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Abstract

Precision medicine was conceptualized on the strength of genomic sequence
analysis. High-throughput functional metrics have enhanced sequence inter-
pretation and clinical precision. These technologies include metabolomics,
magnetic resonance imaging, and I rhythm (cardiac monitoring), among
others. These technologies are discussed and placed in clinical context for
the medical specialties of internal medicine, pediatrics, obstetrics, and gyne-
cology. Publications in these fields support the concept of a higher level of
precision in identifying disease risk. Precise disease risk identification has the
potential to enable intervention with greater specificity, resulting in disease
prevention—an important goal of precision medicine.
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INTRODUCTION

Late-onset adult diseases are the largest healthcare burden in both morbidity and care cost in
the United States. Cardiovascular and neurologic disorders and cancer have the highest clinical
burden (1). Given the aging population, new approaches for risk identification and disease preven-
tion are needed. This review presents the technological and medical advancements for precision
medical identification of disease risk and therapy intervention at the level of the individual patient
(“N of 1”).

Attractive approaches to the goal of precision medicine are use of noninvasive, high-throughput,
and high-content technologies that provide actionable information. These parameters lend them-
selves to acceptance in medical practice. The goals of precision medicine are disease risk identi-
fication and pathology intervention. This disease-prevention strategy satisfies the goals of lower
health cost and reduction of morbidity.

There are innovative technologies now available and in development that advance the purposes
of precision medicine. The following are emphasized because they have been tested and found
useful: genome sequencing, metabolomics, pharmacogenomics, proteomics, magnetic resonance
imaging (MRI), bioinformatics, machine learning, and the electronic record of personal medical
history and family medical history. Recent progress in transcriptome sequencing adding interpre-
tative value has been reported (2) but is not included in this review. Function measurements are
critical to subsequent therapeutic intervention. It is therefore essential to have functional tools
for precision medicine that complement the prediction of aberrant function determined by DNA
sequence information.

GENOMIC SEQUENCING

Genomic sequencing was enabled in clinical settings by advances in instrumentation with features
of high throughput, lower cost, and cloud storage of data. These Illumina instruments differed
from the ABI Technologies instruments that were used to obtain the first human genome frame-
works (3, 4). The first approach to genome sequencing targeted the 180,000 expressed regions of
the 22,000 known genes. The exome is 1.2% of the 3.2 gigabases in a human genome or about
30 million base pairs. Whole-exome sequencing (WES) and whole-genome sequencing (WGS)
are the common approaches for clinical settings. WES requires a hybridization capture technol-
ogy prior to sequencing (5). The WES strategy entails lower cost and shorter analytical time
than WGS. Clinical application of WES is practical, as reflected by the immediate success in
genetic disease diagnosis and new disease gene/disease discoveries (6). The transition to WGS
was enabled by advances in instrumentation, collaborative efforts of genome centers and industry,
cloud storage organization, and the establishment of a consortium on human genomes for use in
analytical validation. WGS is the most comprehensive method for analyzing human genomes; it
does not require capture technology, and as stated, it sequences the entire genome. WGS allows
the identification of disease-causative variants in exonic (protein coding), intronic (splice regions),
and regulatory regions for identification of protein expression and gene regulation mechanisms
(7). WGS therefore surpasses WES for medical sequence knowledge, providing not only the full
sequence of expressed genes in the genome but also sequence information for genomic regulatory
elements. The enormity of the WGS data set provides analytic challenges for medical interpre-
tation by physicians and patients, as well as the challenge of controlling costs for whole-genome
N-of-1 sequence analysis.

DNA sequence information is extensively used by the biotechnology and pharmaceutical in-
dustries for drug development, including new drug target identification and selection of genetic
cohorts for clinical trials (8, 9). Each of these applications involves significant challenges, but once
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analytical bottlenecks are navigated, information from WGS can be readily automated. Medical
interpretation cannot.

Both WES and WGS are in clinical use today. Each sequencing strategy continues to improve
and has advanced far beyond a “research” designation. Clinical utilities are illustrated in a later
section (Fields of Application of Precision Medicine Advancements).

Interpretation

Interpretation of a genomic sequence is not a simple issue (10). Medical interpretation of DNA
sequence variation has to consider not only the enormity of the genome (3.2 billion base pairs) (11)
but also the high variability among general populations. An individual genome can vary at 4.1–5.0
million positions compared to a reference genome, thanks to ancestral population sequence variant
biases (http://www.gwascentral.org) and the continued introduction of new mutations (12). The
transcription–translation process has a built-in tolerance to genomic variation, as observed in
the fact that although the genetic triplet codes for 64 codons, only 20 amino acids are encoded.
The amino acids are encoded by one to six triplet codes (e.g., tryptophan and methionine arise from
a single codon, whereas leucine can arise from six different codons). Genome sequence variation is
tolerated by the permissiveness of the degenerative genetic code, and substitution of amino acids
with similar biochemical properties can result in no deleterious change in a protein. The medical
interpretation of sequence variations (damaging or tolerated) must take these features into account
before rendering a precision diagnosis based on sequence alone. Informatics algorithms that take
into account these features are used to rapidly estimate the impact of amino acid changes and
regulatory sequence substitutions on gene function (13).

Disease-specific databases provide a strategy for improving precision. Disease databases are
available that associate sequence variations (mutations) with diseases established to be causative
by published patient studies. An example is the breast cancer database set up by Global Al-
liance (https://www.patientpower.info/video/the-advanced-breast-cancer-global-alliance),
HGMD (http://www.qiagenbioinformatics.com), Clinvar (http://www.ncbi.nlm.nih.gov/
clinvar), OMIM (http://www.omim.org), Leiden Open Variation Database, DECIPHER (14),
and recent publications are encyclopedias for identifying sequence variants causative of disease.
Using this knowledge, one can interpret the disease risk for many sequence variants in an indi-
vidual’s genome. It is estimated that each individual has 10,000 protein-coding variants in exons
and many more noncoding variants in the whole genome. Despite these variations, risks of many
cardiovascular diseases, cancers, and neurodegenerative diseases can be predicted by sequence
alone.

Additive to use of databases, one can make a disease risk prediction if the mutation damages or
eliminates synthesis of the protein. Variants creating deletions, insertions, canonical splice sites,
and premature termination are examples of variants that are predicted to lead to loss of function
(15). Comparative sequence analysis using informatics algorithms can evaluate additional variants’
impacts on functions (13). It can identify highly conserved portions of a gene across species and
among humans by the biochemical characters of amino acid substitutions. Examples of conserved
sequence regions include sequences that encode gene regulatory regions and protein-protein
interaction, transmembrane protein regions, catalytic active sites where sequence is critical to
function of proteins, and low-frequency occurrences suggesting essential functions. Although it
appears cumbersome, informatics automation has simplified interpretation of sequence variants
for clinical use. WGS is identifying regulatory mutations and thereby building knowledge of the
genetic basis of disease. Presently, we are aware of 246 inherited diseases caused by 612 noncoding
variants (16). However, informatics cannot completely solve the challenges of interpretation.
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Table 1 “N of 1” genome reporta

Mode of
inheritance Gene Variant Zygosity

Associated
conditions

Clinical
significance

autosomal
recessive

CFTR NM_000492.3:c.1521_1523delCTT
NP_000483.3:p.Phe508del

heterozygote cystic fibrosis pathogenic

autosomal
recessive

GBA NM_000157.3:c.1226A>G
NP_000148.2:p.Asn409Ser

heterozygote Gaucher’s disease pathogenic

autosomal
dominant

BRCA1 NM_007294.3: c.213-2A>C heterozygote hereditary breast and
ovarian cancers

pathogenic

autosomal
dominant

LDLR NM_000527.4: c.654_656delTGG
NP_000518.1: p.Gly219del

heterozygote familial
hypercholesterolemia

pathogenic

unknown MSH6 NM_000179.2:c.3558_3565delTGAAAGTA
NP_000170.1:p.Glu1187Ilefs

heterozygote Lynch syndrome likely
pathogenic

unknown MC1R NM_002386.3:c.86dupA
NP_002377.4:p.Asn29Lysfs

heterozygote cutaneous malignant
melanoma

VUS

aThis report is synthesized from several individuals from the 209 study to protect privacy (17). Omitted from this abbreviated illustration is the description
of the disease, risk of occurrence of disease, frequency of the variant, and medical references supporting the diagnosis. The report typically does not make
medical recommendations.

At this time, genomic sequence alone is not sufficient for precision genomic diagnosis of
disease risk, nor for identifying genetic diseases in affected patients. Recognition of this has led
to a cautious classification of genomic variants as pathogenic, likely pathogenic, and “variant of
uncertain significance” (VUS) to assist physicians and patients with diagnostic precision reporting.
An example of an N-of-1 genome report, actually a composite of findings from several patients,
is shown in Table 1 and discussed in the following subsections. The genomic information in
this report would enable a medical geneticist, genetic counselor, and board-certified specialist to
counsel a patient on disease risk.

Autosomal Recessive Conditions

Autosomal recessive conditions are commonly detected in families with no history of genetic dis-
ease. Cystic fibrosis variants are commonly detected because the population carrier (heterozygote)
frequency of this disease is 2.5% in North Americans (OMIM #219700). Gaucher’s disease vari-
ants are found commonly in Ashkenazi Jews (1.5%) but not exclusively (OMIM #230800). These
two recessively inherited disorders illustrate a feature of disease penetrance. Cystic fibrosis carri-
ers generally have normal adult health. Adults who are carriers of a Gaucher’s mutant gene have
increased risk of Parkinson’s disease (18). The medical community is recognizing more examples
of penetrance features associated with recessive disorders as we determine the health impact of a
single gene mutation over a life span.

Autosomal Dominant Conditions

Autosomal dominant conditions are recognized in families with a multigenerational history of a
specific disease. They can also emerge by de novo mutation; achondroplasia, for example, occurs
predominantly by de novo mutation in the FGFR-3 gene (19). In the case of dominant disorders,
the second, normal copy of the gene does not protect from disease.

Cardiovascular patients commonly have a multigenerational family history of disease. Type II
hypercholesterolemia is due to mutations in the low-density lipoprotein cholesterol (LDL)
receptor. The issue of penetrance is illustrated by the fact that children with two copies of the
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defective gene have early-onset vascular disease and those with a single copy develop cardiovascu-
lar disease prematurely in midlife. This genetic risk discovery opened the cardiovascular genetic
field for risk identification (20). Because the incidence of LDL receptor mutations is 2% in the
US population and statins reduce disease risk for these patients, screening has been proposed as
a public health initiative (21).

Cancer provides another example of autosomal dominant risk identification. The pathogenic
variants in BRCA1 and BRCA2 are found among individuals with family history for breast and ovar-
ian cancer (2%) (22). Population-based screening has already been enacted in Israel, where only
three variants account for 95% of risk of BRCA1 and BRCA2 cancers, thus simplifying screening
and controlling cost of this public health strategy (23). Not all patients who carry pathogenic vari-
ants will develop either breast or ovarian cancer by the age of 65. For these BRCA1 gene sequence
variants, the disease risk is 26–55%, and for BRCA2 variants it is 25%. The mechanism of avoidance
of disease is not understood at this time, but suppressor genes are suspected. Suppressor mutations
are well known in Saccharomyces cerevisiae, Escherichia coli, and Drosophila (24), though none have
been discovered in humans to date. Genetic modifiers of penetrance of BRCA1 and BRCA2 have
been studied by polygenic panels of SNPs in an effort to genetically localize “suppressors” (25).

Pathologic gene sequence variants are considered “risk variants.” Their identification in an
individual patient places considerable responsibility on the physician and counselor to translate
this finding into a plan for care, surveillance, or management.

Variants of Uncertain Significance

The report in Table 1 notes two variants of uncertain significance (VUS). The first example is
a mutation in the mismatch repair gene, MSH6 (OMIM 615083). This risk finding is within the
list of genes (26) recommended for reporting by the American College of Medical Genetics and
Genomics (ACMG) (27). A pathogenic variant in MSH6 has been reported in ∼10% of families
with Lynch syndrome, also known as hereditary non-polyposis colorectal cancer. In this example,
the causative variant is a premature chain termination mutation predicting a truncation of the
protein. Although the specific mutation is not reported in the literature, the variant is predicted
to cause loss of function. Given the lifetime cancer risk of 80% for MSH6 pathogenic variants,
the finding was reported to this individual, who had a positive family history of colon cancer. The
patient can use colonoscopy surveillance with the knowledge of the identified sequence-based risk.
The second VUS is a variant in a gene (MC1R, melanocortin receptor 1) that regulates melanin
levels and thus skin color (OMIM # 155541). Individuals carrying this variant have a four- to
eightfold increase in risk of squamous and basal cell cancer. Because the gene is known to be
highly polymorphic (varying in sequence) and only a few variants are reported to reduce function
of the gene, cautious interpretation of the cancer risk is warranted. The patient can utilize the
sequence-derived risk information to reduce disease risk by reducing sun exposure, avoiding use of
mutagenic UV-blocking agents, undergoing regular medical dermatologic surveillance for cancer
lesions, and opting for early surgical removal of such lesions.

METABOLOMICS

Metabolomics has the potential to detect 3,000 small-molecule compounds (analytes) in serum
(Figure 1). Advances in mass spectroscopy currently permit reliable quantitation of 1,500 analytes
for each patient. Recent genetic twin studies (28) established a heritability factor of 70–80% for
levels of 650 analytes in serum. Metabolomics provides a new functional diagnostic approach
to evaluate disease risk for cardiovascular, metabolic (diabetes), and renal disease. Metabolomics
quantitation and gene sequencing used in concert reveal the genetic basis of many metabolism
differences among individuals. Metabolomics has the advantage of evaluating an entire pathway
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DNA gene
sequence variations

22,000 genes

4,500 disease genes

Metabolic
pathway abnormalities

3,000 analytes

400 pathways

100 IEM

Figure 1
DNA sequence/metabolomic linkage strategy. The figure illustrates the complementarity of whole-genome
sequencing of pathogenic variants and metabolic function.

(carbohydrate, urea cycle, lipids) in health and disease. In two recent twin and N-of-1 studies
(17, 28), 54 associations of disease-causative gene mutations were made by detection of metabolic
pathway abnormalities. The genetic use of those associations is illustrated in the next section
(29, 30), which shows how pathway analysis can lead to resolution of an undiagnosed childhood
disease. (A specific single-gene mutation identified in the pathway accounted for the metabolic
abnormality.) We have previously reported the strategy to identify or refute a VUS as disease
causative in a study of normal individuals (31).

In the newly identified 54 examples, the genes were frequently associated with inborn errors
of metabolism (IEMs) in children (31). Two additional individual adults had an IEM detected by
metabolite analysis. Children are screened for the IEM with the objective of early treatment and
reduction of disease damage (32). At this time, it is clear adults have metabolic “penetrance” for
these typically “recessive” traits. The analyte quantitative variation for adults can be as much as 4–5
standard deviations above or below population norms. It is unknown if adults could benefit from
dietary or drug management as is standard practice for children with IEMs. We are in early days
of such new discoveries of genetically determined metabolomic abnormalities. The situation is
reminiscent of the introduction of automated analyte testing whose results sometimes revealed an
unsuspected disease diagnosis. Mass spectrometry detects 150 times as many analytes as current
laboratory tests and is far more sensitive. When metabolic variation is matched to the genetic
causation, we gain greater precision and expand informed therapy options.

PHARMACOGENOMICS

Mass spectrometry analysis has improved pharmacogenomics by enabling detection of drug level,
drug metabolites, and drug effectiveness, as well as sensitive detection of liver and kidney toxicity.
The technology is widely used by the biotech and pharmaceutical industries to prepare for US Food
and Drug Administration (FDA) approval of a new chemical entity. Genome studies have identified
numerous drug metabolism genes and sequence variations affecting drug levels. Iatrogenic diseases
caused by drugs are influenced by the variable expression of these genes, as well as inhibition (via
drug/drug interaction) of metabolizing enzymes. Considerable research has focused on sequence
variations of these metabolizing genes, which influence dosing levels. Despite this knowledge,
predicting effective first dosage has been difficult to achieve. An extensively studied example is
the anticlotting drug warfarin (33), whose activity is affected by CYP2C9, VKORC1, and CYP4F2
gene variants. However, success has been realized for 6-mercaptopurine in leukemia therapy
(34). Three to fourteen percent of TPMT variants lower drug metabolism and increase toxicity.
Individuals with one nonfunctional TPMT allele experience moderate toxicity, and individuals with
two nonfunctional TPMT alleles experience severe myelosuppression. Identification of the poor-
metabolism TPMT variants is now a test for selecting initial dosage for leukemia patients. Research
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FDA-approved dosage

Metabolism

Reduced drug levels Anticipated level Elevated drug levels

Reduced efficacy Efficacy without toxicity Increased toxicity

Fast Slow

Figure 2
FDA-approved dosing is typically determined by testing for drug efficacy and toxicity on a genetically
heterogeneous cohort ( green pathway). Individuals may be underdosed ( yellow pathway) owing to “fast”
P450-metabolizing gene variants or elevated P450 levels caused by an increase in P450 gene transcription
due to a second drug. Other patients (red pathway), having a “slow” P450-metabolizing allele or P450
enzyme inhibition by a second drug, may be overdosed and experience drug toxicity.

is now directed at the actual measurement of drug (and metabolite) level and earlier toxicity
detection. Use of the genetic sequence of metabolizing genes together with mass spectrometry
quantitation provides a dual and more accurate N-of-1 solution to the quandary of efficacy versus
toxicity when determining the optimal drug dosage for a patient.

Figure 2 illustrates how genetic sequencing and mass spectrometry improve precision dosing
of individual patients. FDA-approved dosing is typically determined by testing for drug efficacy
and toxicity on a genetically heterogeneous cohort. At the approved dose, patients with faster-
metabolizing gene variants will have lower than expected drug levels and efficacy; those with
slower-metabolizing gene variants will have elevated drug levels and toxicity. Genetic sequencing
and mass spectroscopy provide the drug levels as well as determining therapy efficacy and toxicity
effects. We have previously reported toxicity metabolic effects for two commonly used drugs,
statins and acetaminophen, linked to high drug level (31). Figure 3 (29, 30) provides three specific
illustrations of the pharmacogenomics principles shown in Figure 2.

Immunologically driven drug toxicities are associated with specific DNA variants in the HLA
and HLB loci. Catastrophic Steven Johnson syndrome is linked to HLA sequence variants in-
fluencing responses to specific drugs. Examples include HLA-B∗57:01 for abacavir (35) and flu-
ocloxacillin, and HLA-B∗15:02 for carbamazepine and phenytoin (see Reference 36 for more
examples). In the case of these HLA-B∗ variants, implementing pharmacogenomics and mass
spectroscopy drug quantitation enables us to avoid iatrogenic drug injury as we strive for preci-
sion diagnosis and therapy.

The recent report of a severe neurologic disorder due to fatty acid amide hydrolase empha-
sizes the need for new strategies to detect iatrogenic disease (37). Metabolomics is an obvious
consideration for early detection of injury.

PROTEOMICS

Proteomics has been difficult to develop because there is wide variation in levels of specific proteins
in sera (albumin and human growth hormone illustrate the challenge). Elisa protein quantitation
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Metabolism (CYP2D6)

Subtherapeutic level: < 150 ng/ml Toxic level: > 600 ng/ml

Therapeutic level: 200–600 ng/ml

Ultra rapid metabolizer –
3 or more copies
of CYP2D6

CYP2D6*3,
*4 and *5

No response Fatigue, vertigo,
confusion, agitation,
muscle rigidity

Nortriptyline: dosage 50–150 mg/daya

Metabolism (CYP2B6)

Subtherapeutic level: < 1,000 ng/ml Toxic level: > 4,000 ng/ml

Therapeutic level: 1,000–4,000 ng/ml

Rapid metabolizer –
rs2279345, rs4803417,
rs4802101, rs61663607 CYP2B6*6

50% failure rate to
clear the HIV virus

Drug-induced liver injury
(common cause of hospitalization
and life-threatening events in
HIV patients)

Efavirenz: dosage 600 mg/dayb

Metabolism (TPMT)

Subtherapeutic level Toxic level

Therapeutic level: 50–424 ng/ml

Thiopurine S-methyltransferase

TPMT*3C/*4
TPMT *3C/*2
TPMT *3A/*4

TPMT *3A/*3A
TPMT *2/*3A
TMPT*3C/*3A

TPMT*1/*3C
TPMT *1/*4

TPMT *1/*2
TPMT *1/*3A
TMPT*1/*3B

Patients should have
dose reduced by
30–70%

Accumulation of excessive
thioguanine nucleotides with
rapid and potentially
life-threatening myelosuppression

6-mercaptopurine: dosage 75 mg/m2/d or 1.5 mg/kg/dc

Figure 3
Three specific
illustrations of the
pharmacogenomics
principles shown in
Figure 2. (a) The
clinical effectiveness
and toxicity of
nortriptyline are
illustrated by CYP2D6
genetic variants.
(b) For efavirenz, both
failure of efficacy and
toxicity are determined
by CYP2B6 genetic
variants. (c) Both
excessive and toxic
levels of
6-mercaptopurine are
caused by TPMT
genetic variants.
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and flow sorting are examples of current clinically accepted technologies. A novel use of conjugates
of monoclonal antibodies and metals (38) has increased the number of proteins (∼50) that can
be quantitatively detected by mass spectroscopy but falls short of the large numbers of proteins
desired for genome-wide detection. There is a critical need for this functional technology to
measure both protein levels determined by gene coding variants and their regulation. SomaLogic
(39) recently claimed to have a technology capable of measuring 5,000 proteins with specificity
and qualitative data by utilizing a “sandwich” aptamer technique. This functional tool would be a
welcome addition, correlating protein level to genome sequence variants.

IMAGING

Magnetic resonance imaging (MRI) has advanced in resolution, speed of scan, and imaging of
blood flow dynamics in heart, veins, and arteries. New software for diffusion wave imaging has
been excellent for imaging cardiac and vascular system anomalies without contrast media, con-
ducted noninvasively and without radiation risk (40). 3D time-of-flight magnetic resonance has
the ability to detect unsuspected high-risk disease phenomena such as aneurysms (Figure 4),

b

a

Left cavernous ICA
brain aneurysm

Figure 4
An example of the use of interference magnetic resonance imaging and visual detail obtained by this
noninvasive technology: intracranial arteries and veins from noncontrast magnetic resonance angiography in
(a) a normal case and (b) a positive HLI case [a 47-year-old female with an unexpected, newly identified left
cavernous internal carotid artery (ICA) aneurysm].
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vascular narrowing, and other abnormalities prior to a catastrophic event. Thus, MRI can reduce
disease risk. Early detection of cancer lesions of the lung, pancreas, colon, prostate, and ovaries
using T1 and diffusion weighted imaging provides precision diagnosis for early surgical interven-
tion and cure (41). In contrast to identifying risk via DNA sequencing, as is done for colon and
breast cancer, MRI imaging identifies the transition from genetic risk to actual disease. The two
approaches, genetic and imaging, are linked for greater success in precision medicine directed at
reducing cancer morbidity. One publication has suggested MRI does not decrease mortality for
any cancer (42). These competing approaches to early cancer intervention should be considered
as phenotypic/genetic detection methods, each with merit.

A recent report has suggested stem cell replication error rate, not genetic predisposition, is the
major driver of neoplasia (43). This new information may influence MRI becoming the primary
strategy for early cancer intervention in precision medicine. In addition to its value in noninvasively
following patients with an established genetic risk, MRI serves as a precision medicine approach for
neoplasias where there is no known genetic predisposition. MRI is already accepted for follow-up
of patients treated for cancer either surgically or by medications.

An example of MRI surveillance for cancer development is the Tanner Project (http://www.
tannerproject.org/). Mutations in the p53 gene can give rise to different cancers in different
individuals within a family where the p53 risk mutation occurs. Frequent whole-body scans of an
individual at risk can detect the transition from risk to disease for the multiple organs where cancer
can emerge. This approach has succeeded in early detection of prostate cancer where prostate-
specific antigen testing and biopsy have frequently failed (44). This detection is made possible by
use of differential imaging technology (diffusion wave technology), which can distinguish hyper-
trophy from cancer. Differential imaging of the pancreas can distinguish cysts, which are common,
from cancer, which is rare (45).

MACHINE LEARNING

Machine learning has demonstrated its potential in medical practice, including digital pathology,
disease prognosis, and diagnosis. The first targets for machine learning are now identified for
precision medicine. The challenge is to train for diagnosis from multiple data sets derived from
the technologies discussed above as well as future technologies. Interpretation of genetic sequence
data has benefited from computer condensation of sequence variants (∼10,000 for exons) into a
handful of genetic disease risk candidates. When further validated, machine learning will provide
trained geneticists and physicians with a translational tool for clinical reporting of sequence data.
Exon sequencing prior to machine learning took 12–14 weeks of personnel curation time. An
advanced genomic search engine (HLI Search) by Human Longevity, Inc., has reduced the analysis
time for identification of disease-causing variants in N-of-1 or trio cases from 12–14 weeks to less
than a second (30). The HLI Search engine is not formally machine learning but is the initial
step toward that objective. It encompasses traditional components of a genomic search engine
but more importantly enables users to query multiple data types simultaneously and is highly
interactive for specific queries, responding in <500 ms. Two successful projects, in obesity and
coronary artery disease, have illustrated N-of-1 precision medicine utility beyond the 209 study
(17). This improvement utilizes a proprietary index technology that allows retrieval of genomic,
annotation, and phenotypic data from 0.10000 individuals simultaneously. Analysis of N-of-1 or
trio cases through genotype and phenotype integration further improves precision of diagnosis.
An example of this new initiative links disease-causative mutations and abnormal metabolite levels.
This program uses biochemical and gene pathway analysis to establish a precision diagnosis in
children and adults. A reduction of the current 2–3 h analysis time per case to less than a second
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would be highly utilized. This feature is particularly important as we expand into large population
studies. These achievements will additionally enhance rapid precision diagnosis of childhood IEMs
(acute disease) and adult metabolic disease (chronic disease).

A goal of machine learning is to enhance physician access to new knowledge provided by
precision diagnosis and interpretation of integrated health data, so as to ultimately guide safe and
effective therapy choices. Current data sets are composed of electronic family and personal history,
DNA sequence, metabolomics, proteomics, imaging, and pharmacogenomics. These data sets
frequently reside in silos rather than being integrated for precision diagnosis and optimal therapy
selection. The initial goals for information technology have been realized in rapid simplification
of data analysis. Machine learning has a greater challenge. Analysis of different data sets in a
logic-based strategy directed toward individual diagnosis would need to satisfy medical diagnosis
criteria and be self-correcting. This is similar to the training of an individual physician, who
considers several possible diagnoses, tests each by functional assays and imaging, and learns from
successes and errors. Machine learning for medical practice will be critical to the utility of our
new technologies for precision medicine and has the advantage of taking into account the larger
medical practice experience.

FIELDS OF APPLICATION OF PRECISION MEDICINE
ADVANCEMENTS

Pediatrics

DNA sequencing paired with metabolomics has enabled precision diagnosis of numerous pediatric
disorders (6). Given an undiagnosed case that defies conventional medical resolution, the likelihood
of making a gene-based diagnosis is now 25% (6). The approach has been so successful that
a national program for undiagnosed disorders is now supported by the National Institutes of
Health, philanthropists, the biotech industry, and some insurance carriers. Gene-based diagnosis
is fast becoming the first option for a complex undiagnosed case, avoiding the high cost and time
of the “odyssey” of less informative older standard diagnostics. Speed of precision diagnosis is
critical in pediatrics, since corrective therapies have their greatest efficacy in protecting the central
nervous system when used early. Newborn screening, driven predominantly by mass spectroscopy,
is applicable to ∼50 IEMs that have therapy options. The majority of gene-based discoveries are
from undiagnosed pediatric cohorts. A recent report on newborn WGS has questioned pediatric
WGS utility over mass spectroscopy, noting a 20% false negative detection rate (46) of IEM by
WGS.

Thanks to the combination of DNA sequencing and metabolomics quantitation, the number of
new disease/gene associations from the aggregate research community is predicted to grow to 500
per year. This discovery rate is estimated from reporting from exon sequencing and predictably
will accelerate with application of WGS, which can detect regulatory sequence mutations now
missed by exon sequencing. A recent review reports over 254 published regulatory mutations (16)
that affect the function of single disease genes. Two disease categories where regulatory mutations
have been extensively studied over many years are hemoglobinopathies and clotting disorders.

Two examples of undiagnosed pediatric cases are illustrated in Table 2. In both examples, the
very high levels of a metabolite prior to the enzyme defect in the pathway targeted the focus on
downstream DNA sequence analysis of pathway genes. In Figure 5, ADSL acts at two sites in the
metabolism of purines. The finding of markedly elevated levels of SAICA and S-ADO focused
attention on this gene where the disease causative mutation was identified by exon sequencing
(47).
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Table 2 Metabolome/gene precision diagnosis

Disease Genetic status Metabolite Mutations

aromatic amino acid
decarboxylase deficiency

compound heterozygote 3-methoxytyrosine DDC mutations, C286G>A (pG96R) and
260C>T (pP87L)

adenylosuccinate lyase deficiency homozygote succinyladenosine ADSL mutation C1277G>A (pArg426Itis)

Obstetrics

DNA sequencing has dramatically altered the field of prenatal diagnosis. Newborn chromoso-
mal aneuploidy (trisomy 21, 18, 13, X, Y) is common. The invasive nature of amniocentesis and
chorionic villus biopsy for prenatal diagnosis has limited these diagnostic approaches to mothers
at increased risk (age >35). This left undiagnosed the majority (80%) of newborns with these
aneuploidies. A genetic technology breakthrough was the ability to make fetal aneuploidy di-
agnosis by sequencing mother’s serum (48). The technique determined both maternal and fetal
DNA genome sequence (∼5–10%) in the mother’s circulation. Informatic subtractive methods
accurately made the diagnosis of the fetal aneuploidy. Noninvasive prenatal diagnosis (NIPD)
has been rapidly accepted by expectant mothers and obstetrics/gynecology specialists (49). The
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Figure 5
Elevated analytes SAICAr and S-ADO (red ); identification of gene variants in the disease-causing gene ADSL ( green) in the purine
pathway.
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feasibility of prenatal whole-genome and exon sequencing is under study in the wake of a report
of successful isolation of fetal cells from a mother’s blood (50). Only 2–10 cells are needed for
sequencing. Despite the promise of fetal cell isolation, an elegant study (51) has demonstrated
the ability to diagnose a fetal gene defect from maternal serum sequence analysis. The diagnosis
of adrenal hyperplasia led to in utero fetal hormonal replacement therapy (51). This is the first
example I am aware of in which precision in utero diagnosis directed precision in utero therapy.
The case illustrates a future direction for in utero precision medicine.

Genetic screening of expectant parents for autosomal recessive disorders is now standard of
practice. The American College of Obstetrics and Gynecology (ACOG) has set standards for
disease inclusion (26). Disease examples include Tay Sachs, cystic fibrosis, Gaucher’s disease,
and mucolipidosis IV. Corporations offer disease lists for the screen that exceed ACOG’s. The
objective is to identify parents who both carry the recessive disease variant, thus offering the option
of prenatal diagnosis and avoidance of disease in the newborn.

Detection of dominantly inherited triplet-repeat diseases from the family history is challenging
because of “anticipation.” The mechanism of clinical anticipation is now understood at a molec-
ular level as a triplet nucleotide repeat expansion, generation to generation (52, 53). New DNA
sequence analytic programs have enabled detection of triplet repeat risk from WGS analysis (54).
This development improves precision diagnosis of reproductive risk for a normal individual. A
healthy at-risk individual may be carrying unstable triplet expansions that can give rise to affected
offspring with markedly expanded repeats (replication errors). Fragile X and myotonic dystrophy
(53) were first to be identified among the 42 repeat sequence diseases now known. Although family
history can identify this risk in some families, DNA sequence is the preferred method to precisely
identify or rule out the risk of an individual or family member for a repeat sequence disease in
offspring.

Internal Medicine

Many adult-onset disorders are inherited in an autosomal dominant manner, which places special
importance on pedigree analysis for risk identification. Our clinical diagnoses of cardiovascular
disease, cardiomyopathy, cancers, and neurodegenerative disorders provide a “hunting license”
for family genetics disease risk for the patient and among younger asymptomatic family mem-
bers. Software programs such as PhenoTips (https://phenotips.org/about) not only provide an
electronic record of family illness but also suggest a genetic diagnosis to be considered for the
asymptomatic family member. Family medical information is used to focus on genetic risk genes
for the N-of-1 study.

There are a limited number of reports on sequencing “healthy adults.” In the first of these
reports (H. Tang, E.F. Kirkness, C. Lippert, et al., unpublished data), use of family and personal
medical history together with exon sequence established a gene-based disease diagnosis for 28%
of N-of-1 adult volunteers. Family and personal history focused sequence studies for disease/gene
associations in 25% of cases.

A separate study (55) of individuals sequenced for a pediatric diagnosis found that 17.5%
had risk factors for adult disorders on sequence alone, without knowledge of medical or family
history. A study (56) of 55,685 hospital admissions found lifestyle and genetic factors independently
associated with coronary artery disease. Unsuspected cardiovascular disease risk based on exon
sequencing of three risk genes (LDLR, ABOB, and PCSK9) was found at an incidence of 1:222 (57)
in an adult cohort and 1:273 for a pediatric cohort (58).

A recent study of 209 adult volunteers used an extensive set of functional measurements to iden-
tify disease risk (17). These added measurements were metabolomics, whole-body MRI scanning
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and cardiovascular rhythm monitoring, cognition testing, and metabiome testing, in addition
to WGS and personal and family history. In 8% of these volunteers, whole-body MRI found
previously unrecognized diseases (cancer and cardiovascular) requiring prompt attention. The
majority would not have been considered at risk on the basis of currently recognized germline ge-
netic risks. Genomic disease associations were found in 25% of individual participants, in keeping
with earlier studies. There were 12 associations of sequence variants and metabolome analytes,
including two adult IEMs. None of these disease risk mutations would have been recognized
without metabolomics data.

Collectively, the studies make the case for adult genetic disease precision diagnosis as a strat-
egy for accurate diagnosis and disease prevention when DNA sequencing is complemented by
functional data. Editorials have also supported this initiative (59).

In addition to these reported N-of-1 results, the American College of Medical Genetics and
Genomics panel of experts has suggested 59 genes on which, if a disease risk allele is identified,
there is obligation to report the finding (27). Each gene/disease selection has established therapy,
surveillance, or management recommendations created by medical experts in the specialty. Exam-
ples in this list of 59 include long QT syndrome (KCNH2), familial hypercholesterolemia (APOB,
LDLR, and AC5K9), and familial adenoma polyposis (MUTYH ). In the experience of the 209
study of N-of-1 normal volunteers, the obligation to report was 2.4%. Undoubtedly, this list of
genes for obligatory reporting will expand. Presently, the identification of disease risk by personal
and family history, WGS, metabolomics, proteomics, and MRI reaches 35–50% for adults whose
median age is 56.

SUMMARY

Precision medicine was conceptualized based on the power of genetics, but it has been strength-
ened and enabled by the electronic medical record with family history and by the functional and
structural technologies of MRI, metabolomics, and information technology. Figure 6 summarizes
applications of the new technologies that enable precision medicine. The first objectives in preci-
sion diagnosis are well advanced. Accurate diagnosis is a significant advancement toward precise
disease therapy and prevention.

Precision medicine has to pass the test of efficacy, utility, and expansion beyond the current
pilot studies. Challenges in our efforts toward precision diagnosis and therapy exist. One involves
the potentially expanding cost of evaluating ambiguous test results and the creation of anxiety
in patients and study volunteers due to uncertainty. Examples include VUS in sequencing, inci-
dentalomas on MRI, and unexplained metabolite variations. Medicine has met such challenges
previously with the careful adoption of new technologies, including new surgical techniques, new
prosthetic and implantable devices, and new drug classes.

Precision medicine tools have a high potential for improved care and disease prevention.
Though in its infancy, the field is not untried. One might describe its status in Winston Churchill’s
words: “Now this is not the end. It is not even the beginning of the end, but it is, perhaps, the end
of the beginning.”

The advances in precision medicine are driven by innovative technology and offer information
to physicians. Integration of the advancements into standard of practice will require physician
training and broadening from the tradition of organ system diagnosis now dominating medicine.
The examples of p53 mutations leading to multi-organ neoplasias (60) and AIRE mutations
(OMIM # 151623) leading to multiple endocrine gland failure illustrate the change. Physicians
will need to consider fundamental germline DNA mutations and their disease effects on multiple
organs in diagnosis and therapy selection.
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Figure 6
The functional data sets used to achieve a precision diagnosis of an N-of-1 case. Machine learning is illustrated as the method of data
silo integration toward a clinical diagnosis.

Wide acceptance of precision medicine into practice will be driven by availability of precision
therapy for the affected patient and prevention of disease for the unaffected but genetically at-
risk client. We have illustrated the need for machine learning to “de-silo” data sets for precision
diagnosis and ultimately therapy selection. Several recent publications extensively cover this need
and opportunity (61–63).
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