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ABSTRACT

Genetic testing has emerged as a critical tool in modern medicine, providing insights into inherited
disorders, disease predispositions, and personalized treatment plans. Despite significant technological
advances—such as next-generation sequencing and expanded variant analysis—barriers persist in terms
of equitable access, interpretive accuracy, and regulatory consistency. This paper examines the historical
development, current methodologies, and transformative technologies in genetic testing, emphasizing the
dual imperatives of accessibility and accuracy. By evaluating ethical, infrastructural, and regulatory
challenges alongside telehealth and data standardization opportunities, the paper outlines strategies for
optimizing test reliability and reach. The integration of bioinformatics, global collaboration, and patient-
centered frameworks holds promise for democratizing genetic testing and ensuring its safe, effective use
in clinical and public health contexts.
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INTRODUCTION

Genetic testing, also known as genetic screening, examines genes or chromosomes for changes or
mutations. Its primary aims are to identify inherited genetic disorders and assess the risk of having
offspring with such disorders. Various forms of testing include carrier testing, prenatal diagnosis,
newborn screening, presymptomatic testing, and susceptibility testing. Tests may analyze proteins, DNA,
RNA, or chromosomes to detect mutations or gauge gene interactions with medications. Genetic tests can
cover a wide range of conditions, from single-gene disorders like cystic fibrosis to chromosomal disorders
such as Down syndrome and multifactorial disorders influenced by multiple genes and environmental
factors, including late-onset conditions like breast cancer and type 2 diabetes. These tests provide crucial
insights for diagnosing and managing congenital and acquired disorders. A spectrum of genetic tests
exists, from simple diagnostic and carrier screenings to complex analyses for evaluating genetic risks,
often limited to well-resourced laboratories due to high costs. Adequate laboratory infrastructure,
including bioinformatics and skilled personnel, is critical for advancing genetic testing technologies.
Furthermore, local resources are essential for international lab operations in genetic testing, often absent
in developing contexts. Prior experience in DNA analysis is advantageous for utilizing next-generation
sequencing effectively, highlighting the need for solid infrastructure and support systems [1, 27].
Overview of Genetic Testing

A genetic test is a medical test that examines for abnormalities in chromosomes, genes, or proteins.
Genetic tests can identify changes in genes that may cause a genetic disorder, common disease, or even a
predisposition to develop a condition later in life. Genetic tests vary in their complexity and can take the
form of a simple blood or cheek swab (saliva) test to whole genome sequencing or array comparative
genomic hybridization analysis. Genetic tests can provide information about a person’s genes and
chromosomes, which can lead to a diagnosis, inform prognosis (likely course of the disease), lead to
prevention or management of disease, reproductive decisions, or health benefits, uncover some non-
paternity situations, and pose a risk of significant distress. Clinical genetic testing aims to provide
clinically relevant results to patients who have an established, suspected, or carrier access to relevant
disease-causing variants. There are three starting points for a genetic test: an identified variant from a
relative or a variant of uncertain significance (VUS), an established clinical condition with a known gene,
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and a clinical suspicion based on family or medical history. Cancer is the most prevalent condition for
which genetic testing is requested. Some tests are expected to return a positive result based on family
history, while others may yield a VUS or negative results, which can lead to diagnostic odysseys. The
genetic test results may be complicated by the problematic nature of the variant detected or the patient’s
clinical presentation, which may involve several or atypical phenotypes from what would be expected
with a causative variant. This complexity makes it difficult to generate a comprehensive report using
currently available software tools that outputs tangible information relevant to the patient’s care. As the
genetic testing landscape continues to evolve, including the surge of engineered gene editing and
potentially curative genome-wide therapies, there is a need for ensuring fair access to and understanding
of genetic tests, enabling their effective incorporation into care pathways, and preventing disease through
genetic testing [3, 4.

Historical Context of Genetic Testing
Genetic testing has evolved significantly since the discovery of DNA, becoming widely utilized in clinics
over the past two decades due to lower DNA sequencing costs, a result of advances in micro-scale devices
and next-gen sequencing technology. This technology can sequence approximately 2 billion base pairs in
hours at a cost significantly lower than traditional methods like PCR. Concurrently, advances in human
genetics have revealed genetic causes for many diseases, prompting the development of biochemical
technologies for genotyping patients. As next-gen sequencing became prevalent, the need arose to
effectively communicate and interpret the vast amounts of data generated to facilitate informed medical
diagnoses. Individuals with shared ancestry exhibit similar alleles, allowing for insights into susceptibility
to tumors, rare diseases, and common ailments within populations. This data can inform predictions about
phenotypes through machine learning models. Modern medicine increasingly incorporates genetic
information to address pathophysiological functions and environmental factors affecting health. Genomic
data is obtained via genotyping arrays, which detect numerous variants with low false positives, or
through direct sequencing, which provides comprehensive genomic insights but may face availability
challenges in diagnostics. Despite the growth and potential of genetic testing, significant discrepancies
exist in its application regarding oversight, regulation, and accountability. Different statutes apply
depending on the timing of tests marketed, with those before 2004 falling into a regulatory vacuum,
complicating resolution without new legislation. These policy concerns differ in their regulatory
approaches and usability, illustrating both strengths and weaknesses in the oversight landscape for
genetic testing services in the United States as commercial offerings continue to expand [5, 67.

Technological Advances in Genetic Testing

Rapid advances in DNA sequencing technology and genome editing are revolutionizing genetic and
genomic medicine broadly and creating opportunities and challenges for health care and society. New
genetic tests and treatment modalities can now be implemented within the clinic. In addition to existing
tests for pathogenic variants, a new generation of tests that assess variant effect on phenotype can now be
offered. However, rapid changes present challenges in turn: new discoveries often outpace understanding
and practice. These changes may be especially impactful for currently available and ‘ready-for-use’ tests
and treatments. These trends are reviewed and their implications called to attention. Nucleotide sequence
analysis is an expanding set of methods that offer information on gene structure and sequence. A variety
of in-house and ‘commercial’ genetic tests are currently offered to identify base (point) substitutions.
Those tests include codon-tuple sequencing tests to identify single variants. Testing modes range from
large single tests for known mutations or large panels of genes down to individual tests for a specific
mutation. Target capture acquisition methods are also available that allow screening candidates among
panel genes and broader samples, ranging from targeted capture of groups of genes to exome to whole-
genome capture 1. These testing technologies are readily implemented in medicine, but the interpretation
and assessment of significance of layers of variants is still evolving. Interpretation is an evolving process
that is most rapidly improving for single variants and often outpaces testing. Efforts to share a large
portion of knowledge created are underway, with various databases. However, for many variants, data is
sparse. The resulting uncertainty will take time to resolve, so that tests with uncertain significance must
be offered until a growing consensus clarifies classification. This provides a major challenge for clinical
geneticists interpreting tests and counseling families [7, 87.

Current Methods of Genetic Testing
Genetic testing is currently used for many applications, including single gene testing, carrier testing,
congenital disorder testing, and hereditary cancer testing. Most of these tests are done based on a
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previous discovery regarding a specific genetic disorder. Certain mutations can be looked for in specific
genes based on personal family history or examination findings. Gene panels containing a set of specific
genes related to hereditary cancers or congenital disorders are also widely available and vary in both cost
and complexity. A variety of genetic tests have now been developed in clinical laboratories to identify a
subset of genetic causes of neurodevelopmental problems in available patient populations. The vast
majority of genetic tests in use today rely on next-generation sequencing technologies, comprising
whole-exome or whole-genome sequencing, targeted-gene panels, copy number variations detection, and
multiplex ligation-dependent probe amplification and array comparative genomic hybridization assays for
microarray analysis for CNVs. Current genetic tests differ greatly in complexity, from one or two
individual genes with preselected pathogenic mutation analyses to large gene panels containing a set of
specific genes with varying permutations of patient capture technologies, bioinformatics, and laboratory
validation. A great number of bioinformatic analyses have been developed and continue to be improved to
both identify variants of novel candidate genes and classify channel variants in well-known genes.
Current clinical procedures require confirmation of detected sequence variations by independent
genomics methods in a clinical laboratory. Sanger sequencing or other lab-based methods with previously
established follow-up tests can be utilized to confirm the vast majority of detected variants that can affect
genome sequencing and this analysis is also necessary for quality control. Many gene mutations that were
originally discovered in small family studies have been detected through later large-scale genome
sequencing [9, 107].
Challenges In Genetic Testing
The rapid advancement of technology and scientific research has led to more genetic tests for consumers,
but the US FDA and CMS struggle to keep pace. Genetic tests vary in analyses by laboratories,
complicating quality assurance and patient safety. Other countries have enacted regulations, while the US
sees a conflict between premarket review and self-regulation for laboratory-developed tests (LDTs),
neither effectively safeguarding patients. The FDA has attempted to regulate LDTs but met resistance
from labs, risking the release of tests with inadequate oversight, causing inaccurate results and harm. Key
factors in testing performance include test selection based on analytes, laboratory quality, and costs.
Genetic tests can differ in gene panels, with genes being added or removed over time. The type of genetic
variant tested can vary, with some countries only testing for common mutations. Inclusion of introns
might lead to false positives, and false rates are influenced by the testing technology and personnel
expertise. The primary challenge for genetic testing companies is ensuring accurate detection of disease-
related genetic variations; failure compromises reliability and liability. To enhance accuracy, companies
may expand gene panels and some ethically send detailed reports to consumers. However, this doesn’t
always guarantee result accuracy. Variants of uncertain significance (VUSs) lack uniformity among
companies; some include them in reports while others do not. To limit legal liability, companies often
avoid false negatives in VUSs, although issues persist. Pathogenic variants pose a higher risk, prompting
companies to be cautious to mitigate potential lawsuits [11, 127].
Ethical Considerations

The Technology, Evaluation, and Impact of Genetic Testing conference was hosted by the National
Human Genome Research Institutes in 2018, and today’s statistics on morbidity and mortality of tests
speak to the need to ensure accurate genetic tests that bring appropriate benefits and do not harm
individuals. In the 2018 Vision, Visionary Topic 8 emphasized the goal of “Ensuring that genetic tests are
accurate and accessible.” The subtopics were the “infrastructure for accurate genetic tests,” “spanning
from variant classification to patenting;” the “feedback loops for assessing how well tests perform,” and
“ensuring that tests are available to patients.” They were promised that there would be a resulting white
paper summarizing these discussions and issuing call for specific actions. Several features are specific to
tests ordering and result interpretation, addressing concerns about test validity, safety, and efficacy, and
ensuring patient and clinician-centric experience in the context of pre- and post-test counseling.
Clinicians have a role in ordering and interpreting tests, and test developers and laboratories have a
responsibility to ensure that tests are valid and provide clinically relevant information. Alternative
healthcare models, populations, or societies may reasonably provide only limited test ordering, or
interpretation more widely via certified laboratory personnel, internet tools or tele-health applications
with some tests also being ordered without healthcare provider involvement. Considering some would
prefer this, it would help drive the assessment of genetic tests forward and catch many tests that do not
yet meet required standards for the above features. This requirement would result in a tipping point
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where action needed to ensure accurate genetic tests shifts more toward the public sector in some
situations defined above. It is understood that required standards would provide a hurdle for some
expanding into the US market, requiring most genetic testing companies to unexpectedly and
unpreparedly redesign their tests, testing choices, and platforms. Requiring verification of basic but broad
criteria is proposed using a framework to assess tests’ safety, efficacy, and claims, relying only upon good
scientific evidence and the availability of information and results, acting in good faith and benefitting all
but punitive [13, 14].

Regulatory Framework
The November meeting and scientific presentations of the INGENE ASIA group provided a productive
forum for the participants to discuss ideas and findings in the area of genetic evaluation of dairy cattle.
The wide diversity of environments and demographics of the countries represented in the group provided
many perspectives on both issues to be overcome and strategies to succeed. While not all concerns during
implementation of genetic evaluation systems were presented by participants from all countries, the
scientific presentations addressed potential issues of importance to all groups and provided a starting
point for future efforts. There is a belief within the industry in Asia that establishing a genetic evaluation
system will provide immediate and long-term benefits. It is expected that further participation in the
group will provide the tools and skills to evaluate the current genetic potential of dairy cattle in the
various countries and to identify priority areas for further strategic steps toward improved dairy facilities.
Collective work in such a forum will ensure that time and fiscal resources are shared to obtain a more
effective outcome. In addition, the establishment of a technical alliance between countries in the Asian
region is expected to be a further benefit from such activities. Despite the initially overwhelming task list,
it is helpful that experiences and necessary tools are available from more developed countries. For various
environmental, cultural, and socio-economic reasons, genetic evaluations and the development of dairy
herdbook services differ sharply between countries participating in the Asian INGENE conference. ANC
has been involved in the promotion of the genetic evaluation of dairy cattle through the establishment of
an international reference database. A current focus is on the genetic evaluation of local breeds feasibility
to assist and accelerate current genetic evaluations of local breeds. Maintaining the INGENE network of
genetic evaluation representatives has been seen as a primary target. INCHEE was seen as a useful tool in
expanding information exchange regarding pasture-based dairy [15, 167].

Improving Accessibility
Accessibility of genetic testing continues to be a critical challenge, with many eligible candidates faced
with barriers to participation. Genetic testing accessibility can be broadly defined as the facilitation of
systems, opportunities, or situations that result in genetic testing. In previous research, a conceptual
framework for assessing the accessibility of health services was contextualized for genetic testing. This
framework includes 8 components of accessibility: approachability, acceptability, availability, atfordability,
awareness, approvability, ability, and actionability. It is important to note that affordability, approvability,
and actionability are defined separately from aspects of access that are focused specifically on patient
insurance. Recent research on the potential applicability of the internet to enhance accessibility suggests
that the internet may address many of the components of accessibility, including those primarily existing
beyond patient insurance. An assessment of the usability of an internet-based health communication
system was conducted. The purpose of this assessment was to evaluate accessibility of a multistep genetic
testing communication system. In addition, several recommendations were utilized to reach an
accessibility assessment more representative of the internet-wide genetic testing communication system.
The recommendations generated through this assessment focused primarily on the organization and
usability of the system. Further refinement is accordingly needed before use in the main study. The
usability of the multistep communication system could effectively facilitate genetic testing
implementation in the future, thereby increasing access to genetic testing, particularly among populations
currently underserved. Current research highlights the potential for telehealth to increase access to
genetic assessment, with recommendations to prioritize these options during the transition back to
standard care. Applications of telehealth address critical barriers and improve accessibility. The potential
of telehealth services, particularly in the context of genetic health, has gained renewed attention during
the pandemic. Although telehealth has gained support from patients and became a standard of care among
many health services during the pandemic, it remains uncertain whether telehealth will continue to be
widely utilized once elective care resume [17, 187].
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Enhancing Accuracy
Methods used to perform genetic testing can now accept unprecedented quantities of DNA sequence data
in the form of multiple genetic variants or mutations. Most of the sequencing data analysis component
can be somewhat automated, resulting in the potential for the same test to be processed on different
facilities with different performance pressures and priorities. The output files vary in content, structure,
and presentation, and multiple variations of these genetic variants can be given along with the diagnosis.
Should this confound a test, the collection and reconciliation of available external clinical, pedigree and
confirmatory test information should be considered as methods to anchor the test against its clinical
purpose once again? The ability of the high-throughput testing technology to offer a similar test for
application at the local level is daunting, and in the long run, a test will need external standards and
reference samples made available in a quality-controlled, accessible, and indexed manner to assist in
accurate interpretation, correct assay performance, and reproducibility. Presently, there is a fair amount
of debate that public telecommunication is not ready; although this is an extreme view advocating local
centralization of testing processes, it is hard to publicly reject the principle of testing distributed to where
the analyst/effect person resides. It is also true that select molecular diagnoses are difficult to contest but
relatively easy to either inaccurately configure or misinterpret qPCR type tests. It is possible that like
clinical tests like antibody tests being performed at local facilities, diagnostic pathways will be designed in
such a way that the greater test result impacts are anchored more into some reference facilities. The
continual pressure to reduce the number of tests at the more theoretic breadth of the test while containing
genetic uncertainties should be cognizant of the confounding lack of uniformity when designing or
recommending comprehensive tests into new molecular areas of interest in specific conditions. A lesson
learned is that reference test standards, at a level of knowledge both clinical and personal, should be built
into the recommendations. Making the recommendations available to all interested parties early, prior to
the creation of knowledge silos, should improve the chances of maintaining public trust in genetics as
technology solutions evolve [19, 207].
Case Studies
In October 2013, a 22-year-old female presented with severe intellectual disability, developmental delays,
and neuromotor impairment. Abnormal facial features included drooping eyelids and a flat occiput. Blood
work was unremarkable. Patient was evaluated at another institution and whole genome sequencing was
performed but did not provide a diagnostic result. The patient was referred for further evaluation. The
consultation with the genetics team suggested possible deletion of chromosome 1p, Smith-Magenis
syndrome, nonsyndromic holoprosencephaly or a possible pathogenic variant in PGBD5. Whole exome
sequencing was performed on the proband and parents and revealed a likely pathogenic variant in
PGBDs5. Clinicians submitted a novel variant for re-classification which was included in the updated
information. The operator received a 150X average coverage exome sequencing data from a female
patient. The analysis plan included AGVP but the clinic team rerouted the analysis to integrated pipeline,
and the issue was solved by using good reference mapping. One candidate deletion was independently
detected by screening approach and later confirmed by ad hoc follow-up NGS and Sanger sequencing.
The proposed variant of DMD gene was classified pathogenic and declined due to lack of submission
support from the treating clinician. The operator received a 154X average coverage exome sequencing
data from a 2-year-old male with poor growth and global developmental delay. The analysis plan included
AGVP as the clinical team submitted readable log and all phenotypic evidence on interactive web page.
With the implementation of AGVP, biallelic pathogenicity of the GRIN2A variant was intriguingly
supported by genetic evidence. The proposed variant was classified as pathogenic and later submitted
21, 227.
Future Directions in Genetic Testing

Over the next 2—5 years, advancements in genetic testing will likely arise from increased competition and
new sequencing technologies. Improvements in information transfer, organization, interpretation, and
communication will enhance return-of-value efforts. Genetic testing and predictive genotyping will
expand due to more rigorous evaluations supporting regulatory decisions. The field of epigenetics is
developing tests for genetic predisposition to diseases, influencing insurance coverage as well.
Competition among companies testing genes linked to cancer and other diseases will press for improved
quality, value, and reduced costs. Government and state analyses, as well as input from the insurance
industry and academia, will significantly impact the availability, regulation, and delivery of genetic
testing. These changes will alter the current genetic testing landscape for companies, patients, and
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physicians. Further advancements will be driven by technology that improves genomic laboratory tests.
New methods will enable rapid interrogation of the complete human genome, reducing analysis time from
days to hours at costs nearing $100. This will empower patients and physicians to derive actionable
insights from extensive genomic data in a clinically relevant manner. Health systems' Electronic Health
Records (EHRs) will evolve into interactive communication tools, delivering interpretive narrative
reports and actionable predictions. Meeting emerging demands for service, organization, and
interpretation will be essential for integrating genomic tests into patient care. Advances in clinical
information collection and storage will create context for genomic data, making epigenomic information
more accessible. Most tested individuals will receive normative information about their genome's 3 billion
letters, often including variants of uncertain significance or those conferring modest risk. However, very
tew will encounter clinically actionable risks that exceed the uncertainty and potential unintended
consequences associated with such tests [23, 247].

Impact of Genetic Testing on Healthcare
The ongoing and accelerating revolution of genome testing will have a deep impact on healthcare
services, patients, and doctors. This review summarises how genetic tests differ in nature, cost, and
complexity, and how the electronic health record (EHR) might facilitate communication between doctors,
patients, and institutions necessary to advance genomic medicine. There are four EHR functions that can
potentially lead to improvements in the actual clinical use of genetic tests: 1) Data Integration; 2) Clinical
Decision Support; 3) Workflow Adjustment; and 4) Performance Tracking. This rapid expansion in
genome testing will have a significant effect on the care provision landscape and may offer new services to
patients and doctors alike. Genetic tests are a diverse group of medical procedures, requiring different
expertise, technology development, implementation, and use. Genetic tests differ greatly in the number of
genes tested. A test could be medically equivalent to a single base pair change in a few genes, or to
sequencing hundreds of genes at once. The utmost complexity test is, of course, whole genome
sequencing. Not only do tests differ greatly in the genes tested, they may also differ in the variation type
screened. Thus, one could simply check for a known genome nucleotide substitution, or screen for gene
deletions/duplications, large genomic rearrangements, or epigenetic alterations. Tests differ substantially
in the nature of the target(s). Target(s) can consist of nucleic acids, proteins, or even classical histological
or enzymatic examination, revealing no molecular aberration but an altered pattern of activity [25, 267].

Patient Perspectives

The Rapid Genetic Tool was provided for free to the first set of patients who participated in the pilot
study. Patient participants were alerted that they could access the tool via a secure email. After
participants accessed this website and connected to RapidGenetic through a secure portal, they were
presented with a disclaimer about the approximate time commitment to use the tool, the fact that the tool
had been designed specifically for its intended use with genomic test results, and that only testing results
presented in the specific format generated by the study platform laboratory would be accepted. Once this
disclaimer was acknowledged, patients were presented with instructions for how to submit their genetic
test results. Patients were instructed to download their genetic test results as a text file, open this file,
select and copy the text beginning with “Result,” and paste that text into a designated text entry box in
RapidGenetic. The tool was then activated by pressing a button labeled “Enter Genetic Test Results.”
Patients were informed to expect a waiting period while their results were processed and that they would
subsequently be shown options for viewing test results in full or in brief. After explaining these processes,
the assessment stage of the tool was demonstrated with a de-identified example of a BRCA1/2 test report.
Patients were then given the opportunity to engage with the RapidGenetic Tool on their own. The
researcher remained in the same room and answered questions as needed, but did not provide active
assistance in using the tool. Independent engagement with the tool lasted approximately 20-45 minutes
for each patient participant, and afterward, patients described their experiences using the tool in an
interview. Similar to the prior visits, these follow-up interviews were audio-recorded, transcribed, and
coded for thematic analysis. Everyone reported being able to use the tool on their own without much
difficulty. Many patients also made general positive comments about their experiences, such as feeling
that the tool is “cutting-edge,” “really neat,” and “awesome.” One patient, who had worked for many years
in hospital I'T, specifically said, “I could tell that there was a lot of thought put into software—I think it is
well-designed,” and another patient remarked, “I think it's amazing that this exists" [27, 287.
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Collaboration In Genetic Research
Genetic research is a collaborative multistep process involving various stakeholders. It begins with
generating a genetic variant. Bioinformaticians analyze data from high-throughput sequencing, while
researchers utilize DNA, transcriptomics, and proteomics data to identify novel genes, establish
phylogenetic trees, and uncover interactions between coding and non-coding genes. Statistical geneticists
conduct marital, logistic, Bayesian, and combinatorial tests to produce candidate variant lists and filtering
pipelines. Compliance can be developed in-house or purchased from other research groups. Geneticists
and biochemists perform Sanger screenings, categorizing candidates by disease associations before
creating constructs for functional studies. Candidates are further evaluated via in-silico analysis to
identify the best options. Experimental biologists create patient and wild-type cell lines in 2D and 3D for
cellular perturbations. The Eco-Sciences platform conducts proteomics-level tests like ELISA, western
blot, and mass spectrometry while developing necessary parsing software. Computational biologists
analyze data and conduct mutational protein structure runs, validating variants across populations and
pedigrees. A document summarizing findings is prepared, reviewed by co-authors and non-scientific
personnel, and subjected to a verification protocol before submission to journals. Authors respond to
reviewer comments post-submission, converting replies to journal formats and providing raw data as
needed. Revisions are usually approved on the first submission. Genetic testing results are efficiently
transmitted to patients. Genetic stakeholders play vital roles in this process, starting from collecting
family history and patient information through intake forms. Genetic education materials are prepared by
clinics for patients and physicians. Testing candidates are discussed by geneticists before proposals are
sent to larger committees. Data platforms for genetic counseling are established, and inheritance patterns
are analyzed for families. Group software engineers design informative region panels for testing family
members, converting them to printable formats [29, 307].
CONCLUSION
Genetic testing is poised to reshape healthcare through early detection, tailored treatments, and
predictive insights, yet its full potential hinges on two critical factors: accuracy and accessibility.
Technological advances have significantly reduced sequencing costs and enhanced test capabilities, but
disparities in access—particularly in low-resource settings—remain a pressing issue. Moreover, the
complexity of variant interpretation and inconsistent regulatory oversight challenge test reliability and
clinical utility. Ethical practices, informed consent, and standardized quality control must be prioritized to
build public trust. Enhanced telehealth delivery, improved data sharing, and international collaboration
can bridge existing gaps, making genetic testing not just a privilege for the few but a powerful diagnostic
tool for all. As we continue engineering the future of genetic testing, the focus must remain on equity,
efficacy, and informed application.
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