable using genetic testing and related services and speaking with health care providers about their own genetic makeup, that of family members, and their family's medical history. Because medical services and consultations typically become part of a medical record that insurers have access to, without the protections of GINA individuals might avoid getting genetic testing services even when they were medically indicated and might conceal information from their medical providers, in either case resulting in less than optimal health care provided to them.

While GINA provides strong protections against genetic discrimination, there are certain cases in which it does not apply. For instance, an employer with fewer than 15 employees is not subject to the rules of GINA and therefore could discriminate against a person based on their genetic makeup. GINA also does not apply to people serving in the American military or receiving health benefits from the Veterans Health Administration or the Indian Health Service, and it does not apply to federal employees who are insured through the Federal Employees Health Benefits Plan. It also does not provide protection against genetic discrimination in matters other than health insurance, so a person may still be subject to discrimination based on their genetic makeup when buying long-term care insurance, disability insurance, or life insurance. In addition, GINA does not provide protection for individuals already diagnosed with a genetic disease, which could be classified as a preexisting condition. Prior to 2014, as discussed later, many insurers were allowed to discriminate on the basis of preexisting conditions, including refusing coverage or charging higher rates to such individuals. While such discrimination is currently (as of 2019) illegal, the law may be changed in the future to allow it once again.

GINA does not require that insurers pay for genetic testing or any related health services such as genetic counseling, and coverage for such services varies from one plan to another. It does prohibit an insurance company from requiring an individual to undergo genetic testing or demand to see the results of any genetic test except in very specific circumstances. The main exception is if genetic information is necessary to determine the medical need for a service an individual have requested. If this condition is met, the insurer can only request the information that is required to make a decision, and they cannot use the information thus obtained to discriminate against the insured individual in the future.

Another form of protection against genetic discrimination is provided by the Patient Protection and Affordable Care Act (PPACA, often referred to informally as "Obamacare" because the law was passed while Barak Obama was president of the United States). The PPACA is a federal law passed in 2010, with most of its major provisions taking effect by 2014. One provision of the PPACA is the prohibition of discrimination, such as refusing coverage or charging higher premiums, due to preexisting conditions, meaning illnesses or other conditions that a person had at the time they chose their insurance policy. This provision applies to genetic diseases as well as any other disease or condition, and the protections of the PPACA are an important adjunct to GINA because GINA did not protect an individual against discrimination by an insurer based on a previously diagnosed genetic condition. There is one major exception to the prohibition against discrimination on the basis of preexisting conditions: some "grandfathered" personal or family insurance plans purchased directly by individuals (not as part of a group plan) before March 23, 2010, are allowed to discriminate on the basis of preexisting conditions. It is also worth remembering that the PPACA has been highly controversial, and repeated attempts to repeal it or certain provisions of it have been made by various politicians, so there is no guarantee that the protections it provides to individuals with preexisting conditions will continue into the indefinite future.

Costs of Inaccurate or Unneeded Genetic Testing

Medical professionals generally understand that all lab tests, including genetic tests, have their limitations and (at best) provide only one piece of information that must be evaluated in the context of other information about a person's medical history and current state of health. However, members of the general public are more inclined to overvalue the information from lab tests. In particular, many lay people are unaware that any procedure has its limitations, that the accuracy of many lab tests is less than 100 percent, and that the results of tests need to be interpreted in the context of other information about the individual's health, as well as, often, information about other members of their family. This problem is exacerbated when individuals order genetic testing from a DTC company and receive the results without having a medical or genetics professional on hand to explain their meaning.

People outside the medical field may also be unaware of the differing types of labs that may perform genetic testing. If a genetic test is order within the context of medical care, it will almost certainly be performed in a lab subject to the Clinical Laboratory Improvement Amendments (CLIA), a set of federal regulations intended to ensure the validity of any medical tests performed in a CLIA-certified lab. CLIA regulation cover matters like the required qualifications of people working in the lab and the process by which samples are analyzed. In addition, CLIA-certified labs are also subject to inspection and examination procedures to ensure the quality of their work. Some labs are also subject to state regulations that are even stricter than those specified in CLIA. However, not all labs providing analysis for DTC companies are CLIA certified, so the assurances of quality and professionalism that CLIA is intended to provide may not apply to results from those labs.

Independent of how well the testing procedures are executed, there is a wide range of validity and clinical utility among the many genetics tests now on the market. These issues are further discussed in chapter 11, but many people without medical or scientific training find the issues at play confusing. If testing is provided in the context of medical care or genetic counseling, the professional interpreting the results for the patient can clarify the limitations of the individual tests performed, but if testing is ordered through a DTC company, that information may be omitted or difficult to locate or understand. The basic principle here is that medical testing is complex and the meaning of the results not always obvious to the untrained eye also applies to genetic testing, so the best advice to anyone concerned about the results of a DTC test is to seek out advice from someone trained in the field.

Of particular concern are the consequences of receiving a false positive result from a genetic test—that is, receiving a result that indicates a person has a dangerous genetic mutation when in fact they do not have that mutation. A 2018 study by Stephany Tandy-Connor and colleagues looked at this issue by analyzing the samples from 49 patients who had been referred for further diagnostic testing after results from a DTC company had identified genetic variants recommended for reporting by the American College of Medical Genetics and Genomics. The patient samples were further analyzed at several labs, which found that 40 percent of the variants identified by the DTC company were false positives and other positive results were noted to be common variants generally considered benign. These results indicate the advisability of seeking medical advice, including follow-up testing, regarding any concerning results received from a DTC company.

Even within the context of conventional medical care, genetic tests may be ordered that have minimal to no clinical utility. With the large number of genetic tests currently available, this possibility is increasing, and it is particularly of concern in the United States, which has no national board or other body to determine which tests are considered clinically useful and which are not. No one would expect a patient to be more informed about the utility of a genetic test than his or her physician or to question the physician's recommendation regarding a particular test, but knowledge of the possibility of unnecessary testing provides useful context when considering how our health care system currently functions. For instance, a 2016 study by Christopher Petrilli and colleagues at the University of Michigan identified testing for inherited thrombophilia (increased risk of forming blood clots, a condition present in about 7 percent of Americans) as a widely overused test. While this study does not question the accuracy of the test, the authors argue that the results are not clinically useful for most patients because they do not indicate any changes that should be made in the patient's care. For people who already have been diagnosed with dangerous blood clots, or venous thromboembolisms, the recommended medications and lifestyle changes are the same regardless of the results of the inherited thrombophilia test. And for those who have not yet suffered a thromboembolism but who test positive for inherited thrombophilia, there is nothing currently known to medical science that they can do to prevent a venous thromboembolism. The authors suggest that such tests are often ordered to discover the reasons behind a patient's blood clot, but since the results of the test do not change their care recommendation, this type of testing is unnecessary and should not be ordered for most patients. They further conclude that there are a few exceptions when the test is medically justified, including women with a family history of blood clots and who are receiving hormone therapy or who are pregnant.

The increasing number of genetic tests available offer great promise in terms of improving people's health and welfare, but as with all medical and scientific procedures, someone has to pay the bill. Who that someone is varies from one country to another, and within the United States it may also depend on the type of insurance a person has and/or their state of residence. Genetic testing may impose other costs on an individual or on society as well—for instance, if someone pays out of pocket for medical genetic testing done through a DTC company, do they use more medical care as covered by their insurance as a result? There may also be additional costs to the individual tested in the form of discrimination—although laws prohibiting genetic discrimination exist in the United States, they do not cover all circumstances, and laws do not prevent discrimination from occurring so much as they provide individuals who have been discriminated against with means of redress. Any consideration of the costs of genetic testing must include the potential costs of incorrect test results, because no medical or lab test produces correct results 100 percent of the time. Chapter 9 will address legal and ethical concerns related to genetic testing.


Chapter 9
 Legal and Ethical Concerns Related to Genetic Testing

Genetic and genomic testing has evolved more rapidly than the ethical and legal framework available to guide it. However, when genetic testing is performed as part of medical care, it can be considered within the legal and ethical frameworks already established for that type of care. The popularity of direct-to-consumer (DTC) genetic testing companies pose new challenges for this legal and ethical framework, however, as does the question of whether tests performed in the past should automatically be reconsidered in the light of new information, and if so, who bears responsibility for reinterpreting the tests and notifying the individual tested.

General Ethical and Legal Framework

Four ethical and legal evaluations are commonly used to guide health care decisions—autonomy, confidentiality, privacy, and equity—and these principles can also be applied to legal and ethical questions regarding genetic and genomic testing. The principle of autonomy means granting respect to a person's right to self-determination, including their right to make informed judgments about matters that concern them. In the case of genetic testing, this means that individuals have the right to be tested or not tested, and to decide how the information from that test is used, as well as whether their genetic material or the results of the testing will be stored for future use or analysis. In the case of a child or impaired person, normally the parents or guardians of the individual have the right to make those decisions on their behalf. The right to autonomy also assumes that individuals will be given appropriate information in a form that they can understand, so that they can make informed decisions. At the same time, the principle of autonomy can be superseded if necessary for the benefit of society, a choice seen, for instance, in the mandate for universal newborn screening for phenylketonuria (PKU).

The principle of privacy also means that people have a right to decide who, if anyone, has the right to information about them. This includes information about their genetic or genomic makeup, and such information is generally protected under the Health Insurance Portability and Accountability Act (HIPAA). However, as discussed later, HIPAA protections do not cover every case. The rise of DTC testing and the creation of publicly available databases of genetic information raises new issues regarding privacy, even if the person submitting the information has chosen to sign away their right to privacy. For instance, because relatives share a proportion of their genetic material, one person who chooses to make their genetic information accessible might be considered to breach the privacy of those closely related to them who have not given such consent.

The principle confidentiality is based on the recognition that some information is sensitive and that granting some individuals access to it carries the expectation that it will not be disclosed to others except in specific circumstances. For instance, the process of receiving health care often requires that physicians and other providers be able to examine a person's body and to acquire information about that body, including the results of lab tests and information gleaned from family histories. That information may need to be shared in some cases, for instance, to facilitate care from another provider, but access to such information is generally limited to specific cases in which the patient is expected to benefit by that access.

The standard of equity is the most complex with regard to health care, particularly in the United States, which has no national system of health care. One interpretation of equity is that everyone should have access to health care based on their medical needs, while in reality access to care in the United States is mediated by many other factors, including ability to pay and the stipulations of the particular insurance policy one has. These inequities apply to genetic testing as well—apart from broadly mandated screening tests, the ability of an individual to receive genetic testing may well depend on the type of insurance they have and/or their ability to pay for the testing out of pocket.

Privacy Protections within the Health Care System

In the United States, an individual's right to keep their health information private and confidential is protected by HIPAA (1996), and additions and updates to this Act. HIPAA applies to all sorts of medical information and is intended to give patients control over their medical and health care information, to create safeguards to protect the privacy of individual's information, and to create a mechanism to hold health care providers accountable if they violate a patient's privacy rights, including possible civil and criminal penalties. The HIPAA Privacy Rule, which became effective on April 14, 2001, is intended to strike a compromise between protecting the privacy of patients and allowing health data to be shared as is necessary to provide patients with health care. The 2013 HIPAA Omnibus Rule expanded the definition of protected health information to include genetic information, so since that time genetic information is provided with the same privacy protections as other health information.

A person's medical record usually contains a variety of information, some of it distinctly health care related (e.g., lab test results), and some not (e.g., address). The HIPAA Privacy Rule covers individually identifiable protected health information in all forms, including paper and electronic records and oral disclosures (hence, discussions concerning protected information should not take place where others can overhear). "Protected health information" includes anything that refers to an individual's past, present, or future health, including both physical and mental health. It also includes information about health care services provided to the individual, and payment for those health care services. Besides information related to health and health care, protected information includes common identifiers such as the individual's name, address, birth date, and Social Security number if they could be associated with the protected health information. However, information that is publicly accessible (e.g., someone's address) is only considered protected information if it is linked with health care information for an individual. Information presented in aggregate, for example, a statistic about the average age of members in a particular health plan, is not considered protected information because it does not disclose information about any individual and is not traceable to any individual. To put it another way, you could not determine the age of a particular patient based on a statistic based on information drawn from all the patients covered by a particular health plan.

The HIPAA Privacy Rule specifies a set of "covered entities" who have access to an individual's protected health information without receiving specific consent from the individual. These "covered entities" include health care providers, health plans, health care clearinghouses, and business associates of covered entities, all of whom are entitled to use an individual's health information as required for treatment, payment, and health care operations. The Privacy Rule further specifies that in the case when the information disclosed is individually identifiable (i.e., when it could be traced back to the individual), the covered entitles should be granted permission to access the minimum information necessary to achieve the purpose for which the information was requested (i.e., they don't immediately get access to a patient's entire health record if only a small subset of that information is required). Covered entitles sometimes request formal consent before accessing information, even if they are not legally required to do so, to provide themselves with additional protection in the case of an audit or investigation of a privacy violation complaint. The Privacy Rule also gives patients the right to access their health care data (normally, by making a request in writing), and to amend information that is incorrect.

Before protected health information can be released to anyone other than a covered entity, the individual whose data is being released must sign a HIPAA release form. Examples of noncovered entities to whom data can only be released with the patient's permission include insurance underwriters, any person or organization involved in marketing or fundraising, and any researcher or research organization. Any sharing of protected health information that involves remuneration (i.e., someone is being paid for it) also requires the patient's explicit consent through a HIPAA release form. The HIPAA release form includes a number of provisions that limit the use of the information released, including an expiration date for the release of the data (for instance, if data are released for a particular research study, the permission to use the data ends when that research is concluded) and the right of the patient to revoke the authorization.

Privacy Concerns and DTC Genetic Testing Companies

HIPAA only applies to covered entities and their business associates, as noted earlier. DTC genetic testing companies are not included within this category, and although legislation has been introduced to extend HIPAA privacy regulations to DTC companies, as of June 2019 none of this legislation has been passed. Issues of privacy are of particular concern in the context of genetic testing, because everyone's genetic makeup is unique. This means that while the results of an individual genetic test could be deidentified by removing the patient's name and other identifying information, anything based on the whole genome of an individual can't be de-identified because the information within any individual's genome is unique. In addition, a small subset of the total genetic information contained within one individual may be enough to identify that individual, even if it is not linked with other identifying information such as the person's name.

DTC genetic testing companies typically provide those using their services with a written Terms of Service and Privacy Policy and have them sign a consent form indicating what may be done with their genetic information. However, people may not read these documents carefully or may not understand the information they contain. Whatever the reason, many people agree to having their genetic data shared with third parties and used for purposes other than providing their own profile and report, raising concerns about violations of privacy and also of companies profiting from data they gained access to because the individuals granting that access did not recognize its value.

A 2017 study by Linnea Laestadius, Jennifer Rich, and Paul Auer suggests that many DTC genetic companies do not meet international transparency guidelines concerning confidentiality, privacy, and secondary uses of data (i.e., the company using, or allowing someone else to use, data from consumers who had ordered genetic testing from the company). Their analysis is based on information available on 30 DTC genetic testing websites. They found that most of these websites met international transparency guidelines in terms of third-party disclosures, storage procedures, and security protocols, but most did not sufficiently disclose how long data would be stored or the risks of data disclosures. In addition, one-third of companies did not require an additional consent procedure before using consumer data for health-related research (i.e., for secondary analyses, possibly by another company, unrelated to the consumer's desire to learn about their own genetic makeup and/or heritage).

A 2018 Science article by Megan Molteni noted that 80 percent of 23andMe customers consented to having their data used for research, giving the company and future researchers access to a huge body of genetic, behavioral, and health data. While to most people purchasing the services of 23andMe, giving consent to have their data used by third parties for research purposes is probably an afterthought, this is not the case with the company itself. In fact, amassing a database of genetic data is in fact part of 23andMe's business plan. The company has shared data with multiple pharmaceutical and biotechnology companies, and in July 2018 it was announced that the pharmaceutical company GlaxoSmithKline, an investor in 23andMe, it would have exclusive access to the data of 23andMe customers for the next four years for the purpose of discovering new drug targets.

Every customer whose data is included in 23andMe's research database gave their permission for their data to be used in this way, and the data is de-identified so confidentiality is preserved. Therefore, it might seem that there are no ethical issues in this use of genetic information, even if it was originally collected for another purpose. However, this practice does the question of whether the process by which the customers' permission was gained truly amounted to informed consent. There are customary, clearly established procedures for gaining informed consent in the context of academic and medical research, because those organizations are bound by the ethical obligation to act in the best interests of their patients or research subjects. DTC genetic testing companies are not necessarily obligated to follow the same procedures or to be bound by the same ethical obligations, although one can make an argument that they should if the data they collect is going to be used for research.

In a study conducted within a medical or academic context, the process of giving consent is much more explicit and personal, usually including an explanation provided in person of what the study is about and what it means to give informed consent. In addition, consent forms are generally provided in hard copy (paper copy), and someone connected with the study is on hand to answer any questions that may arise. The process of granting consent to 23andMe, in contrast, is done on the computer, by clicking on screens and boxes, without anyone guiding the process in person (although it may be possible to access someone by phone). In the modern world, people are used to granting permission online without reading all the documentation provided—this is a common experience when updating software, for instance—and may apply a similar standard to consenting to have their data used for research purposes. In the legal sense, clicking on a button that says you grant permission for your data to be used by third parties may be legally binding, but given what we know about people's reluctance to read long documents online, and their habit of granting permission without reading those documents, may mean that a different process is necessary in order to receive truly informed consent.

Ethics and the Human Genome Project

The Human Genome Project, an international research project aimed identifying all the genes in human DNA, and mapping the sequence of the 3 billion base pairs in human DNA, began in 1990. That same year, the Ethical, Legal, and Social Implications (ELSI) program was created to address any ethical issues that might arise during or as a result of this unprecedented scientific project. The ELSI program is funded by the National Institutes of Health and the Department of Energy and focuses on the ethical concerns of genomic research in four areas: privacy and fairness, including the possibility of discrimination; integration of new genetic technologies into medical practice; the design and conduct of genetic research, including informed consent; and education for professionals, policy makers, students, and the general public concerning genomic research.

The ELSI program funds research, manages studies, and supports workshops and conferences related to ethical and social concerns of genomic research. As of 2019, the ELSI has three main research domains in which it conducts activities. The Genetic and Genomic Research domain includes projects addressing ethical, legal, social, and policies issues relating to how genetic and genomic research is designed and conducted. The Genetic and Genomic Health Care covers issues arising in the translation of genetic and genomic research into health care and medical practice. The Broader Legal, Policy, and Societal Issues includes research looking at the use of genetic and genomic technologies in a broad range of contexts, including nonmedical and research settings.

Malpractice in Genetic and Genomic Testing

The science and practice of genetic and genomic testing is changing rapidly, and the legal system has not always kept pace. In the United States, medical malpractice litigation is based on the tort system, in which compensation is due to the injured party if it can be proved that an injury was caused by negligence. The American system is sometimes described as adversarial, and the usual way of setting questions of medical malpractice is through the court system. In such a system, physicians and other health care providers are naturally concerned with following standard guidelines and recommended best practices in order to shield themselves from legal risk. However, because the field of genetic and genomic testing is evolving so rapidly, generally accepted standards are often lacking. At the same time, since the legal system provides the primary means of redress for people who feel they have been injured or wronged in the course of medical care, any guidelines must also take into account the right of patients to receive appropriate, high-quality care.

A 2019 article by Jennifer Couzin-Frankel in Science reviews some of the challenges presented by genomic testing in a medical context, and the efforts of the LawSeq project to address them. LawSeq is a project funded by the National Institutes of Health that brings together legal and scientific efforts to analyze current American laws relevant to translational genomics and publish recommendations to help shape the laws regarding genomic medicine. Among the issues highlighted by LawSeq are the responsibility of a physician in the case of a patient receiving test results from a DTC testing company, the circumstances in which a physician could be held liable for failing to order a test, when a physician could be held liable for ordering too many tests, and what a physician's responsibilities are concerning notifying family members (who may not receive their care from that physician or any health system with which he or she is affiliated) in the case of a test result that could have health implications for the relatives of the person tested.

Another key issue highlighted by LawSeq is the responsibility to inform a patient of health risks based on the latest scientific findings. For instance, a genetic test performed in 2010 might indicate no health risks to the patient, based on the scientific information current at that time. However, in 2015, new research might indicate that a pattern identified in the 2010 test does point to a specific health risk. This raises two questions: First, is it reasonable to expect every health care provider to be absolutely current on all issues regarding genetic and genomic testing, when knowledge is changing so quickly and most providers are not specialists in either field? Second, should providers be expected to have some mechanism in place to reconsider old test results when new information becomes available, and to have a method to inform patients who may no longer be part of their medical practice? The simple logistics of these questions are particularly complicated in the United States, because we have no national system of electronic health records. Therefore, if a patient changes physicians or insurers, there is no guarantee that their past medical record will follow them, let alone be subject to the type of regular reappraisal that this type of notification would require. There is not even a guarantee that the previous provider would be able to contact the patient, if they had moved, for instance, raising the question of who would be responsible for the reinterpretation of test results and notification of the patient.

Typically in American malpractice litigation, the key question is whether the physician or other provider met the appropriate standard of care. If not, the next question is whether the failure to provide that standard of care resulted in harm to the patient. In the case of genetic and genomic medicine, those standards are not well established. An analysis of 30 judicial opinions over 15 years, from 2001 (the year of the release of the first draft sequence of the human genome) to 2016, f6ound that most opinions did not refer to any scientific or professional document to support interpretations of what constitutes an appropriate standard of care. This raises issues because without generally accepted standards based on scientific information and guidelines from professional organizations, the risk is that the term standards of care may be applied in the court system haphazardly and without an appropriate understanding of the context.

In 2018, the South Carolina Supreme Court ruled that a medical testing lab could be considered a health care provider, which broadens the scope of what kind of providers can be held liable under existing medical malpractice laws. The specific case that produced this judgment involved a child, Christian Millaire, who suffered from febrile focal motor seizures, and eventually died at the age of two. As part of his care, his blood was tested, and a DNA mutation was identified. However, his mother contended that this mutation was misidentified, leading to inappropriate care resulting in her son's death.

Genetics labs have been held liable for inaccurate testing even before they were legally classified as medical providers. For instance, in 2012 a testing lab was found liable for wrongful birth, a relatively rare legal decision, in Oregon. In this case, a woman gave birth to a baby with Down syndrome after undergoing prenatal genetic testing that revealed no chromosomal abnormalities. One reason such cases are rare is that to bring this type of case, the parents have to assert that if they had known of their child's condition before birth, they would have chosen to terminate the pregnancy. While abortion is legal in every state (as of July 2019) in the early stages of pregnancy, it still carries a social stigma for many people. One incentive to file wrongful death cases, however, is the financial burden of caring for a handicapped child. In the case of the Oregon couple, the lab result was clearly in error (the tissue sample tested came from the mother rather than the child) and the parents chose to move forward with the case. It is not known how common such errors are in routine prenatal testing, in part because of the reluctance of parents to file wrongful birth cases. Another reason such cases are rare may be that the United States does not have a national system of electronic health records that would make it easier to compile and analyze the occurrence and consequences of inaccurate genetic tests.

Law Enforcement

The use of DNA by law enforcement to identify criminal offenders is an accepted practice, analogous to the use of other types of bioinformation, such as fingerprints, for that purpose. DNA for law enforcement purposes is normally collected via a cheek swab (buccal swab), which is considered a noninvasive method of collection. In the United States, many states maintain DNA databases for use by the criminal justice system, and the FBI (Federal Bureau of Investigation) maintains a national DNA database referred to as CODIS (Combined DNA Index System), which allows DNA profiles from different sources to be compared. CODIS is the largest DNA database in the world, containing over 13 million offender and 3 million arrestee profiles as of 2018. The DNA that is used to create these databases may be drawn from physical evidence (for instance, the swabs from a rape kit) or collected directly from someone convicted or arrested for a crime. The details of who may be compelled to give a DNA sample vary by state, but the trend in the United States is toward expanding the practice of collecting DNA. As of 2019, 31 states and the federal government authorized collection of DNA following arrest or charging, rather than simply following conviction.

The court systems at the state and federal level have generally ruled that collecting DNA from convicted criminals does not constitute a violation of privacy or an unreasonable search and seizure. In 2013, the U.S. Supreme Court ruled in Maryland v. King that the routine collection of DNA following arrest was not a violation of a suspect's rights, any more than the process of taking a mug shot or collecting fingerprints. However, the state law in question had some restrictions that are not present in every state's DNA collection procedures. Among these restrictions: DNA was only collected from individual's charged with a violent crime or burglary, the sample could not be uploaded to a database unless a judicial officer ruled there was probable cause for the arrest, the sample had to be destroyed if the person was not convicted of the crime they were charged with, and the information relevant to the DNA could only be used for the purpose of identification.

One use of maintaining a DNA database is to identify suspects when a crime has been committed. This is commonly done by running DNA collected from the crime scene or other sources such as a rape kit through the database, to see if it matches any of the DNA already present in the database. An individual whose DNA is kept in a database therefore runs the risk of having their DNA match a sample from a crime, and thus being named as a suspect in a case, a risk that does not exist for someone whose DNA is not in the database. The DNA matching process is not perfect, and often partial matches are used during the conducting of an investigation, raising the probability of a false match and thus and individual becoming a suspect in the case despite having nothing to do with it. This possibility raises ethical concerns, particularly when DNA is collected and stored from people who are arrested but not convicted of a crime, because certain classes of people (such as racial minorities) are more likely to be arrested (regardless of their guilt). Such individuals may also lack access to high-quality legal representation, which costs money. The process of collecting and storing DNA from those arrested by not convicted, and using that DNA to generate suspects for future crimes, can therefore further increase the bias of the legal system against minority groups, the poor, and others who are already disadvantaged.

Karen J. Maschke, in Bioethics Briefings, published by the Hastings Center, offers a hypothetical scenario to illustrate how DNA taken from an innocent person could result adverse consequences. A young man is arrested for assault and a DNA sample collected from him. Although police investigation demonstrates that he was not involved in the crime in question, and he is never charged, his DNA sample is stored by the state and his DNA profile added to the state's database. Later, DNA recovered from a different crime scene is a partial match to this young man's profile, and this suggests that the perpetrator of the new crime is a male relative of him. The police track down these relatives and ask them to give a DNA sample (note that they are only suspects as a result of the partial match in the database and have not been arrested). If they refuse, the police can put them under surveillance in the hopes of collecting a DNA sample from a discarded object such as a cigarette butt. Further analysis of the crime scene DNA reveals some medical characteristics, so the police obtain the medical records from several male relatives (a procedure allowed under HIPAA). Two of these relatives are arrested and required to give DNA samples, and their profiles are added to the state's database. One is ultimately charged with the crime, but the state refuses to remove the original sample or that of the newly arrested but not charged individual from the database.

Police departments have also used other DNA databases to help solve crimes. One high-profile example, discussed in chapter 7, is that of the Golden State Killer. This individual was a serial rapist and murderer in the 1970s who escaped justice until 2018, when police used DNA information from a publicly available database, GEDmatch, to identify him. Similar methods have since been used by other police departments to solve cold cases (those that have remained unsolved for years). While, on the one hand, it is gratifying to solve crimes and bring the perpetrators to justice, the use of genetic data from a genealogy database intended to help people trace their ancestry does raise ethical issues.

The DNA of a suspect does not need to be contained within a database for it to be useful in solving a crime. Instead, criminal justice authorities can use the DNA from a crime scene to obtain matches with relatives of the suspect and to proceed from there to try to identify the suspect. While the individuals who upload the DNA information to a database, such as GEDmatch, do so voluntarily, people related to them have not given their permission and yet may find themselves part of a criminal investigation due to the actions of their relatives. The process of matching DNA profiles is imperfect, and often partial matches are used in conducting an investigation, raising the real prospect that someone who never consented to having their DNA analyzed could become a target of law enforcement through the actions of their relatives. We don't know how many cases fit that profile, because solved cases are typically reported in the news while investigations that do not lead to an arrest and/or conviction are not. However, as of May 2019, GEDmatch tightened its privacy protections, including setting the default for sharing information with law enforcement authorities to "opt out," so people must actively make the choice to allow their information to be shared in this way.

Rapid scientific and technical advances in genetic and genomic testing have raised new legal and ethical questions within health care. Both the health care and legal systems have a framework already in place for evaluating ethical issues and placing blame, if justified, and in some cases this framework can be applied fairly easily to genetic and genomic testing. In other cases, however, new questions have been raised for which there are no clear answers. These questions include the responsibilities of DTC genetic testing companies to safeguard privacy, the ethics of using genetic test results for purposes other than the original reason the test was conducted, the responsibilities to the relatives of individuals tested, and what responsibility, if any, exists for health care providers to reinterpret the results of past genetic tests in the face of new scientific information.  Chapter 10 will look at psychological issues related to genetic testing.


Chapter 10
 Psychological Issues Related to Genetic Testing

Most people, understandably, are concerned with their health and wellbeing. For this reason, they may not only seek information about their present state of health, but also want to know what risks they may face in the future. Similarly, people planning to have children often want to know about any risks that those children may face. Genetic testing can help provide this information, and historically such testing has been provided within the context of medical care so that a trained expert could help the individuals tested understand the results of the tests. With the growth of direct-to-consumer (DTC) testing, people may be receiving their results directly, however, and may or may not share them with their physician. However genetic testing results are received, individuals may react positively or negatively to the information and may or may not change their behavior as a result. This chapter looks at some of the psychological issues associated with genetic testing and what current research tells us about these issues.

What is the Psychological Impact of Receiving Genetic or Genomic Test Results?

One argument for allowing DTC genetic testing is that it affords wider access to the benefits of genetic testing at a lower cost than might be the case if an individual had the testing done under the supervision of their physician. DTC testing also allows greater privacy, since theoretically no one but the person ordering the tests need to know about the results (concerns about privacy are further discussed in chapter 9). However, the fact that individuals may order and receive test results without consulting with a trained professional raises the issue of whether individuals ordering DTC genetic testing consider the possibility of receiving unwanted results (for instance, that they carry a genetic marker associated with a serious disease) and how they respond to results after they have received them.

It seems clear that genetic testing could provide unwanted "bad news" to a consumer, for instance, by telling them that they are at increased risk for one or more serious medical conditions. Based on a study by J. Scott Roberts, Michele C. Gornick, and colleagues, however, this risk seems to be relatively minor. Roberts and colleagues found that consumers ordering DTC genetic testing expressed almost as much interest in learning about disease risks (72%) as they were in learning about their ancestry (74%), with the greatest interest in specific disease risks being those associated with heart disease (68%), breast cancer (67%), and Alzheimer disease (66%). Those expressing an interest in disease risk were more likely than average to be in poor health and to be female. Over one-third of consumers (38%) reported not having considered the possibility of receiving unwanted information as a result of the testing process; these individuals were more likely than average to be male, older, and less well educated. However, after receiving their results, only 1% reported being harmed by the information they received, and only 2% reported that they regretted going through with the testing process.

A 2018 literature review by Kelly F. J. Stewart, Anke Wesselius, and colleagues also found few negative effects associated with the receipt of genetic testing results. The authors looked at 19 articles published as of 2017, representing the results of 11 different experiments. No studies found that receiving the results of genetic testing results in a seriously elevated level of anxiety, distress, or worry, and those that found minor effects found that they tended to decrease over time. In addition, one study found that anxiety and distress levels were actually lowered as a result of receiving the test results, because the individuals tested felt that they had more control of their health than previously. Few participants in any of the studies reviewed reported that they regretted having been tested, and this result did not differ based on gender, race, or educational level.

Most genetic mutations causing serious disease are rare, and therefore most people who order DTC genetic testing without being in a risk group for a particular disease will probably receive "good news," that is, that they do not carry mutations associated with the diseases they fear. People in a risk group have a higher probability of receiving "bad news," that is, that they are carrying one or more genetic mutations associated with an increased risk of disease. In this context, genetic testing is often recommended by a physician or other health care professional, who can help explain and interpret the test results for the patient, as well as provide or recommend psychological counseling if it seems warranted.

Serena Oliveri, Federica Ferrari, and colleagues published a literature review in 2018 looking at the psychological implications of genetic testing for cardiovascular disease, neurogenerative disorders (mainly Alzheimer disease and Huntington disease), and cancer. Based on analysis of 47 studies published between 2000 and 2016, they found both similarities and differences depending on the disease tested for. In studies involving testing for cardiovascular disease, they found no negative impacts on quality of life, and no major increase in anxiety or distress as a result of receiving test results, and in some cases, anxiety and distress diminished after receipt of the test results. Individuals undergoing genetic testing for neurodegenerative disorders often reported high levels of anxiety and depression before testing, and sometimes suicidal ideation as well. Those testing positive for Huntington disease had increased levels of depression and suicidal, which was exacerbated by low levels of social supported and evidence of impairment.

In contrast, Oliveri and colleagues found that those testing positive for the ApoE mutation, which is associated with a higher risk of Alzheimer disease, did not report clinically significant increases in their levels of stress or depression, while those who received negative results (that they were not at increased risk) reported reduced levels of distress after receiving the results. Those considered at high risk because relatives had Alzheimer disease reported being glad they had been tested because it gave them information they could use to guide future health decisions.

Several studies have looked at the psychological consequences of receiving the results of tests for mutations in the BRCA1 and BRCA1 genes, some of which are associated with increased risk of breast and ovarian cancer. As summarized by Oliveri and colleagues, the receipt of positive test results (i.e., that the person has the mutation and is at greater risk) is associated with only small increases in anxiety, as compared to those receiving negative results (i.e., that the person does not have the mutation and is not at greater risk). Having a family history of breast or ovarian cancer was not associated with a higher level of distress after receiving test results, but for individuals who already had a cancer diagnosis, receiving positive results was associated with higher levels of distress. When increased stress was reported after receiving test results, it tended to diminish over time. Similar results were found for testing for other types of cancer: significantly increased anxiety was rare, even after a positive (increased risk) diagnosis, and distress was higher for those individuals lacking in social support.

Do People Change their Behavior as a Result of Genetic Test Results?

One issue of particular interest to researchers since the rise of DTC genetic testing has been whether the receipt of test results was associated with positive changes in health behaviors—for instance, whether individuals increased healthy behaviors like exercising or decreased unhealthy behaviors like smoking after receiving their test results. This question is particularly relevant since learning more about health risks is often cited as a reason for undertaking genetic testing in the first place. These types of studies suffer from the disadvantage that they rely on self-reporting, meaning they ask people questions about their behavior rather than observing it directly. They also suffer from social desirability bias, meaning that people may feel pressure to give the "right" answers ("yes, I have stopped smoking," "yes, I am eating more fruits and vegetables and less red meat") based on cultural expectations. It is also notoriously difficult to motivate people to change health behaviors, so the results of these studies should be interpreted with those caveats in mind. It should also be noted that the studies cited in this section look at the impact of genetic information received from DTC testing companies, which may not be comparable in influence to test results received in a conventional medical context.

A 2011 literature review by Cinnamon S. Bloss, Lisa Madlensky, and colleagues found that the receipt of genetic information was not associated with significant changes in three key lifestyle behaviors—diet, physical activity, and smoking—for most people. Results varied from one study to the next, however. For instance, one study found that smokers receiving information about their risk of lung or esophageal cancer (increased risk for both is associated with smoking tobacco) were not generally found to increase their efforts to quit smoking, and patients who received nutrigenomic information were no more likely to change their diet or exercise habits than those who did not receive that information. In studies that did find a behavior change associated with receipt of genetic information about health risks, the amount of change was generally small, and the most common changes were in vitamin use, medication use, or change in diet. However, Bloss and colleagues note that the receipt of genetic information coupled with other interventions, such as social norm feedback (letting people know if their behavior is quite different from the average) and increased health monitoring, might be more effective in bringing about behavioral changes, particularly for those at high risk.

A more recent study by Stacy W. Gray, Sarah E. Gollust, and colleagues, published in 2017, found that many individuals who underwent genomic testing through two DTC companies (23andMe and Pathway Genomics) were interested in their risk of particular cancers, including prostate cancer (95 percent of males), breast cancer (94 percent of females), and colorectal cancer (88 percent of both genders). Gray and colleagues found that for most of the study participants, elevated cancer risks as determined by the genomic testing was not associated with changes in health behaviors (diet, exercise, use of supplements, cancer screening, or advanced care planning) six months later. However, they did find one exception: men who were told that were at increased risk of prostate cancer were more likely to change their use of vitamin or herbal supplements, as compared to those who did not receive that information.

In contrast, a 2018 literature review by Kelly F. J. Stewart, Anke Wesselius, and colleagues found that almost one-quarter (24 percent) of individuals who received DTC genetic testing (at their own expense or free due to participation in a research study) made at least one positive change in their health behaviors following receipt of their results. While the types of changes, and the percentages of individuals making them, varied from one study to another, overall the most common changes included quitting smoking (19% of smokers), dietary changes (16 percent of all participants), improved exercise practices (12 percent of all participants), and changes in the use of supplements (11 percent of all participants). In addition, more than one-third (36 percent) reported seeking information about specific diseases, lifestyle, or heritability following receipt of their test results. However, most of the studies found little influence on the use of preventive screening services, although one study did find increased use of screening procedures after the results of DTC testing were shared with a health care provider.

Family Dynamics and Genetic Testing

In general, genetic testing, like any medical procedure, requires informed consent on the part of the person upon whom the procedure is being done. In the case of genetic testing, informed consent requires not only that the person to be tested voluntarily agrees to have the testing done, but also that they understand the procedures they will undergo, the possible benefits to be gained through testing, any possible limitations of the test results, and the possible consequences of the test results. Adults who are competent to make medical decisions are generally considered competent to make decisions regarding genetic testing, while it is the responsibility of the medical professional advising that the test be performed to see that the individual has enough information to make an informed decision. That information should include knowledge of the potential psychological effects on the individual receiving either positive or negative test results and the potential psychological impact on the individual's family.

Because genetic mutations often run in families, individuals with no symptoms of a disease may feel pressure from other family members to be tested for particular mutations. This pressure may be stated in terms of the "responsibility" of the individual to be tested, in order for the risk to other family members be better placed in context. If the individual feeling the pressure is an adult, they are presumed capable of making their own decisions, although a genetics counselor or other health professional may help clarify the medical and psychological issues and aid the individual in making the decision to be tested or not. If the person to be tested is a child, the picture is more complicated, because decisions about children's medical care are typically made by parents or guardians, who are assumed to have the child's best interest in mind. In this situation, a genetics counselor or other medical professional can help clarify the issues at stake for both the parents and children (assuming the child is old enough to understand) and hopefully guide the parents to making the decision that is best for the child.

A related issue is whether an individual who has received genetic testing results is obligated to share that information with other family members. For instance, if an individual tests positive for a mutation that tends to run in families, is he or she obligated to share that information with other family members? If so, which relatives are entitled to this information? A genetics counselor can help clarify these issues, taking into account the specific mutation(s), the degree of relatedness of different individuals within the person's family (first-degree relative, second-degree relative, etc.), and the level of risk associated with the mutation. The preferences of the relatives should also be taken into account: for instance, some people may not want to know if they are at higher risk for a disease, and if the person is an adult, their feelings should be considered. A genetics counselor can also provide basic information about genetic inheritance—for instance, that the presence of a mutation does not necessarily mean you will develop the disease associated with it and that some mutations arise spontaneously (so the surprise appearance of a mutation in only one family member does not imply infidelity on the part of that individual's parents, for instance).

Mary B. Daly outlines a family-centered model for sharing genetic information in a 2016 article in the Journal of Law, Medicine & Ethics . Her model draws on the Family Systems Illness Model of John Rolland and looks at four dimensions. The first dimension is the features of the diagnosis, including the type of disease, the prognosis, and the anticipated outcomes. The second dimension is the genetic risk associated with the diagnosis, including the likelihood of different family members in carrying the mutation and developing the disease. Issues such as social stigmatization must also be included in these considerations—for instance, the prospect of being at increased risk for a mental illness may be regarded quite differently within a family, as compared to being at increased risk for a physical illness. The third dimension is the phase of disease that the individual is in—are they simply at increased risk, are they symptomatic, or are they in the late stages of the disease? The fourth dimension is the timing of the receipt and communication of genetic information—for instance, if an individual has recently received test results, how quickly (if at all) should those be shared with different family members?

Daly advises considering the unique dynamics of each family when making decisions regarding sharing genetic information. For instance, family members may have different levels of education and different beliefs about disease, and due to economic or other factors, they may be more or less able to cope with the prospect of a serious illness. Cultural norms also influence the closeness among different family members and the usual practices in terms of sharing health or other information. The individual who has been tested may regard the informing of other family members as a burden or an invasion of his or her privacy. Finally, if multiple members of a family do elect to get tested for particular genetic risks, the results may create new and unexpected groupings within the family (e.g., between those who have the mutation vs. those who do not). The key point, regardless of the condition tested for, is that decisions about communicating genetic information within a family can be complex, and genetics counselors and other health professionals can help an individual or family make decisions in this regard, while taking the family's culture and history into account.

Presymptomatic Testing in Young People

Often a distinction is made between two types of genetic test. Predictive genetic testing refers to tests in which a positive result indicates an increased risk for a disease, while presymptomatic testing refers to tests in which a positive result indicates that the individual will certainly develop the disease. Testing for the BRCA1 and BRCA2 mutations is an example of predictive testing, while testing for the markers of Huntington disease is an example of presymptomatic testing. Both types of tests are performed before an individual has symptoms of the disease in question, but the difference between an increased risk and certainty means different issues arise with each type of testing. In addition, a positive result on a predictive test can allow the individual to undertake preventive measures (e.g., increased screening in the case of the BRCA1 and BRCA2 mutations), while in the case of presymptomatic testing for Huntington disease, there are currently no treatments or procedures that can alter the predicted outcome.

Lea Godino, Daniela Turchetti, and colleagues published a review article in 2016 that summarizes key themes regarding presymptomatic testing of children and young adults from peer-reviewed papers published between 1993 and 2014. They conclude that in the case of children under 18 years of age, presymptomatic genetic testing is not recommended unless there are effective clinical responses to the disease. The arguments against presymptomatic testing of minors include that such testing is a violation of the autonomy of the individual tested, that it is a breach of confidentiality, and that the testing process and/or knowledge of the test results may do psychosocial harm to the individual tested. However, determining the age at which someone should undergo presymptomatic testing for a disease that normally does not appear until adulthood is a more contested issue.

Godino and colleagues found that all young adults (in the age range of 14-30 years, with specific range depending on the specific study) who underwent presymptomatic genetic testing considered it to be a major life event. Many were tested after being informed that a parent carried a particular genetic mutation, and some reported feeling an obligation to be tested. However, most reported being glad that they had undergone the testing, and those who chose to be tested generally prepared themselves psychologically before the test. Many of the young people tested reported positive experiences with counselors, who provided them with information and support, although some felt the counselor did not appreciate their feelings (for instance, wanting them to wait before being tested, while the young person wanted to be tested immediately) or felt that the counselor held the real power in terms of whether they would have the test performed or not.

Individuals included in the studies within this review had an age range of 16 years, so it is not surprising that parental involvement in the testing decision varied by age, with younger participants reporting more parental involvement than older participants. Some participants reported they felt pressure from their parents or other family members to be tested or were not fully informed of what the test was for and how the information thus gained could impact their lives. Many reported feeling anxiety while waiting for the test results, and that communication of the results meant having to think about disease at a time when most young people are focused on future life plans (university study, a job, etc.). Many emotions were reported upon receiving the test results, including guilt, fear, anger, and relief. However, emotional responses were generally not catastrophic, and most participants reported being glad they had got tested and that they felt ready to move on with their lives armed with the new knowledge provided by the testing process.

Genetic testing is an important tool in medicine, but the process of being tested and receiving the results can raise a number of psychological issues. Individuals who undergo genetic testing under the supervision of a medical professional may have access to resources to help them deal with the psychological effects of receiving a diagnosis, as well as issues such as whether and how to communicate the test results to other family members. People who order genetic testing from a DTC company, on the other hand, may be on their own in terms of both interpreting the information provided and dealing with their response to it. However, some who order DTC testing also seek counseling and other assistance after the fact from a genetics counselor or their physician. Most studies have found that people who undergo genetic testing are glad they did so, regardless of the results, and most did not experience significant psychological stress as a result. Studies vary as to what individuals do with the information received from genetic testing: some studies have found that a significant percentage change their health behaviors for the better after receiving test results, while others have found minimal to no change. Chapter 11 will look at some ways genetic tests may be evaluated.


Chapter 11
 Evaluating Genetic Tests

Thousands of genetic tests are currently available. As a result, patients may feel overwhelmed by the sheer number and variety of tests and feel uncertain about which tests have undergone adequate scientific scrutiny to be established as medically useful. Genetic testing is developing so rapidly that even health professionals may have a hard time keeping up with the field. This section identifies some sources of reliable information regarding genetic testing and explains some of the key terminology for the field, including the distinction between genetic and genomic testing, and basic medical terminology used to evaluate risk, interpret the results of a test, and examine the merits and shortcoming of a specific test. It also discusses the limitations of genetic testing in terms of studying and diagnosing human disease.

Genetic and Genomic Testing

The development of genetic testing for specific diseases is an ongoing process. Already there are tests to help diagnose thousands of diseases, many of them based on specific mutations or differences in single genes. For some diseases, multiple tests are available: for instance, the Genetic Testing Registry of the National Center for Biotechnology Information (part of the National Institutes of Health) lists 90 different clinical tests available for sickle cell disease and clinical 130 tests available for Duchenne muscular dystrophy. A physician, genetic counselor, or other medical professional can advise an individual on the tests most appropriate for their specific situation and purpose.

Another type of testing seeks to identify variations in multiple genes that may be associated with increased risk for diseases and conditions such as diabetes or different cancers or to predict how their bodies will react to specific drugs (for instance, to determine appropriate dosing). Sometimes hundreds of genes are evaluated within a single test, and tiny contributions from a number of genes may result in a calculation of elevated risk for a particular disease even in a person who has no family history of that disease. This type of testing has developed more recently, due in part to the sequencing of the human genome, and conclusions drawn from this kind of testing may be less certain than those from genetic tests aimed at detecting specific variants closely identified with specific diseases.

Despite the widespread use of genetic testing today, many tests are supported by limited scientific information and research, due to the rapid pace at which new tests have been developed and marketed. At the same time, some genetic tests that have proven to be reliable and to aid in diagnosis and treatment are not as widely used as they might be. In 2008 the U.S. Department of Health and Human Services released a report underlining the need for reliable and up-to-date information on genetic testing so that interested parties, including patients, physicians, insurance providers, and government officials, could make informed choices about which tests to use and which to avoid.

In response, the Office of Public Health Genomics within the Centers for Disease Control and Prevention established the Evaluation of Genomic Applications in Practice and Prevention (EGAPP) to evaluate tests and other uses of genomic technology that are in transition from research to clinical and public health use. To date, EGAPP has issued recommendations regarding specific tests for breast cancer, cardiovascular disease, colorectal cancer, depression, diabetes, and prostate cancer; these recommendations are available on the EGAPP Working Group Recommendations web page. In addition, evaluations of specific tests are available from the Published Recommendations page of the U.S. Preventive Services Task Force database, and the Genetic Testing Registry of the National Center for Biotechnology Information includes links to research articles regarding issues such as clinical validity and utility when available for each type of test.

Medical Terms Relating to Risk

One purpose of genetic testing is to diagnose disease. Another is to evaluate the risk of a disease occurring in the future. While the first use of testing is fairly intuitive to most people (one either has a disease or does not, so the test is evaluating a current state of health), the second type of testing may be more confusing because it is an attempt to predict a future state of health. As is usually the case with predictions, a predictive genetic test can seldom say with certainty what will or will not happen, but it can help identify or refine an estimate of the probability that a person will develop a particular disease in the future.

Several types of risks are commonly discussed in medicine. One type is lifetime risk, which means the probability that some event will occur over the course of a person's lifetime. For instance, a woman in the United States with no known risk factors for breast cancer has a lifetime risk of about 12 percent of developing breast cancer. To put it another way, if the preceding conditions are met, about one in eight women in the United States will develop breast cancer over the course of their lifetime. A woman with genetic mutations, such as to the BRCA1 and BRCA2 genes, may have a different lifetime risk of breast cancer. By one estimate, women with harmful mutations to the BRCA1 gene have about a 72 percent lifetime risk of breast cancer, and those with harmful BRCA2 mutations have a 69 percent lifetime risk of breast cancer.

Risk is sometimes expressed as cumulative risk, meaning the risk of an event occurring during a specific period of time, such as 5 or 10 years. Lifetime risk can be viewed as a special example of cumulative risk, in which the time period in question is a person's lifetime. Sometimes lifetime risk is expressed more specifically: for instance, the lifetime risk of breast cancer is sometimes expressed as the probability of developing breast cancer by age 80 (because 80 is a round number and is close to the life expectancy for American women).

Risk can also be discussed by comparing two groups. For instance, we could compare the relative risk (RR) of developing breast cancer between women who do have a harmful BRCA1 mutation versus those who have no known risk factors. RR is calculated by dividing the two risks, in this case 72 percent divided by 12 percent:
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An RR of 1.0 indicates equal risk for both groups, while an RR less than 1.0 indicates less risk, and an RR over 1.0 indicates greater risk. In this case, the RR of developing breast cancer over one's lifetime is calculated as 6.25, or over six times as high in the group with the harmful BRCA1 mutation as compared to the group with no known risks. Most RRs are not nearly as high as that associated with the BRCA mutations, and it is more typical to see an elevated lifetime risk of, say 15 percent, with a particular mutation, as compared to a population average lifetime risk of 12 percent. While any amount of elevated risk may seem alarming, particularly to someone not well versed in either medicine or statistics, physicians and genetic counselors can explain what the risk actually means and set it in an appropriate context (such as the risk of dying from other diseases or the risk of undergoing a particular procedure).

For technical reasons, sometimes studies report odds ratios (ORs) rather than risk ratios. The calculation of the OR is less intuitive than the risk ratio, and more conditions must be met for it to be appropriately used as a substitute for the risk ratio. Assuming the OR is being used correctly, it is interpreted in the same way as the RR: an OR greater than 1.0 indicates increased risk for some condition, an OR less than 1 means decreased risk for that condition, and an OR of 1.0 indicates equal risk.

Several other statistical terms are also commonly used when discussing disease. One such term is mortality, which simply means the number of people who died in a given year. Often specific mortalities are reported, such as mortalities due to particular diseases, mortalities that occur in particular geographic regions, or mortalities that occur in a specific ethnic group. Because a larger population would be expected to have more mortalities than a smaller population and older people are in general more likely to die in the near future than younger people, mortality is often reported in terms of ratios, such as the standardized mortality ratio (SMR), which takes into account the age distribution in the populations being compared. Two other terms often used when discussing disease are incidence and prevalence. Incidence refers to the number or rate of people newly diagnosed with a condition or mutation, while prevalence indicates the total number of people in the population who have that condition or mutation (even if it was diagnosed in a previous year).

Interpreting the Results of a Genetic Test

The results of a genetic test are typically reported as positive, negative, or inconclusive. A positive result means that the test found what is was looking for, which in the case of genetic testing probably means a mutation or change in a protein, gene, or chromosome. This change may be used to diagnose a disease, to indicate that a person is a carrier of a particular trait associated with a disease (and so while the individual themselves might not have the condition, they could still pass it on to their children), or to indicate that the person has different risk for a disease or condition relative to the general population or to people without the mutation. While genetic testing can provide useful information in evaluating risk, it often cannot provide an exact answer as to whether a person will develop a specific disease or not and cannot necessarily predict the future severity of a condition or the course a disease may take in a specific individual. Because genetic mutations sometimes run in families, a positive test by one member of a family may indicate that other relatives should also be tested to aid in evaluating their own health risks.

It's important to understand that most medical tests, including genetic tests, are highly specific, so there is no single test to see if, for instance, an individual has any genetic mutations that might be harmful. Instead, most genetic tests are designed to detect specific mutations, and an individual might have a single tests or a number of separate tests, depending on the medical advice they receive. The results of any test may be positive, negative, or indeterminate. These are not value-laden words ("negative test results" are often good news for the individual tested, for instance) but simply report whether the test found what it was designed to detect.

A positive test result indicates that the individual tested had the particular mutation or form of the gene, chromosome, or protein the test was designed to detect. Since genetic mutations sometimes run in families, a positive test may suggest that testing would be wise for other relatives. A negative result means that the individual does not have the mutation or form in question, while an indeterminate result (also called an inconclusive or ambiguous result) means that the test result cannot definitely conclude whether the person has the mutation in question or not. Further tests of the individual or of close relatives may be suggested in the case of an indeterminate result, to help clarify the individual's genetic risk for particular conditions.

The results of a genetic test are one piece of information that a physician or other medical professional can use to help make a diagnosis, inform an individual that they have increased risk for some condition, and so on. Because test results can be confusing, until recently genetic testing was generally performed only at the request of a medical professional or genetics counselor. Even today, if a test is performed by a direct-to-consumer company, the individual tested may seek guidance from a get medical or genetics professional, who can explain what the results means and the implications for the individual's future life and health.

Evaluating a Genetic Test

Because new genetic tests are being developed so rapidly, several organizations have developed frameworks to evaluate genetic tests. Three particular aspects of genetic tests are particularly critical in this regard: analytical validity, clinical validity, and clinical utility. Analytical validity refers to the accuracy and consistency of the test itself, and analytical validity is a prerequisite for clinical validity and utility. If a test has analytical validity, it will accurately and consistently measure the true status of a person's genetic variation. For instance, if it is designed to detect a specific variant of a gene, for instance, the results will consistently and correctly indicate if the persons tested do or do not have that variant. Analytical validity is often measured by comparing results from a new test with those from a test already accepted to be accurate; the latter test is often called the "gold standard" to which the new test is compared. One difficulty with this approach is that such a gold standard test does not necessarily exist for all genetic conditions. Clinical validity refers to how well the results of a test can predict the risk, presence, or absence of a clinical disease. Clinical utility refers to the test's ability to aid in diagnosing, treating, managing, or preventing clinical disease.

The validity and therefore the usefulness of a test's results depend on the test being performed correctly. For this reason, in the United States labs that perform any health-related testing (as opposed to labs that only perform testing for research purposes) are required to meet, at a minimum, the standards specified by the federal government in the Clinical Laboratory Improvement Amendments (CLIA). These standards govern matters such as the qualifications of people who work in the lab and the manner in which tests are performed. Some states impose even stricter requirements on labs than those required by the CLIA. However, not all labs performing testing for direct-to-consumer companies adhere to CLIA standards, so the usefulness of any results from those labs is open to question.

Clinical validity and clinical utility are not addressed by CLIA standards. The Food and Drug Administration (FDA) requires information about clinical utility be provided for some tests, however, and New York State requires that information about clinical validity be provided for all tests performed in that state. To a large degree, however, individuals and their medical advisors must make their own decisions about the clinical validity and utility of a test. In addition, they may wish also to consider whether the costs of testing will be subsidized by the individual's health insurance.

Statistical Measures of Test Accuracy

Several other statistical terms are often used to describe medical tests, including true positive (TP), false positive (FP), true negative (TN), false negative (FN), sensitivity, specificity, and accuracy. It may help to think of the testing process in terms of two sets of dichotomies: the person tested either has the mutation or not, and the test either identifies the person as having the mutation or not. If a person has the mutation and the test identifies him or her as having it, that is a true positive. If the person does not have the mutation and the test identifies him or her as not having it, that is a true negative. True positives and true negatives are correct results, meaning that the test correctly identified the individual's true state. Unfortunately, few tests work perfectly all the time, while most produce some false positives (a person does not have the mutation, but the test says that he or she does) and false negatives (a person has the mutation, but the test says that he or she does not).

By knowing the rate of true and false positives and negatives produced by a test (usually determined by comparing the results of a new test to that of one whose accuracy is already established), sensitivity, specificity, and accuracy may be calculated. In an ideal world, every test would have 100 percent sensitivity, specificity, and accuracy, but that is seldom the case in the real world. In addition, more accurate tests are often more expensive, so screening tests given to large numbers of people may be less accurate than follow-up testing used to confirm results. For instance, a relatively inexpensive screening test might identify 10 percent of a population as possibly having some condition; those individuals could then be referred for further testing with a more accurate procedure to see if they actually had the condition or not. This type of two-stage testing process may be chosen because it is more economic than administering the more expensive test to a large number of people while knowing that most would test negative.

Sensitivity refers to the ability of a test to identify correctly individuals who have the mutation or condition the test is designed to detect: it is calculated as the number of true positives (TP, those who tested positive and actually have the mutation) divided by the sum of the number of true positives and false negatives (TP + FN, the people who actually have the mutation). The formula is:
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Specificity refers to the ability of a test to accurately identify individuals who do not have the mutation or condition in question. It is calculated as the number of true negatives (TN) divided by the number of true negatives and false positives (TN + FP, the people who do not have the mutation). The formula is:
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Accuracy refers to the ability to return correct results, whether or not an individual has the mutation the test is designed to detect. It is calculated as the number of true results (true positives [TP] plus true negatives [TN]) divided by the total number of results (true positives [TP], true negatives [TN], false positives [FP], and false negatives [FN]):
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These terms may be easier to understand through an example. Suppose a specific genetic test is performed on 100 patients, half of whom are known to have the mutation in question and half of whom are known to not have the mutation. For those with the mutation, the test correctly identified 40 as having the mutation (40 true positives [TP]) and 10 incorrectly as not having it (10 false negatives [FN]). For those without the mutation, the test correctly identified 45 as not having the mutation (45 true negatives [TN]) and incorrectly identified 5 as having it (45 false positives [FP]).

This test has a sensitivity of 80 percent, meaning it will correctly identify 80 percent of individuals who have the mutation, while it will fail to identify the mutation in 20 percent of those individuals who have it.
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This test has a specificity of 90 percent, meaning it will correctly identify 90 percent of individuals who do not have the mutation, while it will incorrectly indicate the presence of the mutation in 10 percent of individuals who do not have it. This test is therefore somewhat more accurate at indicating the absence of a mutation than in indicating its presence.
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This test has an accuracy of 85 percent, meaning that it will correctly indicate the presence or absence of the mutation in 85 percent of individuals who take the test.
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Limitations of Genetic Testing

Genetic testing is a powerful tool, but it is not perfect, and it cannot always provide the answers that individuals seek. It is best to think of genetic testing as one set of options or procedures available to help inform an individual's health care, rather than as some kind of magical procedure that can provide perfect information to answer many different questions. Genetic testing is also a tool best used in conjunction with expert advice and interpretation, because the test results themselves may be difficult to interpret. In addition, the meaning of the test results may best be determined in conjunction with other genetic or medical information about the individual, and possibly information about their relatives as well. Test results are not always accurate, nor do they always produce a conclusive answer, two additional facts that must be kept in mind. Tests exist for some mutations for which there are currently no treatments for the conditions associated with the mutations, another fact that should be kept in mind when deciding whether or not to have a particular genetic test performed. Finally, even the most accurate and powerful test may provide only limited information about an individual's future health, so the answers to questions such as whether an individual will develop a specific disorder, how soon it will develop, and how severe the symptoms will be may not be answerable by any existing test.

Genetic testing is developing rapidly, and the many tests now available provide physicians with a powerful set of tools to help diagnose and treat patients. However, both patients and medical professionals may find it difficult to keep up with the sheer number of tests currently available, and they may rightly be concerned about their ability to identify which tests are backed by solid scientific and clinical evidence. This chapter identifies some ways genetic tests have been evaluated, provides sources of information about specific tests, and explains some of the key technical and statistical terminology used when evaluating tests. Finally, it identifies some limitations with the current state of genetic testing and suggests the benefits of seeking expert guidance when using genetic tests in the context of health care.


Part III
 Scenarios


Case Studies

Case Study 1

Abigail is a 30-year-old married woman with three children under the age of 10. She is Caucasian and lives on Long Island (New York) with her husband and children. She and her husband are both lawyers who commute by train each week day to New York City, while the children attend day care or go to the local public school. Abigail's mother lives with the family and helps take care of the children. The family enjoys an upper middle-class lifestyle and has excellent health insurance coverage, access to good hospitals and physicians, and has never had to scrimp on health care due to an inability to pay. Abigail and her husband try to eat a healthy diet, get sufficient exercise and sleep, and avoid bad habits such as smoking or drinking to excess (although they are social drinkers and do enjoy wine with their dinner).

Abigail is in good health, and the same is true of her two siblings, a brother aged 28 and a sister aged 33. Her father died in a traffic accident at the age of 57, but her mother is still in good health at the age of 60, with her only serious complaint being osteoarthritis. Neither of Abigail's adult female first-degree relatives (her mother and sister) have any history of breast or ovarian cancer. Nonetheless, Abigail heard a news report on television about a "cancer cluster" (meaning an area where elevated rates of cancer have been detected, as compared to the U.S. population as a whole) near her home, and read a newspaper story about the BRCA1 and BRCA2 genetic mutations, which are associated with elevated risks of breast and ovarian cancer. She doesn't know much about medicine, but the thought that she might be at risk of dying young and leaving her children before they are grown alarms her.

Abigail feels sheepish about suggesting genetic testing to her personal physician, since she has no symptoms of disease and no family history of relevant cancers, and thus feels that she would be bothering him about nothing. She saw an advertisement for the direct-to-consumer genetic testing company 23andMe, which emphasized the ease and confidentiality of the testing process and promised to deliver a personalized report that would explain the test results in clear and nontechnical language. Abigail also attracted by the idea that she would receive tailored health recommendations based on the results of her genetic tests and that she would not need to leave her home to collect the sample or receive the test results. She ordered the combination health and ancestry package from 23andMe and provided the saliva sample as directed. When the results of her tests arrived, Abigail was dismayed to learn that she had a mutation in the BRCA1 gene that is associated with a higher risk of breast and ovarian cancers. She decides to speak with a genetic counselor to help her understand these results, help determine whether she needs to seek further medical advice, and help her decide whether she should have her daughter tested for the same gene.

Analysis

How should a genetic counselor help a client who needs help understanding the results from genetic testing performed by a direct-to-consumer company? The counselor has two key roles to play in this situation—helping the consumer to understand the results they have received (and the limitations of those results) and advising them about whether or not to seek further medical advice. Helping the consumer understand the results can be broadly interpreted as helping them understand the basics of the genetic testing process as well as why medical information received through the popular media can be misleading.

The counselor should first reassure Abigail that it is completely normal to be concerned about her health and that anyone with young children would be particularly determined to do anything possible to ensure that they will remain in good health so they can be there for their children. The counselor can also tell her that while the phrase cancer cluster sounds frightening, most health professionals don't speak in terms of disease clusters, because merely by chance some areas will have higher rates of some diseases than other areas. In fact, the identification of cancer clusters without any proposed commonality of cause is sometimes called the "shooting the barn" fallacy, the idea being that one could shoot randomly at the side of a barn and then draw a target around the shots that clustered most closely together.

The counselor can then explain that Abigail is correct that mutations in the BRCA1 and BRCA2 genes are associated with higher risks of certain cancers and with the risk of developing those cancers at a younger age than is common in those without the mutations. The reason is that these genes normally act to suppress tumors and that the mutated versions do not do this job as efficiently. The risk is substantial: about 72 percent of women with a harmful BRCA1 mutation will develop breast cancer by the age of 80, as compared to about 12 percent of all women. Risks are also elevated for ovarian cancer: about 44 percent of women with a harmful BRCA1 mutation will develop ovarian cancer during their lives, as compared to about 1.3 percent of all women. The counselor can also reassure her that the presence of a harmful mutation is not a death sentence, because not all women with a mutation develop cancer, not all who develop cancer die from it, and an elevated lifetime risk means just what it says—the probability of many cancers increases with age, and risks accumulate over a lifetime. At any rate, the test only reveals the probabilities of developing cancer, not any definitely statement about the future.

The most important advice for Abigail is that she should consult with her physician. He or she can further help her understand what the tests means, can order further testing if necessary, and can help her decide what actions she should take next.

Case Study 2

Tom is a 32-year-old man living in Missouri. He is not married but is in a serious relationship with a woman a few years younger than himself. They are considering getting married, although they have not made a definite decision in that regard. In the past, Tom had sexual relationships with several women, but once each relationship ended he did not maintain contact with any of the women in question. He makes a reasonable living working on construction jobs, is paying off a mortgage for the home he lives in, and has never been in any trouble with the law. Tom values family and maintains a good relationship with his extended family, many of whom live in Missouri, including his parents, three older brothers, his paternal grandparents, and numerous more distant relations (aunts, uncles, cousins, etc.).

One of Tom's former girlfriends became pregnant while he was involved with her. She wanted to have the child, while he wanted her to get an abortion, in part because their financial situation was precarious at the time and he had not considered the possibility of becoming a father when he began the relationship. He also blamed the girlfriend for not taking sufficient precautions to ensure that she did not become pregnant and was not one 100 percent convinced that he was the father of the child. The couple broke up soon after the mother announced that she was pregnant, and Tom did not stay in touch with her, did not support her through the pregnancy, and did not claim paternity of the child when it was born. The mother did not name Tom as the father when the child was born and has never demanded child support from him. The mother has since married a different man, and they are raising a blended family, including the child (a daughter) that Tom might have fathered; this child is now five years old.

As Tom's financial and personal circumstances have stabilized and he is considering marriage, he regrets not supporting his previous girlfriend through her pregnancy, not claiming paternity at the time her child was born, and essentially cutting himself out of his child's life. He has also joined a church and has been counseled by the pastor to examine his conscience and to do what he can to right any past wrongs he may have committed. He now wishes to determine if he is the father of his former girlfriend's five-year-old daughter and, if so, to claim paternity of the child. If the child is indeed his daughter, he wants to have visitation rights and a say in the important decisions regarding her upbringing (for instance, where she attends school). He is consulting a lawyer to find out what his rights are, as well as what obligations might follow if it is determined that he is indeed the father of this child.

Analysis

How should a lawyer with knowledge of paternity law in Missouri, and experience in handling cases in that state, advise Tom? The lawyer should emphasize that while the law regarding the establishment of paternity is clear, emotions can run high in any case involving family relationships and children, and people may react more strongly than they might in any other type of case. For this reason, Tom should proceed carefully and consider that raising the issue of paternity at this time will almost certainly disrupt the life of the child involved as well as that of the mother and stepfather. The lawyer should also counsel Tom that if he starts the process of determining if he is the father of this child, he has to accept whatever decision is reached. In addition, for the sake of the other people involved, he should decide before he starts to keep the feelings and concerns of the other parties in mind.

The lawyer should then advise Tom that the first thing he should do is contact his ex-girlfriend to see if she is willing to sign an Affidavit Acknowledging Paternity; if both the father and mother of a child sign this affidavit, paternity is legally established without any genetic testing required, and Tom's name will be added to his daughter's official birth record. Although this type of affidavit is commonly signed before or soon after a child's birth, it can be done any time before the child reaches 18 years of age. Tom will also need to file a Notice of Intent to Claim Paternity with the Missouri Bureau of Vital Records, which creates an official record of his claim to be the possible father of the child in question; this form plus the affidavit signed by both parents is sufficient to establish paternity in Missouri. If Tom's ex-girlfriend is not willing to sign the affidavit, he still has the legal right to file the Notice of Intent to Claim Paternity and to request a DNA test to establish paternity. If the test, which requires a cheek swab sample obtained from the child, mother, and Tom, shows that there is at least 98 percent probability that he is the father of the child, that plus the Notice of Intent are sufficient to establish paternity, and he may seek a court order to have the child's birth records updated. The Family Support Division (FSD) of the Missouri Department of Social Services can provide assistance to Tom during this process, and if paternity is established, the FSD and the court system may need to get involved to sort out matter such as child support and visitation.

The lawyer should also counsel Tom to consider the effect his actions might have on his ex-girlfriend and the child he thinks may be his daughter. For instance, if the child's mother does not consent to sign the affidavit, does he still want to pursue his case? Is he prepared to accept the DNA test results, no matter what they indicate? If he is established as the father, is he willing to pay child support if requested from the mother and/or ordered by a court? Above all, he should consider the effect that his decisions may have on the other people involved, including the girl who may or may not be his daughter.

Case Study 3

Miriam is an unmarried Jewish woman, 20 years old, who is currently studying at a university in New York City. She intends to marry soon after graduation and to begin having children shortly thereafter. She is in good health, but she and her family have heard that certain genetic disorders are more common in babies with Jewish parents, and her mother thinks she should undergo genetic screening and insist that any man she is considering marrying do the same before the couple commits to marriage. However, although she places a high value on marrying and raising a family, Miriam is not certain how she feels about premarital genetic screening for herself and is even less comfortable with demanding it of any potential husband.

Miriam's grandparents immigrated to the United States from a town in what was then called the Austro-Hungarian Empire and is today part of the Czech Republic. Although the family leads a somewhat fairly secular life today, they are proud of their Jewish heritage, and Miriam intends to marry a Jewish man and bring her children up in the Jewish faith. She and her extended family all consider the choice of marriage partner to be an important life decision, place a high value on creating a stable family unit, and consider the raising of children to be one of the most important things a person will do in their life. Miriam and her parents both want to do whatever they can to increase the possibility that all Miriam's children will be healthy and will grow up to have normal, healthy lives, even if they are not particularly well informed about scientific or medical matters in general (her parents are English professors at a large public university in the United States, and she is studying French and Spanish with the goal of becoming a high school teacher).

Because she is younger than 26, Miriam is still covered by her parents' health insurance plan, which is generous in terms of covering genetic testing and counseling. She has a medical home, including a physician she sees for her general health care needs, and the family has sufficient income to pay for specialized testing or other services if they are advisable or necessary. As she will graduate will her BA in about a year, she is beginning to feel pressure to determine her future life course, which will include choosing a husband and raising a family. Her course through life has been fairly smooth up to this point, and she has always assumed that matters of marriage and family would sort themselves out as easily as have her course through the educational system. Now she is becoming concerned about the prospect that she might be harboring genetic mutations that could harm her children or might choose a husband who harbors such mutations. At the same time, she worries about allowing scientific issues to interfere with the human process of courtship. She has come to a genetic counselor to learn more about genetic inheritance and to sort out her feelings regarding genetic testing before she decides on a plan of action.

Analysis

Miriam's greatest needs are to become more informed about genetic inheritance, to learn what her options are, and to have confidence that she will make the decision that is right for herself, her future husband, and her future children. Because the stakes are high, matters of marriage and family are often a source of tension for people, and while counseling cannot totally alleviate people's natural anxieties, it can help people make informed decisions and feel confident in those decisions.

The counselor can begin by reviewing basic genetic information with Miriam and also clarifying what it means to say that Jewish people or their children are at increased risk for certain diseases. Because Miriam's ancestors are Jews from Central Europe, she is Ashkenazi Jewish, and people from that ethnic group are more likely than the general population to carry certain genetic mutations that are associated with particular diseases, including Gaucher disease, cystic fibrosis, Tay-Sachs disease, familial dysautonomia, and spinal muscular atrophy. While anyone can have these mutations, they are more common in Ashkenazi Jews (including people of mixed heritage); for instance, it is estimated that 1 in every 10 Ashkenazi Jews are carriers for the mutated gene (meaning that have one copy of the mutated gene) that causes Gaucher disease, and 1 in 24 are carriers for the mutation that causes cystic fibrosis.

These and many other genetically transmitted diseases are recessive, meaning that a child must have two copies of the mutation (one from the mother and one from the father) in order to have the disease. In contrast, people who have only one copy of mutation associated with disease are carriers, meaning that they are not affected by the disease but can pass the mutation on to their children. A child whose parents are both carriers for a specific genetic trait has a one in four chance of receiving two copies of the mutated gene and thus having the disease associated with it. For this reason, many Ashkenazi Jewish people choose to undergo genetic testing before marrying or having children. The choice to be tested or not, how to be tested and for what diseases, and whom to share those results with, of course, rests with Miriam. If she decides to be tested and wishes for her future husband to be tested, the genetics counselor can help her sort through her options, clarify her feelings, and decide how to communicate her wishes.

If Miriam decides to move forward with genetic testing, she has many options available to her. Multiple hospitals in the New York City area, including Montefiore Medical Center, NYU Langone Medical Center, Beth Israel Medical Center, and the Columbia University Medical Center offer medical genetics counseling and testing programs. Many physicians also offer genetic screening through an office visit. She can also be tested through a home kit offered by the organization Jscreen, which requires her to submit a saliva sample through the mail, with results of the testing delivered to her by phone or video conference by a genetics counselor. Finally, the organization Dor Yeshorim offers genetic compatibility screening that stores the results of genetic testing in a database and allows individuals to anonymously check for genetic compatibility with potential marriage partners.

Case Study 4

Andrew is a 40-year-old man who self-identifies as a mixed-race person and believes he has Caucasian, African, and Asian ancestry. While his extended family is close-knit and has passed on much information about his ancestors, this family lore is not complete. First, because some of his ancestors were slaves, Andrew has no information other than family traditions about what parts of Africa they came from. Second, as is typical of many families, some information about other branches of his family tree is vague, contradictory, or has been lost over time.

Andrew is curious about his ancestors and wants to learn more about his racial and ethnic heritage, so he orders an ancestry testing package from one of the many companies offering direct-to-consumer (DTC) genetic testing. He sends in his saliva sample as directed, and several weeks later he receives notification that his results are available online. The information about the results of his testing is detailed and specific, and it includes information about the percentages of his ethnicity coming from different parts of the world (e.g., 10% Ireland and Scotland, 5% Ivory Coast and Ghana) as well as detailed maps showing where his ancestors may have come from and possible routes they took to immigrate to the United States.

Andrew is upset because some of the information in the DTC genetic testing results does not agree with what his mother and other family members have told him about his ethnic heritage. He is not well informed about genetics or inheritance and doesn't really understand the process used by DTC genetic testing companies to arrive at their conclusions. Like many Americans, he has seen multiple advertisements for different DTC genetic testing companies and was attracted by the promise of learning more about his ancestors and where they came from; his choice of company was based on a sale they were offering at the time.

Andrew did not order any medical tests, and there are no health-related decisions to be made based on the results of his ancestry testing. However, when he shares the results with his family, some are upset at what they perceived to be inaccuracies. For instance, family tradition says that Andrew's heritage includes members of the Cherokee tribe, but the analysis did not attribute any of his ancestry to Native Americans. In addition, according to family tradition, one of Andrew's ancestors was a Syrian trader, yet the test results found no Middle Eastern heritage in his DNA. Some of his family members started speculating about whether certain family members had not been completely honest about their partners and their children, because the ethnic heritage that should be present in Andrew if their versions of events were true does not mesh with the results of the testing. No one in the family read the complete report, but since the results of the testing are presented as precise and definitive, they have been accepted by the family as scientific and correct. Andrew is now seeking the advice of a friend who works in genetics research to help clarify what the results mean and to help bring some peace back to his family.

Analysis

The genetics researcher should begin by explaining that the results of genetic ancestry and ethnicity testing are not nearly as definitive as is implied by the advertising of companies offering such testing and the reports that are delivered to the consumer. While these reports may contain disclaimers and/or information about how the results were obtained, few consumers read such information carefully, and many do not have the scientific or historical background necessary to place the results of any single test in context. He can also assure Andrew that race, ethnicity, and nationality, among other terms, are human constructs rather than scientific facts and thus that any attempt to use biological analysis to answer questions about such matters should be taken with a grain of salt.

Different DTC genetic testing companies use different methods to prepare reports on the tested individual's heritage, and typically the methods used are proprietary and thus not available for public scrutiny. Andrew can seek out more information about this if he chooses, but a general explanation of one common method will demonstrate why the results of any particular report should not be taken as definitive. In biogeographical ancestry tracing, an individual's DNA sample is compared to DNA from people living in different regions today, with single nucleotide polymorphisms (SNPs) used to differentiate different ancestral groups. One key problem with this method is that human populations are not stable over time—instead, people move from one part of the world to another—so the genetic makeup of people living in a geographic region today may differ from that of the people living there in the past.

The genetics researcher can also let Andrew know some of the other reasons that the results of genetic ancestry testing should not be taken literally. For one thing, testing is usually based on a small percentage of a customer's total genome, so it is possible that if a different part of his genome was used, the ancestry report would have been different. Second, the genetic makeup of the population within any country or region is varied, so an ancestor who emigrated to the United States from Syria might be of any nationality and hence might have any type of DNA. Third, each child receives only half of a parent's DNA, so over the generations, DNA from a particular individual might be lost simply due to random chance. This is a likely explanation for Andrew's apparent lack of Native American DNA, particularly since the Cherokee were a varied tribe that included individuals of African and European ancestry. Finally, some ethnic groups are relatively underrepresented relative to Europeans in the samples used to classify an individual's heritage, so that is one more reason to not treat the results as the definitive truth.

Above all, the researcher can let Andrew know that the genetic analysis does not overrule his family's history, nor does it demonstrate that anyone was deceitful about their parentage. If he or his family wishes to spend the money, they could send samples to several different DTC testing companies—chances are, they will receive somewhat different reports from each, demonstrating that the results of any one report should not be taken as the final answer on anyone's ancestry.

Case Study 5

Susan, 38 years old, is married and lives in a small town in Colorado. She is pregnant for the first time and is looking forward to being a mother. She and her husband both have professional jobs and good health insurance, and she is following all her physician's recommendations regarding health behaviors, prenatal examinations, and screenings. The first trimester combined test, a screening test combining results from a blood test and ultrasound that is performed in the first three months of a pregnancy, indicated that there was an elevated risk that the baby she was carrying would have Down syndrome.

A nurse at the medical center where the first trimester combined test was performed explained the procedure to Susan. It combines the results of a blood test looking at the levels of particular substances in her blood (pregnancy-associated plasma protein-A and human chorionic gonadotropin), the nuchal translucency test (which uses ultrasound to measure the amount of fluid in the baby's neck tissue), and the mother's age to estimate the risk that the baby has Down syndrome. She also explained that the first trimester combined test is a screening rather than a diagnostic procedure, so positive results on the test does not necessarily mean that the baby has Down syndrome, and negative results do not necessarily mean that the baby does not have Down syndrome. However, the results of the screening test do indicate an increased risk of Down syndrome.

Susan has done a bit of research on her own and has learned that about 6,000 babies are born with Down syndrome every year in the United States (about 1 in 700 babies, making it the most common chromosomal birth defect in this country). She also knows that the risk of Down syndrome generally increases with the age of the mother and feels some guilt for waiting so long to have her first child, feeling that if she had married and given birth at a younger age instead of pouring all her energies into her career, perhaps she would have had a healthy baby.

Although Susan is a well-educated person, her knowledge of biology is limited, as is her understanding of probabilistic reasoning. She doesn't know anyone with Down syndrome, or who has a child with Down syndrome, but knows that children with that condition have a distinctive appearance and usually suffer from mental retardation and various physical problems. She also knows that a Down syndrome child requires extra care, compared to a child without the disease, and is concerned about having to give up her career to provide the kind of care a Down syndrome child would require.

Although Susan and her husband are not particularly religious, her husband's family are fundamentalist Christians who believe that life begins at conception and thus are opposed to abortion in any form. Susan and her husband have already notified both their families of her pregnancy, so they can't make a decision to terminate the pregnancy without their families knowing about it. There are no abortion providers in her town, or even in her county, so if Susan decides she wants to have an abortion, she will have to travel to another part of the state and deal with a different physician and medical center, a prospect that adds to her anxiety because she feels very comfortable with the physician currently overseeing her care. Susan has come to a genetic counselor to learn more about Down syndrome and the process of testing for it and also to help clarify her feelings, learn what options she has, and decide what to do.

Analysis

The genetic counselor can begin by assuring Susan that as the nurse at the medical center told her, a positive result on the first trimester screening test does not mean that her baby has Down syndrome. Since it indicates an increased probability for this condition, however, Susan can elect to have a diagnostic test, which will give her a more definitive answer. She is of course not obligated to undergo any further testing, but if her decision to continue the pregnancy or not depends on whether or not her child has Down syndrome, she should consider having the diagnostic test rather than making a decision based only on the screening test. Two types of prenatal diagnostic tests for Down syndrome are available: chorionic villus sampling (CVS), which can be performed in the first trimester, and amniocentesis, which is generally performed in the second trimester. Colorado currently allows abortion up to 26 weeks into the pregnancy (2 weeks into the third trimester), so either option would allow her time to seek an abortion should she decide to do so. She should also check her insurance policy to see if abortion is covered, since private insurers in Colorado are not required to pay for abortion services, and she may therefore be required to pay out of pocket should she decide to have an abortion.

The counselor can also educate Susan on Down syndrome and assure her that she bears no guilt if her child does have this condition, since it usually occurs due to chance rather from than any identifiable cause. People with Down syndrome have an extra copy (three rather than two) of chromosome 21, due to an error in cell division, so the condition is sometimes called trisomy 21). The causes of Down syndrome are unknown, and women of any age can give birth to a child with Down syndrome: in fact, 80 percent of Down syndrome children are born to women younger than 35, because most births are to women younger than 35. However, it is also true that the possibility of any particular child being born with Down syndrome increases with the mother's age. In addition, in a small number of cases, the extra copy of the 21st chromosome comes from the father rather than the mother. There is no information suggesting that environmental conditions or parental activities have anything to do with Down syndrome, and only about 1% of cases seem to have a hereditary component.

The counselor can also suggest some ways Susan can learn more about Down syndrome before making her decision. She can assure Susan that children with Down syndrome have a wide range of abilities, and many attend the same schools as other children in their community. As adults, many Down syndrome people hold down jobs, and with appropriate care they many live into their 60s and 70s. At the same time, some Down syndrome children suffer severe impairment or have serious health conditions, and Susan should be prepared for both possibilities. She can also learn more about Down syndrome by contacting one of the many organizations for the parents of children with Down syndrome, who may make it possible for her to meet with the family of a Down syndrome child. Many books have also been written about Down syndrome from the point of view of family members, and these may help Susan become more familiar with the condition. Above all, the counselor should emphasize that Susan is the person in charge of making decisions regarding her pregnancy and that ample support is available to her no matter what she decides to do.



Glossary

Achondroplasia: A form of dwarfism that exhibits autosomal dominant pattern; it is characterized by short stature and short limbs due to difficulties in converting cartilage to bones. The gene causing achondroplasia may be inherited (in about 20 percent of the cases), or the disorder may be due to a new mutation (in about 80 percent of the cases).

Alagille syndrome: A genetic disorder caused by mutations in the JAG1 gene (in over 90 percent of cases) or the NOTCH2 gene. While some individuals with Alagille syndrome may have relatively mild symptoms, others may suffer from serious conditions, such as liver damage due to abnormalities in the bile ducts, heart abnormalities, and abnormal blood vessels.

Albinism: A genetic disorder that affects the pigmentation of the skin, hair, and eyes. Persons with albinism usually have very fair skin, white or light-colored hair, and reduced pigmentation in the iris and retina, and they often have vision problems and increased susceptibility to skin cancers. Several types of albinism have been identified; oculocutaneous albinism, in which the skin, hair, and eyes are affected, can result from mutations in several genes, including TYR, OCA2, TYRP1, and SLC45A2 .

Allele: A term coined by William Bateson and Edith Rebecca Saunders to describe a particular version or variant of a gene. Sometimes different alleles are associated with different observable traits, so one may speak of, in Mendelian genetics, alleles that code for yellow or green flowers.

Alzheimer disease: A degenerative brain condition that causes dementia. Early-onset (before age 65) Alzheimer disease is caused by inherited gene mutations, and people with Down syndrome have an increased risk of Alzheimer disease. Less is known about the causes of late-onset (after age 65) Alzheimer disease, which does not necessarily run in families.

Amino acids: Organic compounds that are the building blocks of proteins. Each amino acid contains amine and carboxyl functional groups, plus an R group specific to itself. Humans have 20 amino acids, each coded for by one or more codons consisting of a sequence of three nucleotides. For instance, in DNA, TTT and TTC code for phenylalanine, and TAT and TAC code for tyrosine.

Anaphase: The third phase of mitosis, in which the sister chromatids are separated and move toward opposite ends of the cell.

Androgen insensitivity syndrome: A condition in which a person is genetically male, with XY chromosomes, but has the external sex characteristics of a female, or a mix of male and female characteristics, because their body tissues are partly or totally insensitive to androgen. Androgen insensitivity syndrome is caused by mutations in the AR gene, which provides instructions for making the androgen receptor protein.

Aneuploidy: Any change in the normal complement of DNA (in humans, 23 pairs of chromosomes).

Anticipation: The tendency of some genetic diseases to become more severe and appear at a young age as it is passed from one generation to the next; diseases showing anticipation include Huntington disease and fragile X syndrome.

Artificial selection: The process by which a breeder produces a population with particular characteristics, based on breeding animals or plants with the desired characteristics. Selective breeding was practiced long before the science behind it was known.

Assortative mating: A type of nonrandom mating in which phenotypically similar individuals tend to mate with each other; this process can cause gene frequently to differ from that predicted by the Hardy-Weinberg principle (which assumes random mating).

Autosomal dominant: An inheritance pattern in which a single of a mutated gene can cause disease; diseases exhibiting this pattern include Marfan syndrome and Huntington disease.

Autosomal recessive: An inheritance pattern in both copies of a gene must have a mutation in order to cause disease; example of autosomal recessive diseases include sickle cell anemia and cystic fibrosis.

Base substitution mutation: A mutation in which one base is substituted for another, which may or may not result in coding for a different amino acid.

Bioinformatics: A scientific field combining computer science and life sciences, which uses computer programs to analyze data collected and generated in the life sciences.

Biotechnology: The creation of industrial products through the use of living systems and organisms.

Bloom syndrome: An inherited disorder characterized by sensitivity to sun exposure, short stature, reduced fertility (women) or infertility (men), and increased risk of cancer. Bloom syndrome is caused by mutations in the BLM gene; it is a rare disorder, but about one-third of known cases have Ashkenazi Jewish heritage.

BRCA1 and BRCA2: Tumor suppressor genes; inherited mutations in these genes are associated with a high risk of breast cancer, ovarian cancer, and several other cancers in women; men with BRCA1 and BRCA2 mutations also have an increased risk of developing breast cancer.

Carrier: An individual who has one copy of a mutated gene that can cause an autosomal recessive disease; this individual will not have the disease but can pass the mutated gene on to his or her offspring.

Celiac disease: An autoimmune disorder in which the body is abnormally sensitive to gluten, a protein found in wheat, rye, and barley. Individuals with celiac disease who consume gluten may suffer from inflammation in the gastrointestinal track, which damages the villi and reduces the body's ability to absorb nutrients; other symptoms include abdominal pain and swelling, and individuals with celiac disease who consume gluten may have an increased risk of developing gastrointestinal cancers. Celiac disease clusters in families and is estimated to affect about 1 percent of the global population; it is associated with particular variants in the HLA-DQA and HLA-DQB1 genes.

Cell cycle: The process by which cells make new cells. In eukaryotes, the cell cycle is divided two five phases: G1 (gap phase 1), S (synthesis phase), G2 (gap phase 2), M phase (mitosis), and cytokinesis.

Central dogma: A foundation belief in molecular biology, which states that genes are translated into proteins through a two-step process: transcription, in which information from DNA is transcribed onto messenger RNA (mRNA), and translation, in which the information contained in mRNA is used to create proteins. Retroviruses are an exception to the central dogma because they begin with the information in RNA and use it to synthesize DNA.

Checkpoints: Places in the cell cycle where the cell can move forward with the cell division process or not. The first checkpoint, G1/S, is heavily influenced by external signals; the second checkpoint, G2/M, includes checks to see if the DNA has been replicated correctly before proceeding to mitosis; and the third or spindle checkpoint checks to see that the chromosomes are correctly attached to the spindle before anaphase.

Chromatin: The combination of DNA and proteins that make up chromosomes. The substance is called chromatin when in its uncondensed form and chromosomes when in its condensed form.

Chromosomal mosaicism: A condition in which an individual has cells with different chromosomal mosaicism: for instance, some cells may have the normal 46 chromosomes, and other 45 or 47.

Chromosomes: The condensed form of chromatin, created when a cell is preparing to divide. Chromosomes contain genes that carry genetic information.

Clone: The process of creating one or more copies of a gene or an entire organism. The first mammal, Dolly the sheep, was born in 1996.

Codominance: The situation in which neither of two alleles in a heterozygote dominates the other, and some of the traits of both are expressed. This is characteristic of human blood groups: an individual with type AB blood will have characteristics of both the IA and IB allele.

Color blindness: Also known as color vision deficiency, color blindness refers to difficulty in distinguishing between some shades of certain colors. Red-green color blindness is the most common, with blue-yellow color blindness less common. In populations with Northern European heritage, red-green color blindness occurs in about 1 in 12 men and 1 in 200 women, while blue-yellow color blindness is equally common in men and women and affects fewer than 1 in 10,000 people. Red-green color blindness is caused by mutations on the X chromosome, which explains why it is more common among men than women; blue-yellow color blindness is autosomal dominant, which explains which it is much less common.

Comparative genomics: A field of study based on comparing the human genome with that of other organisms. One result of comparative genomics is to reveal how closely the human genome resembles that of other animals.

Convergent evolution: The process by which species that are only distantly related may develop similar phenotypes.

CRISPR: A technology that allows DNA to be precisely edited. CRISPRs are part of the bacterial immune system and allow bacteria to detect and destroy sequences caused by viral infection.

Crohn disease: A chronic disease that causes inflammation in the digestive tract, particularly in the small intestine and colon. It is most common among people of Northern European and Ashkenazi European descent, and it is associated with changes in several genes that are involved in immune system function, although environmental and lifestyle factors also seem to play a role in the disease.

Cystic fibrosis: An inherited disease characterized by a buildup of thick mucus that can damage the body's organs, including the lungs and digestive system. It is an autosomal recessive disorder caused by mutations in the CFTR gene, which provides instruction for making a channel to carry chloride ions in and out of cells. In the United States, about 1 in 2,500 white babies is born with cystic fibrosis, as compared to about 1 in 17,000 African American babies and 1 in 31,000 Asian American babies.

Cytokinesis: The final phase of the cell cycle, in which two new cells are formed from the duplicated materials created in mitosis; in animal cells, a cleavage furrow forms to cause this division.

Deletion mutation: A type of mutation in which one or more base pairs are removed from a DNA sequence. A small deletion may cause a frameshift, while a large mutation may result in serious illness or death.

Diploid: Having two copies of each chromosome, one from each parent. All human cells are diploid, except for the gametes (sperm and egg cells); the diploid number is 46 (2n).

DNA: Deoxyribonucleic acid, the primary constituent of chromosomes and the carrier of genetic information for most life storms. DNA has a double helix structure, like a spiral ladder, with the "sides" of the ladder made up of phosphate and deoxyribose and the "rungs" made of pairs of nitrogenous bases: adenine with thymine and guanine with cytosine.

DNA fingerprinting: A method of identifying individuals from biological material such as blood, based on variation in short tandem repeats (STRs) in the DNA of different individuals.

DNA polymerase: A type of enzyme, present in all living organisms, that synthesizes DNA from its building blocks.

Dor Yeshorim: An organization providing anonymous genetic testing to Jewish people, with the aim of minimizing the incidence of genetic diseases; among the diseases for which Dor Yeshorim provides testing are Tay-Sachs disease, Bloom syndrome, and cystic fibrosis.

Down syndrome: A genetic disorder usually caused by trisomy 21, in which each cell has three rather than two copies of chromosome 21. Individuals with Down syndrome typically have mild to moderate intellectual disability, characteristic facial appearance, and weak muscle tone, and they are at higher risk for developing several conditions, including celiac disease, gastroesophageal reflux, hypothyroidism, and Alzheimer disease. About 1 in 800 newborns has Down syndrome, and increased risk is with increased maternal age.

Direct-to-consumer genetic testing (DTC genetic testing): Services offered by companies like 23andme to test an individual's DNA (often through a saliva sample) for a variety of reasons, including ancestry identification, testing for genetic diseases, and identification of athletic abilities.

Duchenne and Becker muscular dystrophy: Genetic disorders characterized by atrophy of the skeletal and cardiac muscles; both are caused by mutations in the same gene, have similar signs and symptoms, but differ in the age of onset and severity of their symptoms. Both are caused by mutations in the DMD gene and follow the X-linked recessive pattern, so both are much more common in boys than girls. About 1 in every 3,500 to 5,000 males born each year are affected by either Duchenne or Becker muscular dystrophy.

Duplication mutation: A mutation in which a sequence of base pairs is copied one or more times.

Edwards syndrome: Also called trisomy 18, a genetic disease usually caused by having three copies of chromosome 18 in each cell (in rarer cases, known as mosaic trisomy 18, only some of the individual's cells have three copies of chromosome 18). Patau syndrome is caused by nondisjunction (failure of the chromosomes to separate properly during cell division) and is usually not inherited; higher incidence is associated with increased maternal age. Many affected fetuses with Edwards syndrome do not survive to term, and it also occurs in about 1 in 5,000 live births. Higher incidence of Edwards syndrome is associated with increased maternal age.

Enzyme: A substance that catalyzes a chemical reaction without being consumed or changed; chemical reactions may take place much more quickly in the presence of enzymes.

Epigenetics: The study of changes in gene function that can be inherited but are not due to a change in the DNA sequence.

Eugenics: A term coined by Sir Francis Galton in 1883 and can be translated as "well born." Galton believed that individuals who had achieved high status in British society had done so thanks to their superior genetic material and that human society could be improved by selective breeding favoring those "superior" individuals. Although eugenics is held in disrepute today, it was embraced by some governments from the late 19th through the mid-20th centuries and was used to justify practices such as forcibly sterilizing individuals deemed to have inferior genetic material.

Eukaryotes: Organisms, including plants, animals, and humans, that belong to the domain Eukaryota. Eukaryotes are more complex than prokaryotes and include membrane-bound organelles and a membrane-bound nucleus.

Exon: A sequence of DNA that codes for a protein or other gene product.
 First-degree relatives: Parents, children, brothers and sisters.

Founder effect: A phenomenon that occurs when one or a few individuals leave one population and found a new population that is isolated and at some distance from the original population. In the new population, allele frequency may be quite different from that of the source population, since only the alleles of a small number of founders formed the basis of the new population.

Fragile X syndrome: A genetic condition that is associated with a number of developmental problems, including delayed development of speech and language, anxiety, and attention deficit disorder. It is caused by mutations in the FMR1 gene, usually a CGG triplet repeat, and is inherited in the X-linked dominant pattern. About 1 in 4,000 males and 1 in 8,000 females have Fragile X syndrome.

Frameshift mutation: A mutation in which the removal, addition, or duplication of one or more base pairs causes a change in the reading frame of a gene. A frameshift mutation usually results in a nonfunctional protein.

Gel electrophoresis: A lab technique using electricity and a gel to separate DNA fragments by size. Gel electrophoresis has many uses, including the diagnosis of genetic diseases such as sickle cell disease, and in DNA fingerprinting (used in forensics and to determine parentage).

Gene: Informally, a unit of heredity that can be passed from parent to offspring. More formally, a specific area of a chromosome that codes for a protein or RNA molecule.

Gene expression: The process by which the genetic information contained in genes is transferred to mRNA (messenger RNA) and then used to create proteins.

Gene flow: The movement of alleles between populations; over time, gene flow tends to homogenize the allele frequencies in different populations.

Genetic drift: Changes in the allele frequencies in a population over time, due to chance.

Genetic maps: Also called linkage maps, maps of a genome based on the relative distance between genetic markers.

Genetic susceptibility: An increased likelihood of developing a disease due to one's genetic makeup. For instance, mutations on the BRCA1 and BRCA2 genes increase the risk of breast and ovarian cancer.

Genetic variation: The different alleles occurring within the individuals who make up a population.

Genetics: The science concerned with studying genes and heredity, that is, how traits are transmitted from parent to child through genetic information.

Haploid: Containing one copy of each chromosome. In humans, only gametes (sperm and egg cells) are haploid; the haploid number is 23 (n).
 Haplotype: A set of DNA polymorphisms or genes that tend to be inherited as a unit.

Hardy-Weinberg principle: A principle posited by Godfrey Hardy and Wilhelm Weinberg that states that the genotype frequency within a population will remain constant if five assumptions are met: no mutation, no immigration or emigration of population members, random mating, a very large population, and no selection.

Hematopoietic stem: A type of stem cell that resides in the bone marrow and can create different types of blood cells, but (given the current state of knowledge) not cells of different tissues.

Hemophilia: An inherited condition marked by abnormalities in the blood clotting process. There are two major types of hemophilia: hemophilia A is caused by mutations in the F8 gene, while hemophilia Β is caused by mutations in the F9 gene; both genes are located on the X chromosome, and hemophilia follows the X-linked recessive pattern of inheritance. For this reason, hemophilia is much more common in males than females: globally, hemophilia A occurs at the rate of 1 in every 4,000-5,000 male births, while hemophilia Β occurs in about 1 in every 20,000 male births.

Hereditary mutation: A mutation that occurs in sperm or egg cells and can be transmitted to one's offspring.

Histone: A type of protein found in chromosomes.

Homeobox genes: A family of similar genes that contain the DNA sequence to make a string of protein building blocks known as the homeodomain and direct the formation of body structures during early embryonic development. Homeobox genes are present on every chromosome, and in humans the homeobox gene family includes an estimated 235 functional genes.

Huntington disease: An inherited, progressive disorder of the nervous system that usually becomes apparent in a person's thirties or forties, Huntington disease is caused by mutations in the HTT gene, in which the CAG segment is repeated more often than normal (normally the CAG segment is repeated 10-35 times; in people with Huntington disease, the segment is repeated from 36 to more than 120 times, although people with 36-39 repeats may not show the signs and symptoms of the disease). Huntington disease is inherited via the autosomal dominant pattern, and the size of the CAG repeat often increases in size from one generation to the next.

Imprinting: An epigenetic phenomenon in which the expression of genes may differ depending on whether the gene was inherited from the father or the mother.

Incomplete dominance: The situations in which neither of two alleles completely dominate the other; it results in traits in heterozygotes that are a blend of the phenotypes associated with each allele. For instance, a heterozygote plant with one red allele and one white allele may produce pink flowers.

Insertion mutation: A type of mutation in which one or more base pairs are inserted into a DNA sequence.

Interphase: The G1, S, and G2 phases of the cell cycle, which prepare the cell to divide.

Intron: A DNA sequence that (so far as we currently know) does not code for any gene product.

Inversion mutation: A type of mutation in which a segment of a chromosome is reversed. If the inversion is not within a gene, the individual may not be affected.

Jacob syndrome: Also known as 47, XYY syndrome, Jacob syndrome is characterized by an extra Y chromosome in the cells of a man. Individuals with Jacob syndrome tend to be taller than average and have increased risk of learning and social difficulties. This condition occurs in about 1 out of every 1,000 male births.

Karotype: The array of chromosomes possessed by one individual, as well as a graphic diagram of those chromosomes.

Klinefelter syndrome: A genetic condition in which males have an extra X chromosome in each cell (47,XXY); in rarer cases, the individual may have more than one extra X chromosome (e.g., 48,XXXY) or will have an extra X chromosome in only some cells (mosaic Klinefelter syndrome). Individuals with Klinefelter syndrome typically produce less than the usual amount of testosterone, which may result in symptoms such as delayed puberty, breast enlargement, and infertility.

Knockout mice: Mice in which a gene has been inactivated so that it does not function; such mice are often used to study specific genes.

Marfan syndrome: A genetic disease that affects connective tissue. Individuals with Marfan syndrome are usually tall and thin, have loose joints, and may abnormalities of the eye (dislocated lens, or ectopia lentis) and heart; the latter may be life threatening and include aneurism, leaking of the aortic valve, and tears in the aortic wall. Marfan syndrome is caused by mutations in the FBN1 gene, and the disease is inherited in the autosomal dominant pattern, but it can also occur by spontaneous mutation of the FBN1 gene (meaning an affected individual may have no family history of the disease).

Meiosis: Cell division used to create gametes (sperm and egg cells). Meiosis includes two rounds of cell division, but only one round of DNA duplication, so at the end of meiosis II, there are four haploid daughter cells. Unlike mitosis, the process of reproduction and division in meiosis results in daughter cells that are not identical.

Metaphase: The second phase of mitosis, in which the chromosomes align on the cell's equator.

Missense mutation: A type of mutation caused by a change in one DNA base pair, resulting in the creation of a different amino acid that would be created by an unmutated gene.

Mitochondria: A type of organelle found in eukaryotic cells and which is responsible for cellular respiration. It is believed that mitochondria were once separate cells, which became incorporated into eukaryotic cells through the process of endosymbiosis; mitochondria contains DNA that is inherited only from the mother, making it a useful tool in tracing maternal lineage.

Mitochondrial inheritance: A pattern of inheritance found in diseases carried on the mitochondrial DNA. Only women can pass mitochondrial mutations to their children, although both boys and girls may be affected. Leber hereditary optic neuropathy is an example of a disease that exhibits a mitochondrial inheritance pattern.

Mitosis: The process by which somatic (nongerm) cells reproduce. Mitosis is also referred to as the M Phase of the cell cycle and includes four stages: prophase, metaphase, anaphase, and telophase. After mitosis, one cell has produced two daughter cells that are exact copies of it.

Monopsomy: A condition in which a person has one, rather than two, copies of a chromosome in each cell. Turner syndrome is an example of a disease caused by trisomy: women with Turner syndrome have only one copy of the X chromosome in each cell.

mRNA: Messenger RNA, which copies the genetic code from DNA and carries the information out of the nucleus and into the cytoplasm, where proteins are created.

Multiple alleles: A characteristic of genes that exist in more than two versions. Human blood groups, for instance, are the result of combinations of three alleles: IA , IB, and i.

Mutation: A permanent change in the DNA sequence. Gene mutations may be inherited (germline or hereditary mutations) or acquired during a person's lifetime (somatic mutations), the latter sometimes caused by environmental factors such as exposure to radiation. Germline mutations may be passed on to offspring, but somatic mutations may not. Several types of gene mutations have been identified, including silent, missense, nonsense, insertion, deletion, duplication, frameshift, and repeat expansion.

Natural selection: The process by which environmental conditions influence which members of a population will survive and produce the greatest number of offspring.

Nondisjunction: An error during cell division in which homologous chromosomes or sister chromatids fail to separate properly, resulting in an abnormal number of chromosomes in the cells. For instance, Down syndrome is caused by having three copies of chromosome 21, while Patau syndrome is caused by having three copies of chromosome 13.

Nonsense mutation: A type of mutation caused by a change in one DNA base pair, which results in the termination of the protein-building process. The resulting protein will be shortened and may not function, or may function improperly.

Nucleotide: A building block of DNA or RNA, consisting of a phosphate molecule, a base, and a sugar (ribose in RNA, deoxyribose in DNA).

Patau syndrome: Also called trisomy 13, a genetic disease usually caused by having three copies of chromosome 13 in each cell (in rarer cases, known as mosaic trisomy 13, only some of the individual's cells have three copies of chromosome 13). Patau syndrome is usually not inherited but is caused by nondisjunction (failure of the chromosomes to separate properly during cell division); higher incidence is associated with increased maternal age. Individuals with Patau syndrome usually suffer from severe intellectual disability and physical abnormalities, and most die within their first year of life.

Penetrance: The proportion of people with a particular genetic characteristic, such as a mutation, who will show signs and symptoms of the associated genetic disease. A disease has reduced or incomplete penetrance if not all who have the mutation get the disease. This pattern is seen, for instance, in individuals with mutations in the BRCA1 or BRCA 2 genes: some will develop cancer, while some will not.

Pharmacogenetics: The field that studies how genetic differences affect how people process and respond to medicines.

Physical map: A genetic map that provides the absolute, rather than relative, location of genetic markers.

PKU: Phenylketonuria, a genetic disorder characterized by a build-up of the amino acid phenylalanine in the blood. PKU is caused by mutations in the PAH gene and is inherited in an autosomal recessive pattern. PKU occurs at a rate of 1 per 10,000-15,000 newborns in the United States; in many countries, all newborns are screened for PKU, and treatment begins if needed, so severe symptoms of PKU (which may include seizures, developmental delay, and psychiatric disorders) are rarely seen.

Pleiotropy: A situation in which a single gene can affect multiple traits. For instance, a single mutation in the gene that causes sickle cell disease can result in many different changes in the body of an individual with the disease.

Polygenic: A condition caused by the combined effects of multiple genes, or by the interaction of genes and the environment; examples include type 2 diabetes, schizophrenia, and some types of cancer, as well as traits like eye color and height.

Prader-Willi syndrome: A genetic condition that affects many parts of the body. Symptoms in infancy include hypotonia, feeding difficulties, and delayed development, while in childhood individuals tend to develop an insatiable appetite leading to obesity, and possibly intellectual impairment and behavioral problems.

Prophase: The first stage of mitosis, in which the chromosomes condense, the nuclear envelope breaks down, and the spindle begins to form.

Protein: One of the basic building blocks of the body, proteins are made of subunits called amino acids.

Recombinant DNA: DNA created from two different sources.

Regenerative medicine: Also called reparative medicine, a field of medicine that develops treatments based on stem cells that are induced to differentiate into the type of cells required to repair damaged cells.

Repeat expansion mutation: A mutation caused by the repetition of a short sequence of DNA.

Replication: The process by which DNA is copied to create a new genome for a daughter cell.

Restriction endonuclease: An enzyme that can recognize a particular DNA sequence and cut off the section containing it.

Retrovirus: An exception to the central dogma that genetic information flows from DNA to RNA to protein; in retroviruses, the information in RNA is used to synthesize DNA.

Ribosome: An organelle present in both prokaryotic and eukaryotic cells that synthesize proteins using the information contained in mRNA (messenger RNA).

RNA: Ribonucleic acid, the general term for molecules that synthesize proteins using instructions coded in DNA. Types of RNA include messenger RNA (mRNA), transfer RNA (tRNA), and ribosomal RNA (rRNA).

RNA polymerase: An enzyme that transcribes a DNA sequence and creates mRNA (messenger RNA) to carry the information in the sequence to the ribosomes to manufacture proteins.

RNA splicing: A step in the process of creating proteins, in which introns (noncoding segments) are removed and exons (coding segments) spliced together to create mRNA (messenger RNA) from an RNA transcription.

rRNA: Ribosomal RNA, which makes up the ribosomes, the organelles that manufacture proteins according to instructions coded in the DNA.

Second-degree relatives: Grandparents, grandchildren, nieces and nephews, and aunts and uncles.

Sequencing: Discovering the exact sequence of nucleotides in a particular piece of DNA.

Sex-linked traits: Traits carried by genes residing on one of the sex chromosomes, usually the X chromosome. When a sex-linked disease is autosomal recessive and carried on the X, it is usually more common in males than females, because women have two X chromosomes and both would have to carry the trait for the individual to have the disease, while males have only one X chromosome and thus could have the disease if they inherit only one disease-carrying chromosome.

Sickle cell disease: Also called sickle cell anemia, a group of inherited disorders caused by mutations in the HBB gene. The mutations affect hemoglobin, which carries oxygen in the blood stream; in people with sickle cell disease, the red blood cells are distorted into a sickle (crescent) shape. Symptoms of sickle cell disease include anemia, pain, and repeated infections. Sickle cell disease follows the autosomal recessive pattern; persons with only a single affected copy of the gene have sickle cell trait, which provides some immunity to malaria. Sickle cell disease is most common in people whose genetic heritage comes from Africa, Mediterranean countries, India, the Arabian Peninsula, and Spanish-speaking regions of Latin America. In the United States, an estimate 1 in 500 African Americans and 1 in 1,000-1,400 Hispanic American have sickle cell disease.

Silent mutation: A mutation caused by a change in one or more DNA base pairs, but which does not change the amino acid coded for. Silent mutations are possible because of redundancy in the system of coding for amino acids: for instance, the sequence AAA and AAG both code for the amino acid lysine.

Single gene disorder: A genetic disease caused by a mutation in one gene. Sickle cell disease is an example of a single gene disorder; it is caused by a mutation in a gene on chromosome 11.

SNV: Single nucleotide variation, also called a point mutation, a mutation in which only a single base is changed.

Stem cell: An undifferentiated cell that can develop into many different types of cell and can new themselves through cell division.

Synteny: Regions in the genome that are common in different organisms.

Tay-Sachs disease: An inherited disease caused by mutations in the HEXA gene. It is inherited in an autosomal recessive pattern and is rare in the general population, but it is more common among people of Ashkenazi Jewish heritage and in certain other communities, including American Cajuns. Tay-Sachs disease destroys nerve cells in the brain and spinal cord, and it results in symptoms such as weakness, vision and hearing loss, seizures, and paralysis; affected individuals rarely live beyond early childhood.

Telomere: Caps at the end of the chromosomes in eukaryotic cells, which protect the chromosome. Telomeres shorten each time a cell divides and thus are a sign of cellular aging.

Telophase: The final phase of mitosis, in which the chromosomes cluster at opposite ends of the cell, the nuclear envelopes reform, and the spindle is disassembled.

Third-degree relatives: First cousins.

Transcription: The first step in gene expression, in which the information contained in DNA is copied onto transfer RNA (tRNA).

Translation: The second step in gene expression, when the instructions encoded in tRNA (transfer RNA) are used to synthesize proteins.

Translocation: A type of mutation in which genes are moved from one part of a chromosome to another, or part of one chromosome moves to another chromosome.

Transposons: Also called mobile genetic elements or transposable elements, transposons are sequences of DNA that can move from one location to another within the genome.

Triple A syndrome: An inherited condition with three specific features: achalasia, which can lead to feeding difficulties, Addison disease (primary adrenal insufficiency), and alachrima (reduced ability to secrete tears).

Triple X syndrome: Also known as trisomy X, Triple X syndrome is a genetic disorder in which a female has three copies of the X chromosome in each cell, or more rarely in some of their cells (46,XX/47,XXX mosaicism). It results from a random error during cell division, resulting in nondisjunction. About 1 in every 1,000 female births have Triple X syndrome; individuals with this condition are often taller than average and are at an increased risk of learning disabilities.

Trisomy: A condition in which an individual has three copies of a chromosome, rather than the usual two. Down syndrome is an example of a disease caused by trisomy—individuals with Down syndrome usually have three copies of chromosome 21 in each cell. Another example is Patau syndrome, also called trisomy 13, which is caused by having three copies of chromosome 13 in each cell.

tRNA: Transfer RNA, which brings amino acids to the ribosomes to make new proteins during the translation process.

Turner syndrome: A genetic disease in women, caused by irregularities in the X chromosomes. In about half of cases, the individual has one rather than two X chromosomes; in other cases, one of the X chromosomes is partially missing or rearranged, or only some cells have a single X chromosome. Most cases are caused by random errors during conception, usually nondisjunction. Individuals with Turner syndrome are usually short; many also have a loss of ovarian function, and some have other symptoms such as webbing on the neck.

Uniparental disomy: A situation that occurs when an individual receives two copies of a chromosome or part of a chromosome from one parent and none from the other parent. In most cases, uniparental disomy does not affect health; a few exceptions include Prader-Willi syndrome and Angelman syndrome.

Variable expressivity: A quality of some genetic diseases, in which different individuals will have different signs and symptoms and/or different levels of severity. For instance, while individuals with Marfan syndrome generally have a mutation in the same gene, some will have only mild symptoms, while for others the disease may be life threatening.

Von Willebrand disease: The most common genetic bleeding disorder, affecting 1 in 100 to 1 in 10,000 individuals (the uncertainty is due partly to the fact that many mild cases are probably never reported). Von Willebrand disease is caused by mutations in the VWF gene, which codes for von Willebrand factor, which is necessary to form blood clots.

Warfarin: A blood thinner (anticoagulant) used to treat conditions such as deep vein thrombosis and to prevent stroke. Warfarin is metabolized differently depending on an individual's genetic makeup, with some people unusually sensitive to the drug (and thus requiring a lower than usual dosage), others resistant to it (thus requiring a higher dose), and some resistant to it (in which case the drug is completely ineffective).

Werner syndrome: A genetic disease caused by mutation in the WRN gene, which provides instructions for producing the Werner protein. Individuals with Werner syndrome typically develop normally until puberty, but they do not have a growth spurt, and in their 20s they experience rapid signs of premature aging, such as grey hair or hair loss. As the disease progresses, conditions such as cataracts, osteoporosis, and atherosclerosis typically appear, and the individual typically lives into their late 40s or early 50s.

X-linked dominant: A pattern of inheritance for diseases caused by mutations on the X chromosome, in which a single copy of the mutated gene is sufficient to cause disease; an example of an X-linked dominant disease is fragile X syndrome.

X-linked recessive: A pattern of inheritance for diseases in which, in males, one mutated gene on the X chromosome can cause disease (because males have only one X chromosome), while in females, both X chromosomes must have the mutation for the disease to be expressed. Examples of conditions exhibiting the X-linked recessive pattern are hemophilia and red-green color blindness.

Y-linked: A pattern of inheritance in which the mutated gene is carried only the Y chromosome, and thus the disease can only be passed from father to son (because females do not have Y chromosomes); Y chromosome infertility is an example of a Y-linked disorder.




Timeline





	30,000 BCE
	Early humans in East Asia practice artificial selection with wolves, with the most docile animals bred to produce the Chinese native dog.



	7800 BCE
	In southwest Asia, artificial selection is practiced in developing domestic varieties of wheat, as indicated by archaeological research.



	1630
	British physician William Harvey realizes that children are created through the joining of an egg and a sperm.



	1856-68
	Gregor Mendel, a monk living in Austria, does early work on genetics and heredity by studying pea plants; among his discoveries was the existence of dominant and recessive genes. Mendel’s research is neglected for many years, but in 1900 it was rediscovered by Carl Correns, Erich von Tschermak, and Hugo de Vries, and soon the principles of Mendelian genetics are applied in the study of a variety of organisms.



	1859
	British naturalist Charles Darwin publishes On the Origin of Species by Means of Natural Selection, or the Preservation of Favored Races in the Struggle for Life, arguing that species evolved over time due to genetic mutations.



	1869
	Swiss biologist Johannes Friedrich Miescher isolates nucleic acids, a key step in the process of identifying DNA and its importance in the process of inheritance.



	1877
	In the United States, Richard Dugdale publishes The Jukes: A Study in Crime, Pauperism, Disease and Heredity. Purportedly a family study demonstrating that pauperism and criminality were hereditary traits, The Jukes was widely used to support eugenics and is still cited today, despite long being discredited.



	1878
	German physician Walther Flemming published an article describing the process of mitosis or somatic cell division; his research was based primarily on the study of salamanders.



	1883
	In England, Sir Francis Galton coins the term eugenics, which can be translated as “well bom.” Galton, based on his studies of upper-class British families, believed that those who held high positions in society achieved that result due to their superior genetic material and that the human race could be improved by selective breeding favoring those “superior” individuals.



	1883
	German biologist August Weismann demonstrates that a key principle of Lamarckism, that acquired traits could be inherited, is false. Weismann’s experiments involved surgically removing the tails of mice and then breeding the mice; their offspring were bom with normal tails, so they did not inherit the cropped tails of their parents.



	1888
	German biochemist Albrecht Kossel gives the current name, deoxyribonucleic acid, to the substance then known as nuclein. Kossel also isolates the nucleotide bases of DNA and RNA: adenine, cytosine, guanine, thymine, and uracil.



	1892
	The British company Gartons Agricultural Plant Breeders introduces the hybrid “Abundance oat,” the first commercial agricultural plant variety to be created from a controlled cross.



	1897
	Michigan becomes the first American state to introduce legislation requiring sterilization of certain “undesirables,” including criminals; the law does not pass.



	1900
	Austrian scientist Karl Landsteiner discovers human blood types, which he labeled A, B, and C; Type C was later renamed Type O. Landsteiner’s discovery explained why some blood transfusions could kill the patient and also provided a method to investigate paternity claims (in some cases, a test of blood types can prove that someone is not the father of a child, although it can never prove who the father is).



	1902
	American scientist Walter Sutton publishes a paper, based on his research with grasshoppers, that announces four principals of the chromosomal theory of inheritance: chromosomes contain the genetic material, are passed from parent to child, are found in pairs in the nucleus of most cells, separate during the formation of germ cells, and a child receives one set of chromosomes from each parent.



	1902
	British physician Archibald Garrod notes that alkaptonuria, a disease in which an individual cannot process certain amino acids, is inherited following the rules of Mendelian inheritance (it is caused by a recessive mutation).



	1905
	Two scientists working separately, Edmund Wilson and Nettie Stevens, discover that sex is determined by the X and Y chromosomes.



	1905
	William Bateson, Edith Rebecca Saunders, and Reginal Punnett discover genetic linkage, an important exception to Mendel’s law of independent assortment. Genetic linkage refers to the fact that genes close to each other on a chromosome are more likely to be inherited together than are genes more distant from each other on a chromosome.



	1907
	Founding of the Galton Laboratory for National Eugenics, by merging the Eugenics Records Office and the biometrics lab at University College London.



	1907
	Indiana becomes the first American state to pass a law requiring sterilization of certain individuals, including criminals and those with mental retardation. The law also establishes a committee to judge whether each individual brought before them should be sterilized. The law is ruled unconstitutional by the Indiana Supreme Court in 1921.



	1908
	English mathematician Godfrey Harold Hardy and German physician Wilhelm Weinberg, working independently, both propose the Hardy-Weinberg principle of genetic equilibrium.



	1908
	The British Royal Commission on the Care and Control of the Feeble-Minded issues a report recommending sterilization of those considered “unfit” to breed.



	1909
	Belgian scientist Frans Alfons Janssens describes the concept known as “crossing over,” in which homologous chromosomes exchange genetic material during sexual reproduction.



	1909
	Danish botanist Wilhelm Johannsen coins several words now in common scientific use, including gene, genotype, and phenotype.



	1910
	German biochemist Albrecht Kossel is awarded the Nobel Prize in Physiology or Medicine for his work in identifying the components of DNA and RNA.



	1911
	In the United States, the Eugenics Records Office is established in Cold Spring Harbor, New York. This office tracked the histories of different families and concluded that traits such as poverty were due to genetics rather than to discrimination or lack of opportunity or resources.



	1911
	American scientist Thomas Hunt Morgan publishes an article in Science, reporting on his research with the fruit fly (Drosophila melanogaster). One major idea included in this paper is that some traits appear to be sex-linked, with the genes for the trait residing on the sex chromosomes.



	1912
	Henry Goddard publishes The Kallikak Family: A Study in the Heredity of Feeble-Mindedness, which purports to be a family study demonstrating the heritability of intelligence or the lack thereof. The Kallikak Family includes photographs, later demonstrated to have been altered, portraying the family in question, which helped to make it influential in the eugenics movement.



	1917
	The Black Stork, a silent film also known as Are You Fit to Many? is released. The Black Stork was written by Dr. Harry J. Haiselden and Jack Lait, and it is based in part on Haiselden’s experiences in the “Baby Bollinger” case in Chicago, in which Haiselden refused to perform surgery on a baby with severe birth defects. The film puts a pro-eugenics spin on the story, by having the mother agree with the physician that she should let the baby die; her decision is based on a “vision” of the child’s future, as it becomes insane and leads a life of crime.



	1922
	In England, G. K. Chesterton publishes Eugenics and Other Evils: An Argument against a Scientifically Organized State, a particularly notable book because at the time there was little public opposition to eugenics. Chesterton argues that eugenics can easily be abused and that it is currently acting as a means to oppress the poor.



	1928
	British scientist Frederick Griffith demonstrates the principle of transformation, proving that living bacteria can acquire genetic information and the associated traits from dead bacteria. His study, which involved injecting mice with different combinations of live and killed strains of pneumonia bacteria, is still taught today in biology classes as “Griffith’s experiment.”



	1930
	The Canadian Medical Association Journal publishes an editorial, “Sterilization for Human Betterment,” arguing in favor of eugenics, including forced sterilization.



	1933
	In Germany, passage of the Law for the Prevention of Offspring with Hereditary Diseases, which describes individuals who should be sterilized (anyone living in Germany who carried a disease defined as hereditary) and establishes procedures for that sterilization to be carried out. A wide range of diseases were defined as hereditary, including several types of mental illness, chronic alcoholism, Huntington disease, and hereditable blindness, deafness, and physical deformities.



	1941
	George Beadle and Edward Tatum, studying red bread mold (Neurospora crassa), discover that genes code for specific proteins needed by the body.



	1943
	British scientist William Astbury proposes that DNA has a periodic structure formed by nucleotide bases stacked on top of each other.



	1944
	Oswald Avery, Colin MacLeod, and Maclyn McCarty publish an article in the Journal of Experimental Medicine suggesting that DNA, rather than protein, was the primary means of conveying genetic information in bacteria.



	1945
	Barbara McClintock discovers transposons, sometimes called “jumping genes,” while studying maize; these genes can move around on chromosomes, something not previously believed to happen. She was awarded the Nobel Prize for Physiology or Medicine in 1983 for this discovery.



	1950
	Austrian chemist Erwin Chargaff discovers what has since become known as “Chargaff’s Rules” regarding the nitrogenous bases that make up part of DNA. One of these rules specifies that any sample of DNA will have equal amounts of guanine and cytosine and equal amounts of adenine and thymine.



	1952
	British physician Douglas Bevis publishes an article in The Lancet showing that amniocentesis can be used to check for Rh-factor incompatibilities between a fetus and its mother. The prenatal use of amniocentesis has since been extended to test for many abnormalities, including Down syndrome, Fragile X syndrome, and spinal bifida.



	1952
	Raymond Gosling, a student of Rosalind Franklin, takes the x-ray diffraction image known as “Photograph 51,” which proves crucial in the discovery of the helical structure of DNA.



	1952
	Alfred Hershey and Martha Chase demonstrate through their work with phages that DNA carries hereditary information. Their research involved infecting viruses with radioactive labeled proteins or DNA and discovered that only the bacteria infected with radioactive DNA became radioactive themselves.



	1952
	Dr. George Gey establishes the HeLa cell line, still used today in medical research, using cells from the cervical cancer of a patient named Henrietta Lacks.



	1953
	British scientist Francis Crick and American scientist James Watson announce a model of DNA that includes the fact that it is shaped like a double helix; their model draws on previous work by Rosalind Franklin and Raymond Gosling.



	1955
	Indonesian American scientist Joe Hin Tijo, working at the University of Lund, discovers that humans have 46 chromosomes.



	1955
	American biochemist Arthur Komberg isolates DNA polymerase; in 1959 he is jointly awarded (with the Spanish scientist Severe Ochoa) the Nobel Prize in Physiology or Medicine for this work.



	1956
	German American biologist Vernon Ingram discovers that sickle cell anemia is caused by a single genetic mutation that causes a change in amino acid creation in hemoglobin.



	1958
	Matthew Meselson and Franklin Stahl demonstrate that replication of DNA is semiconservative, meaning that a new double-stranded segment of DNA includes one old strand (the parent strand) and one that is newly created (the daughter strand).



	1958
	The Moore-Stein amino acid analyzer, the first automatic sequencer for protein, is created.



	1959
	French pediatrician Jerome Lejeune discovers the primary cause of Down syndrome, a genetic condition characterized by a distinctive physical appearance and mental retardation. Lejune, working with karyotypes, expected to find that the disease was caused by a missing chromosome but instead discovered that most cases of Down syndrome are caused by trisomy 21, in which an individual has three rather than two copies of the 21st chromosome.



	1960
	Messenger RNA (mRNA) is discovered by a team of scientists working in France.



	1961
	Robert Guthrie develops the bacterial inhibition assay used to test at birth for PKU (phenylketonuria), a condition in which the individual cannot metabolize the amino acid phenylalanine.



	1961
	The function of messenger RNA (mRNA) is discovered by Sydney Brenner, Matthew Mesenson, and Francois Jacob: mRNA carries information from DNA (in the nucleus) to ribosomes (in the cytoplasm), where proteins are manufactured.



	1962
	Francis Crick and James Watson are awarded the Nobel Prize for their work in discovering the double helix structure of DNA.



	1966
	American biochemist Marshell Nirenberg discovered the way in which nucleic acids code for amino acids, known as the genetic code; in 1968 he was jointly awarded the Nobel Prize in Physiology or Medicine (with the Indian American chemist Har Gobind Khorana and the American biochemist Robert Holley).



	1968
	The Nobel Prize in Physiology or Medicine is awarded jointly to Marshall Nirenberg, Har Bogind Khorana, and Robert W. Holley, for their work describing how DNA codes for protein synthesis.



	1968
	Restriction nucleases, which can be used to cut specific sequences of DNA, are first described.



	1968
	Molecular biologist James Watson publishes The Double Helix: A Personal Account of the Discovery of the Structure of DNA, describing his work with Francis Crick that led to their discovery of DNA s structure in 1953.



	1969
	In the United States, the first program in genetic counseling is established at Sarah Lawrence College.



	1970
	Discovery of restriction enzymes, which become a fundamental tool in gene research and technology. Restriction enzymes are used to identify and cut specific segments of DNA.



	1970-1972
	Twelve American states require African American newborns be tested for sickle cell disease, a practice outlawed by the National Sickle Cell Anemia Control Act in 1972.



	1972
	Paul Berg inserts viral DNA into bacterial DNA, creating the first recombinant DNA molecule.



	1972
	Scientists reveal that the genetic composition of humans is almost identical (99 percent similarity) to that of chimpanzees and gorillas.



	1973
	In the United States, Herbert Boyer and Stanley Cohen demonstrate a procedure in which DNA fragments are cut from one source and inserted into another. They produce the first successful genetically engineered organism, an important breakthrough in the process of developing genetically modified organisms.



	1973
	The Southern blot technique, which becomes an important technique for studying DNA, is developed by Dr. Edward Southern.



	1974
	The National Institutes of Health (United States) forms a committee to oversee recombinant genetic research.



	1975
	Frederick Sanger develops the chain termination method of DNA sequencing, in which fragments of DNA are produced and separated, based on their length. Sanger’s method allows scientists to find the exact sequence of bases (adenine, guanine, cytosine, and thymine) that make up a fragment of DNA.



	1975
	The Asilomar Conference on Recombinant DNA, held in California, creates voluntary guidelines to apply to the creation and study of recombinant DNA technology. Among these guidelines are the principles that containment should always be considered, that the method of containment should be appropriate to the experiment and its risk level, and that biological barriers and other safety factors should be applied to recombinant DNA research.



	1976
	Genentech is founded by the biochemist Herbert Boyer and venture capitalist Robert Swanson.



	1977
	Introns, sections of DNA that do not code for proteins, are discovered by Richard Roberts and Phil Sharp.



	1977
	Somatostatin becomes the first protein to be created by bacteria using recombinant technology.



	1978
	The first “test tube baby,” Louise Brown, is bom in Manchester, United Kingdom. She was conceived by in vitro fertilization (IVF), a process in which oocytes (egg cells) are fertilized by sperm in the lab, and the resulting fertilized oocyte transplanted into the mother’s womb.



	1978
	Dr. Herbert Boyer successfully inserts a synthetic version of the human insulin gene into Escherichia coli, a bacteria.



	1980
	The U.S. Supreme Court rules that genetically engineered organisms may be patented. The organisms in question were bacteria designed to break down crude oil, which could be used to help clean up oil spills. The patent is awarded to the Exxon oil company, which uses the organism to help clean up a massive oil spill in 1989.



	1980
	Amgen, which becomes a major biotechnology medicines company, is founded in California.



	1981
	The first embryonic stem cells are derived from mouse embryos.



	1982
	GenBank Database is created by the U.S. National Institutes of Health: it is a free, public database containing DNA sequence data submitted by scientists.



	1982
	In the United States, the Food and Drug Administration (FDA) approves the use of Humulin, the first insulin for human use to be created using recombinant DNA technology.



	1983
	Founding of Dor Yeshorim, an organization dedicated to promoting genetic screening within the Jewish community for recessive traits that cause serious conditions, such as Tay-Sachs disease and Niemann-Pick disease. Testing is largely conducted anonymously, and people contemplating marriage can enter their code numbers into a system to see if both partners carry a gene for one of the disorders tested for.



	1983
	Rudolf Jaenisch and Beatrice Mintz successfully introduce foreign DNA into mouse embryos, the first successful example of genetic modification in animals.



	1983
	British scientist Sir John Sulston publishes a paper revealing the total cell lineage of the nematode worm Caenorhabditis elegans; this worm, which is typically about a millimeter long, was the first organism for which the origin of every cell was exactly known.



	1984
	A genetic marker linked to Huntington disease is located on Chromosome 4; it is the first genetic disease to be mapped using DNA polymorphisms. Huntington disease, an autosomal dominant disease, usually strikes in midlife and is characterized by progressively worsening rigidity, jerking movements, and dementia.



	1984
	Development of DNA fingerprinting, which uses restriction enzymes to divide DNA into fragments. Because these fragments often differ in length from one person to the next, this procedure can be used to identify individuals based on small samples of DNA from blood.



	1984
	Genentech produces Factor VIII, a clotting factor needed by individuals with hemophilia; the production and market of Factor VIII is licensed to Cutter Biological.



	1984
	Abzymes, which combine antibodies and enzymes, are described by Dr. Peter Schultz at the University of California.



	1985
	Kary Mullis, working for Cetus, develops a technique for polymerase chain reactions (PCRs), which can be used to make many copies of a small sample of DNA. PCR has become a basic technique in DNA analysis and research, used for many purposes, including diagnosis of genetic disease, forensic analysis, and genetic cloning.



	1985
	First use of genetic fingerprinting in a court trial.



	1986
	Field trials are conducted in the United States and France for a genetically engineered tobacco plant developed to be resistant to herbicides.



	1987
	Creation of the first comprehensive genetic map of human chromosomes, using restriction fragment length polymorphisms (RFLPs).



	1987
	The Belgian company Plant Genetic Systems produces genetically engineered tobacco plants that are naturally resistant to insects.



	1987
	The process of mapping the human genome becomes easier because of the discovery by Dr. Maynard Olson and colleagues that yeast artificial chromosomes (YACs) can carry much larger fragments of human DNA (containing millions of base pairs), as compared to the much smaller fragments that could be plasmids and viruses, which could carry only a few thousand base pairs.



	1989
	Two new genetic markers are discovered that make the project of studying the human genome simpler: microsatellites (repetitive DNA sequences) and sequence-tagged sites (unique stretches of DNA).



	1990
	In the United States, a four-year-old girl with severe combined immunodeficiency (SCID), a genetic condition that left her without a functioning immune system, is treated with gene replacement therapy. The procedure improves her immune function, although the effects are not permanent.



	1990
	The Human Genome Project, an international plan to map a complete set of human genes, is announced. Part of this program is to make the mapped genome, which is expected to be completed in 2010, available to anyone who wanted to use it.



	1992
	The U.S. Food and Drug Administration approves a multiple sclerosis treatment that uses a recombinant protein.



	1994
	The U.S. Food and Drug Administration approves the Flavr Savr tomato, for commercial production and sale in the United States. The Flavr Savr, developed by the California company Calgene, thus becomes the first genetically engineered food to be approved for human consumption in the United States. The Flavr Savr included a modified DNA sequence that resulted in their having a longer shelf life due to inhibited production of a protein.



	1995
	In the United States, the American with Disabilities Act is extended to include protection from discrimination based on genetic information.



	1995
	The complete gene sequence for the bacteria Haemophilus influenzae is completed at the Institute for Genomic Research.



	1996
	The sheep Dolly, the first mammal to be cloned from an adult mammal, is bom at the Roslin Institute in Scotland. To create Dolly, researchers fused cells from the udder of a six-year-old ewe with unfertilized eggs that had been stripped of their own genetic material, then implanted the cells into an unrelated ewe, who gave birth to Dolly.



	1996
	The first genetic counseling program in Canada is established at the University of British Columbia.



	1996
	Roundup Ready soybeans, developed by Monsanto, are introduced; this strain of soybeans is resistant to the herbicide Roundup.



	1996
	The GeneChip, a microchip that allows the analysis of thousands of genes simultaneously, is developed by scientists at Affymetrix and Stanford University.



	1996
	University Diagnostics begins offering mail-order genetic testing in the United Kingdom, and the Genetics and IVF Institute begins direct-to-consumer marketing for BRCA test kits.



	1996
	Completion of the genetic map for the mouse, an animal that shares 85% of its genes with humans and is often used as a model for studying disease in humans.



	1998
	Derivation of the first human embryonic stem cells, using donated embryos created through in vitro fertilization.



	1998
	Craig Venter forms the private company Celera Genomics with the goal of using computers to map the human genome. Unlike the Human Genome Project, which was announced two years later, Ventner intended to patent his results.



	1998
	Completion of the first genome sequencing for a multicellular organism, Caenorhabditis elegans (the roundworm).



	1999
	Completion of sequencing of chromosome 22, the first human chromosome to be sequenced.



	2000
	Researchers working on the Human Genome Project announce that 90 percent of the human genome has been sequenced.



	2002
	British scientist Sir John Sulston wins the Nobel Prize in Physiology or Medicine for his work on the genome of the nematode worm, including his discovery of how genes control cell division.



	2002
	Shotgun sequencing is used to rapidly sequence the genomes of many organisms, including the chimpanzee and the dog.



	2002
	In the United States, the Dine (Navajo) nation declares that it will not participate in genetic research. This decision is based in part on abuses in the past, including “vampire projects” in which scientists collected blood and then disappeared and projects that used DNA samples for studies that violated the religious or cultural beliefs of those whose DNA was used.



	2003
	The Human Genome Project announces that 99 percent of the human genome has been sequenced, with 99.99 percent accuracy.



	2003
	The National Human Genome Research Institute announces Project ENCODE, which aims to identify the functional elements in the human genome.



	2003
	Genetic doping is prohibited in sport by the World Anti-Doping Agency.



	2004
	The first field trials of golden rice, a genetically engineered strain with a high level of beta carotene, a precursor of vitamin A. The following year an improved strain, Golden Rice 2, with even higher levels of beta carotene, is developed.



	2006
	Discovery of induced pluripotent stem cells, specialized adult cells that could be reprogrammed into a state similar to that of stem cells.



	2006
	The U.S. Food and Drug Administration approves a recombinant vaccine for human papillomavirus, a very common virus that is associated with increased risk of cervical cancer.



	2007
	Mario R. Capecchi, Sir Martin Evans, and Oliver Smithies are awarded the Nobel Prize in Physiology or Medicine for their work in using embryonic stem cells to modify genes in mice.



	2007
	Philippe Horvath and colleagues, working with Streptococcus thermophilus (used to created yogurt and cheese), demonstrated the correctness of Francisco Mojica’s theories concerning CRIS-PRs in archaea and bacteria.



	2007
	Several companies, including Navigenics and 23andMe, begin offering genetic testing directly to consumers.



	2008
	In the United Kingdom, scientists work to create three-parent embryos. Their motivation is to prevent children from inheriting diseases caused by faulty mitochondria, which contain genetic material and are always inherited from the mother.



	2009
	Major League Baseball begins to use genetic testing to screen players from Latin America, including the Dominican Republic.



	2009
	In the United States, President Barak Obama signs an Executive Order providing more federal funding for embryonic stem cell research.



	2009
	In the United Kingdom, the Border Agency begins genetic analysis to determine the origins of migrants; the first individuals to which it is applied claim to be from Somalia. The technique used in this program uses multiple genetic markers, including single nucleotide polymorphisms (SNPs), and isotopic ratios of elements in the hair and fingernails, to try to determine the previous residence of the migrants. The program is criticized because data on populations in Africa are often lacking and because many factors could lead to misidentifying a person’s origins.



	2009
	The Nobel Prize in Physiology or Medicine is awarded to Elizabeth Blackburn, Carol Greider, and Jack Szostak, for their work in discovering the protective function of telomeres and telomerase on chromosomes.



	2010
	The National Collegiate Athletic Association (NCAA), which oversees college sport in the United States, begins requiring mandatory testing for sickle cell anemia.



	2010
	Dr. Robert Edwards is awarded the Nobel Prize in Physiology or Medicine for his work in developing in vitro fertilization (IVF). Edwards, with colleague Dr. Patrick Steptoe, developed the IVF techniques that led, in 1978, to the birth of the world’s first “test tube baby.”



	2010
	Researchers from several institutions, including Cardiff University School of Medicine and deCODE Genetics in Iceland, announce the discovery of genetic markers (large CNVs [copy number variants]) associated with attention deficit hyperactivity disorder (AHDH). However, other researchers caution that the evidence presented is based on a case-control study and that the results indicated differences in probability between the groups rather than absolute distinctions (e.g., cases had about twice as many CNVs as cases, and large CNVs were present in 14 percent of the cases as compared to 7 percent of the controls).



	2012
	Scientists in the United Kingdom and Untied States report in Nature that they have discovered a gene mutant associated with increased susceptibility to flu and more serious cases of flu; about 6 percent of people hospitalized with the flu carry the mutated version of the gene, as compared to about 0.3 percent of those in the general population.



	2013
	DNAFit, a company that offers customized exercise programs based on genetic testing, is founded by Avi Lasarow. A study published in the journal Biology and Sport in 2016 found that athletes using customized exercised programs based on their genetic makeup showed greater improvement than those following generalized exercise recommendations, although some scholars cautioned against overinterpreting a single study, particularly one with a moderate sample size (67 athletes) and brief duration (eight weeks).



	2013
	Feng Zhang and colleagues successfully use the CRISPR-Cas9 editing system to edit mouse genomes.



	2013
	The World Food Prize is awarded to Robert Fraley, Marc Van Montagu, and Mary-Dell Chilton, who led teams that applied genetic engineering to crops.



	2014
	In the United Kingdom, two teams in the Barclay’s Premier League begin DNA testing of their players.



	2015
	Tomas Lindahl, Paul Modrich, and Aziz Sancar are awarded the Nobel Prize for Chemistry for their work in showing how cells repair their DNA, a process that has been described to continual proofreading and correction of a text.



	2015
	Anthony James and a team from the University of California, Irvine, announce creation of genetically modified mosquitoes that are incapable of transmitting malaria. While these mosquitoes could be useful in preventing the spread of malaria, other researchers warn that the risk of accidental release of genetically modified organisms could have unpredictable consequences for the earth’s ecology.



	2015
	Globally, the consumer testing market (including companies such as 23andMe and AncestryDNA) is predicted to be worth $340 million by 2022.



	2016
	One study identifies 246 firms that offer direct-to-consumer genetic testing, often offering a range of products including ancestry identification, testing for genetic disease, and testing for athletic traits.



	2016
	Salk Institute researcher Reyna Hemandez-Benitez and colleagues announce successful use of CRISPR, a gene editing technique, to restore sight to blind rats.



	2016
	A letter signed by 107 Nobel laureates urges Greenpeace to stop opposing genetically modified organisms, including golden rice.



	2016
	A poll conducted by the Pew Research Center finds that more Americans are very or somewhat worried (68 percent) about applying genetic testing to babies than are very or somewhat enthusiastic (49 percent) about this possibility.



	2016
	A research team at Great Ormond Street Hospital in London discovers a genetic mutation (in the gene KMT2E) that causes a movement disorder in children, making it difficult for them to walk or control their limbs.



	Jan. 2017
	The Australian Institute of Sport issues a position statement on the use of genetic testing to guide sport selection, training, or talent identification for athletes. They recommend that athletes and coaches not use direct-to-consumer testing services because of questions of validation and the lack of involvement of a medical professional in the process. They also state that there are no currently validated uses for genetic testing in sport, other than (in some cases) to identify athlete susceptibility to illness or injury.



	Aug. 2017
	Deepak Voora and colleagues at Duke University announce development of a genetic test to identify a gene encoding for a protein that has been associated with muscle pain among some individuals taking statins, drugs commonly prescribed to lower cholesterol and help prevent heart disease.



	Sept. 2017
	Researchers at the Icelandic company deCODE announce results indicating that men were about four times as likely as women to pass on genetic mutations to their children.



	Dec. 2017
	Researchers at Harvard University and MIT announce they have developed a method, using edited genes, to prevent progressive deafness in mice.



	Jan. 2018
	Three medical organizations, the International Society for Prenatal Diagnosis, the Society for Maternal Fetal Medicine, and the Perinatal Quality Foundation, urge that restrictions be placed on the use of whole-genome prenatal genetic screening.



	Jan. 2018
	In China, two macaque monkeys created through somatic cell transfer are bom; they are the first cloned macaque monkeys to be bom using this technique, which was also used to create Dolly the sheep.



	April 2018
	The Psychiatric Genomics Consortium, an international team of over 200 researchers, announces the identification of 44 genetic variants linked to depression, including 30 that are novel. This study was based on analysis of data from over 135,000 cases (persons with depression) and about 345,000 controls (persons without depression).



	April 2018
	The U.S. Department of Agriculture approves the use of gene editing techniques on plants, including agricultural crops.



	April 2018
	Information contained in a public DNA database, GEDmatch, is used to identify Joseph James DeAngelo as a suspect in the “Golden State Killer” case. DeAngelo, age 72 at the time of his arrest, is accused of committing 12 murders and about 50 rapes between 1974 and 1986.



	May 2018
	A joint position statement from the International Society for Prenatal Diagnosis, the Society for Maternal Fetal Medicine, and the Perinatal Quality Foundation argues that genome-wide prenatal tests are too new and untested to be recommended for routine use.



	June 2018
	Reporter Tina Hesman Saey publishes an article in Science News discussing the variability in the reports she received from their direct-to-consumer genetic testing companies—Living DNA, Family Tree DNA, AncestryDNA, and 23andMe—as well as from the National Geographic Geno 2.0 application available through Helix.



	Sept. 2018
	The Human Fertility and Embryology Authority (Hfea) in the United Kingdom calls for DNA testing websites to warn customers about possible adverse effects of having genetic testing performed. Among the concerns noted by the Hfea are the ability to discover the identity of anonymous sperm and egg donors, the possible trauma resulting from information about genetic mutations, and the possible consequences of tracing their family tree through genetic connections when such information does not agree with what they have been told about their ancestry.



	Oct. 2018
	An article in Science by Yaniv Erlich and colleagues claims that there is better than a 50 percent probability that a person of European descent will find at least one match at the level of third cousin or closer in currently existing genetic databases. They also warn that the growing popularity of public access genetic databases, and the development of advanced techniques to link individuals within them, means that attempts to have anonymized data may not be sufficient to protect people’s privacy.



	Nov. 2018
	The firm Genomic Prediction announces, in an article published in New Scientist, that it has developed genetic screening tests for embryos that can assess complex traits and be used to identify conditions such as mental disability or a propensity to develop heart disease.



	Jan. 2019
	The National Health Service in England offers free genomic sequencing to people with serious health conditions, and it offers the same services for a price to healthy people. The data will be made available to researchers, and those who take part in the program will have the option of receiving a report based on analysis of their genome that will estimate their risk of developing certain medical conditions.



	March 2019
	British health secretary Matt Hancock, motivated at least in part by test results showing that he has an elevated risk for prostate cancer, suggests that genomic testing be included in screening programs covered by the National Health Service in England. However, this suggestion is met with skepticism, because genomic testing is still in the early stages of development, and the risk reported to Hancock, 15 percent over his lifetime, is only slightly elevated over the population lifetime risk of 12 percent.



	March 2019
	The Alabama Genomic Health Initiative, funded by the state of Alabama, offers free genetic testing to residents for 59 specific mutations associated with a higher risk of serious conditions such as heart disease and cancer. The state also seeks to recruit more nonwhite people to contribute to the state’s biobank, which stores blood samples for future research. The project, which will be completed in 2022, requires individuals to specifically consent to have their blood stored in the biobank.



	April 2019
	At a symposium in Minneapolis, leaders of the LawSeq project identify difficulties that advances in genetics and genomics pose to current medical standards and legal principles. For instance, current science may discover that a particular gene variant is associated with increased risk for a particular disease, raising the question of what responsibility physicians and hospitals have to retroactively inform people who were found several years ago to have that variant (before it was known to be associated with increased risk). In particular, if the patient is no longer receiving care from that physician or hospital, what measures, if any, should be required as part of the effort to locate and inform the patient of the new information?



	May 2019
	A hospital in the United Kingdom launches a study that will result in about 100 people being treated for high blood pressure having their genome sequenced. Information gained from this project will be added to the 100,000 Genomes Project, which gathers information from the genome sequencing of people with cancer or rare diseases.
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