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people worldwide. Many infectious
diseases can initially present with similar
symptoms, making diagnosis challenging.

To address this challenge, federal agencies
have identified technologies that can help
diagnose infectious diseases by using
multiplex assays—simultaneously testing
for, or measuring, the presence of
different pathogens. These technologies
can also be deployed at or near the site of
patient care. In this report, GAO discusses
(1) the reported performance
characteristics and costs of these
technologies, (2) the technical challenges
associated with multiplexing assays, and
(3) the potential benefits and reported
implementation challenges associated
with these technologies.
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Medical devices

Capabilities and challenges of technologies to
enable rapid diagnoses of infectious diseases

What GAO found

Commercially available multiplex point-of-care technologies (MPOCTSs) have a range of
performance characteristics that describe, among other things, the ability of the
technology to correctly identify the presence or absence of a pathogen. Some of these
characteristics are used by the FDA to evaluate the technologies prior to approval; other
attributes are considered by developers in designing and marketing their technologies.
Technologies GAO examined have varying features such as physical size, number of
diseases being tested for at the same time, and throughput — or the number of patient
samples that can be simultaneously run. The amount of time it took for the
technologies to return results to users ranged from 20 minutes to 2 hours. Among
available technologies offered by the eight developers that GAO visited, procurement
costs ranged from $25,000 to $530,000, and per-test operational costs ranged from $20
to $200.

Developers identified several technical challenges to developing multiplex assays that
can slow MPOCT development and raise costs. For example, challenges include lack of
patient sample access or reliable genetic databases for developing the assays.
Modifying multiplex assays poses another challenge, because developers have to
consider possible new interactions based on the modification and go through FDA
review before the modified test can be marketed. Further, limitations in the number of
targets—the part of the pathogen being detected—that can be detected, and
identification of genetic targets used for detecting the pathogen, can constrain the
performance of these technologies, in part as a result of design limitations.

Potential benefits of MPOCTs include improved patient health care and management,
more appropriate use of antibiotics, improved ability to limit the spread of disease, and
health care cost savings. However, developers and users disagreed on the strength of
evidence showing the extent of MPOCT improvement on patient outcomes. Some
stakeholders GAO spoke to identified the need for more clinical studies to establish the
benefits of these technologies. Implementation challenges included reluctance by
medical users to adopt these technologies, due to factors such as (1) lack of familiarity
with such technologies, (2) costs and resources to use them, and (3) reluctance to
order, and pay for, all of the tests for a given multiplex assay. Further, in some
situations, positive test results for rare diseases are more likely to be false positives;
thus systematic testing for such diseases may result in wasted resources to address all
patients who test positive. Developers told us additional implementation challenges
include the regulatory review process for getting approval or clearance to market their
technologies. Another challenging aspect of the regulatory review process developers
identified is in applying for waivers to allow untrained users to use their technologies. In
some cases, selected developers believed that the performance by an untrained user
may need to surpass the performance by trained users for such waivers. FDA officials
confirmed that this could occur but nevertheless believed that their review process is
necessary to ensure the technologies are safe and effective, while being accurate and
simple to use when waived.
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ASSURED affordable, sensitive, specific, user-friendly, rapid and robust,
equipment-free, and delivered

CAP community acquired pneumonia

CDC Centers for Disease Control and Prevention

CLIA Clinical Laboratory Improvement Amendments

CMS Centers for Medicare and Medicaid Services

DHS Department of Homeland Security

DOD Department of Defense

DOE Department of Energy

FDA Food and Drug Administration

HHS Department of Health and Human Services

LDT laboratory-developed test

LLNL Lawrence Livermore National Laboratory

MPOCT multiplex point-of-care technology

NPA negative percent agreement

NPV negative predictive value

PCR polymerase chain reaction

PMA premarket approval

POC point-of-care

PPA positive percent agreement

PPV positive predictive value

WHO World Health Organization
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Infectious diseases, including emerging infectious diseases, continue to threaten the health and
livelihoods of people worldwide despite many advances in medical research and treatments
made during the past century.! Infectious diseases range from common ailments, such as
seasonal colds or influenza, to serious illnesses caused by select agents, such as Bacillus
anthracis, the bacterium that causes anthrax, and can be caused by pathogens such as bacteria,
viruses, parasites, or fungi.? In addition to causing nearly one in five human deaths worldwide,
infectious diseases impose a heavy societal and economic burden on individuals, families,
communities, and countries.® For example, the Centers for Disease Control and Prevention
(CDC) estimates that 310,000 people in the United States were hospitalized for flu-related illness
during the 2015-16 influenza season. Many infectious diseases, including those caused by select
agents, initially present with similar symptoms, regardless of the causative infectious agent.
Therefore, making a diagnosis solely from clinical presentation can be a challenge. Whether for
general medical diagnosis or homeland security, early detection of infection in a patient can
help direct treatment and is a key component to assessing the potential spread and effect of the
disease in the case of dangerous pathogens.*

From a homeland security and public health perspective, threats of bioterrorism, such as
anthrax attacks, and high-profile disease outbreaks, such as Ebola and emerging arboviruses like
dengue, chikungunya and Zika, highlight the continued need for diagnostic tests that provide
early detection and warning about biological threats to humans.® As we previously reported,

"An emerging infectious disease is an infection whose incidence has increased recently or is threatening to increase in the near
future, such as Zika, Ebola, and new variants of influenza, among others.

2A select agent is a biological agent that has the potential to pose a severe threat to human and animal health and safety, plant
health and safety, or to the safety of animal or plant products.

3GAO, Biodefense: The Nation Faces Multiple Challenges in Building and Maintaining Biodefense and Biosurveillance, GAO-16-547T
(Washington, D.C.: Apr. 14, 2016).

4GAO, Biosurveillance: Nonfederal Capabilities Should Be Considered in Creating a National Biosurveillance Strategy, GAO-12-55
(Washington, D.C.: Oct. 31, 2011), and Influenza Pandemic: Efforts Under Way to Address Constraints on Using Antivirals and
Vaccines to Forestall a Pandemic, GAO-08-92 (Washington, D.C.: Dec. 21, 2007).

5Arthropod—b0rne viruses, also known as arboviruses, are any of a group of viruses that are transmitted by mosquitoes, ticks, or other
arthropods (an animal such as an insect or spider).
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timely detection of signs of unusual and potentially dangerous disease is a first step in an
effective response to a natural, accidental, or intentional outbreak of a biological event.® We also
found that early detection of potentially serious disease indications nearly always occurs first at
the local level, making the personnel, training, response systems, and equipment that support
detection at the state and local level a cornerstone of our nation’s biodefense posture. Early
detection may depend on an astute clinician diagnosing the first few cases, or recognizing
suspicious clinical signs that require further investigation. Diagnostic test users provide critical
expertise to effectively identify and respond to public-health emergencies through testing and
monitoring of diseases.

Multiplex point-of-care technologies (MPOCTs) are technologies that can simultaneously test for
more than one type of human infectious disease pathogen from a single patient sample (such as
blood, urine, or sputum) in one run at or near the site of a patient.” MPOCTSs can enable rapid
testing while the patient is at the doctor’s office, clinic, or other testing location, including the
home.8 The part of these tests that measures the amount, activity, or potency of a particular
pathogen in a sample is called an assay. MPOCTs can be used for different diseases, including
more common diseases such as influenza, emerging infectious diseases, or diseases caused by
select agents.

The U.S. Department of Defense (DOD) and U.S. Department of Homeland Security (DHS) have
sought technologies beneficial to diagnosing infectious diseases for biodefense and
biosurveillance systems.® These agencies performed market surveys published in 2012 and 2015,
respectively, to evaluate MPOCTs they identified against program requirements. The agencies
were particularly interested in identifying MPOCTSs that addressed requirements such as
detecting multiple targets simultaneously from a single sample, identifying a targeted pathogen
rapidly, and being easy to use and accurate.'® The DOD market survey did not identify which
MPOCTs met or approached its requirements. The DHS market survey found that no MPOCTs
fulfilled all program requirements; however it identified four MPOCTs as coming very close to
doing so.

6GAO-12-55

7In terms of MPOCTs, one run means that the user prepares and inserts one sample into the device and later receives an output
with results of tests for more than one human infectious disease. Within the device, multiple tests may be run in parallel or
sequence.

8Christopher P. Price, Andrew St. John, and Larry J. Kricka, “Putting Point-of-Care Testing into Context: Moving Beyond Innovation to
Adoption,” in Christopher C. Price, Andrew St. John, and Larry J. Kricka (eds.), Point-of-Care Testing: Needs, Opportunity, and
Innovation, 3rd ed. (Washington, D.C.: AACP Press, 2010): 1-20.; see also A. St John and C. P. Price, “Existing and Emerging
Technologies for Point-of-Care Testing,” The Clinical Biochemist Reviews, Vol. 35, no. 3 (2014): 155-67.

9Biodefense includes measures to prevent, detect, respond to, and recover from harm or damage caused by microorganisms or
biological toxins to humans, animals, or the food supply. Biosurveillance, is the ongoing process of gathering, integrating,
interpreting, and communicating essential information related to all-hazards threats or disease activity affecting human, animal, or
plant health, for the purpose of (1) achieving early detection and warning, (2) contributing to overall situational awareness of the
health aspects of the incident, and (3) enabling better decision-making at all levels.

OFor the technologies discussed in this report, targets are genetic material of disease-causing pathogens selected to help uniquely
identify the pathogen.



In light of federal government interest in new diagnostic technologies, such as investments in
biosurveillance and biodefense technologies, you asked us to conduct a technology assessment
on MPOCTs for the detection of human infectious diseases, including those caused by select
agents. In this report we discuss:

e the reported performance characteristics and costs of MPOCTs;
e the technical challenges associated with multiplexing assays; and

e the potential benefits and reported implementation challenges associated with MPOCTs.

To address all objectives, we interviewed federal agency officials from DHS, DOD, the U.S.
Department of Energy (DOE), including the Pacific Northwest National Laboratory, Sandia
National Laboratories, and the Lawrence Livermore National Laboratory, which are involved in
developing or evaluating MPOCTSs; and the Department of Health and Human Services (HHS),
including the CDC, the Food and Drug Administration (FDA), and the Centers for Medicare &
Medicaid Services (CMS). In addition to the federal agencies and officials we contacted, we
interviewed users knowledgeable about MPOCTs—including laboratory users, who use the
technologies to obtain clinical results, and physicians, who use the technologies and the clinical
results to inform patient care. These interviewees included academic and laboratory
organizations, and scientific and medical professional organizations, such as those involved in
laboratory chemistry or microbiology (a full list is in appendix ).

To address the first objective, we analyzed market surveys of MPOCTs from DHS and DOD.
These market surveys identified existing MPOCTs and assessed them against each agency’s
listed program requirements." From the DHS market survey, we selected for further review
developers whose MPOCTs were identified as coming very close to meeting program
requirements. From the DOD market survey, we selected all developers of MPOCTs listed
because the agency did not identify which MPOCTs met or approached its requirements.

To address all objectives, we conducted nine site visits to the selected developers to discuss
their experiences developing and deploying MPOCTs. One developer had left the MPOCT
development market and was excluded from further analysis. We also visited DOE’s Lawrence
Livermore National Laboratory in Livermore, California, to discuss its ongoing work in MPOCT
development. Finally, we reviewed scientific literature describing current and developing
technologies, and we attended two relevant conferences on MPOCTs.

In addition, we convened—with the assistance of the National Academies of Sciences,
Engineering, and Medicine —a 2-day meeting of 18 experts on MPOCTs to obtain additional
advice and information on significant areas of all objectives in this review. We selected experts

"These market surveys list candidate technologies, their developers and features, and discussion of the potential suitability of the
technologies for purposes each agency specified. The features described include technical specifications, such as speed and number
of targets.



from academia, industry, laboratory, scientific and medical professional organizations, and
federal government agencies to represent three categories: (1) developers of the technologies,
(2) users, and (3) regulatory experts, who are people knowledgeable in the regulatory process
for MPOCTs. We continued to draw on the expertise of these 18 individuals throughout our
review. Consistent with our quality assurance framework, we provided the experts with a draft
of our report and solicited their feedback, which we incorporated as appropriate.

We limited the scope of our review to MPOCTs identified in market surveys conducted by DHS
and DOD as described above, as applied to testing for human infectious diseases.'> We did not
assess all available or developing technologies.” For example, all of the MPOCTS identified by
the market surveys, and therefore those we selected for further review, were polymerase chain
reaction (PCR)-based technologies. Other technologies, such as lateral flow assays, were
discussed during the expert meeting as well as at conferences we attended; however, our report
focuses primarily on PCR-based technologies.'® Additional technologies, such as microarray
technology and next-generation sequencing, were identified in scientific literature and
conferences but were at early stages of development, and we excluded them from our
analysis.'® We also excluded MPOCTs developed outside the United States and those intended
primarily for deployment outside the United States (appendix I contains additional information
on our scope and methodology).

We conducted our work from September 2015 to August 2017 in accordance with all sections of
GAO's Quality Assurance Framework that are relevant to technology assessments. The
framework requires that we plan and perform the engagement to obtain sufficient and
appropriate evidence to meet our stated objectives and to discuss any limitations to our work.
We believe that the information and data obtained, and the analysis conducted, provide a
reasonable basis for any findings and conclusions in this product.

20y example, we do not examine detection of toxins, such as ricin.

3\We combine discussion of different contexts for MPOCT use, including routine clinical, emerging infectious disease, and select
agent detection excepting situations where the specific context was provided.

4sometimes also called molecular photocopying, PCR is a technique used to detect nucleic acid signatures. It is used to amplify and
detect genetic material, or nucleic acids, of organisms. By amplifying (i.e., repeatedly duplicating) sections of genes associated with
certain biological agents, PCR can be used as the basis for a test, or assay, for the presence of genetic signatures, or markers,
associated with specific biological organisms.

5| ateral flow assays are typically based on antibody-based detection of disease-causing organisms. Their configuration is similar to
a home pregnancy test “dipstick,” whereby a liquid sample is applied to an absorbent material that draws the sample across a
detector. Positive detections can be indicated by the appearance of lines in the readout region.

"6additional information on microarray technology and next-generation sequencing is in appendix Il.



1 Background

1.1 Clinical laboratories are used
for diagnostic testing

Clinical laboratories play a pivotal role in the
nation’s health care system by helping
diagnose many diseases, including potentially
life-threatening diseases, so that individuals
receive appropriate medical care.'” Such
diseases can include infectious diseases caused
by pathogens, as well as noninfectious
diseases and chronic conditions, such as
cancer and diabetes. The results of clinical
laboratory tests—what we refer to as
diagnostic tests—affect an estimated 70
percent of medical decisions, according to the
American Clinical Laboratory Association.®
Laboratories perform diagnostic tests on a
patient sample to see if it contains different
substances, such as pathogens, and to
measure amounts of such substances.
Depending on the test, the presence,
absence, or amount of the substance can be
used to indicate whether a patient does or
does not have a particular condition. In order
to make a clinical diagnosis, users must then
interpret the results obtained from diagnostic
testing in conjunction with other factors,
including the patient’s overall health and the
results of other relevant exams or tests.

Diagnostic testing of human infectious
diseases serves a number of functions,

7A clinical laboratory is generally defined as a facility that
examines specimens derived from humans for the purpose of
disease diagnosis, prevention, and treatment, or health
assessment of individuals.

8 American Clinical Laboratory Association, “Clinical Laboratory
Testing: Life Saving Medicine Starts Here,” accessed March 15,

2017, https://www.acla.com/wp-
content/uploads/2013/12/ACLA_Overview_OneSheet_v07.pdf.

including detecting known and new
pathogens, assessing a patient’s response to
treatment and prognosis, as well as informing
disease or public-health surveillance.®
Diseases addressed by such testing include
those classified as emerging infectious
diseases or caused by select agents. Thus, in
addition to potentially improving patient care,
advances in diagnostic technologies could
affect the detection of, and response to,
epidemics or bioterrorism events in the
United States.?°

1.2 How performance
characteristics describe
diagnostic test accuracy

Performance characteristics of diagnostic
tests describe how well such tests can detect
the presence of a disease-causing pathogen in
a patient sample, among other things. Such
characteristics can be taken into
consideration by users when deciding
whether to adopt such a test. For example,
the diagnostic accuracy of a test indicates its
ability to determine which patients do or do
not have the disease.?' Multiple performance
characteristics describe diagnostic accuracy,
including the sensitivity and specificity of the

194, M. caliendo and others, “Better Tests, Better Care:
Improved Diagnostics for Infectious Diseases,” Clinical
Infectious Diseases, Vol. 57, no. S3 (2013).

20N, A. Doggett and others, “Culture-Independent Diagnostics
for Health Security,” Health Security, Vol. 14, no. 3 (2016). A.
Deshpande and others, “Surveillance for Emerging Diseases
with Multiplexed Point-of-Care Diagnostics,” Healthy Security,
Vol. 14, no. 3 (2016).

21Diagnostic accuracy can also refer to the extent of agreement
between the outcome of a new test and the reference
standard—the best available method for establishing the
presence or absence of the target condition.
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test, among others. These characteristics have
different meanings when being discussed in
the analytical or clinical contexts.

e Analytical sensitivity is the minimum
amount of target in a sample that can be
accurately measured by a given test. This
metric is alternatively referred to as the
limit of detection.

e C(linical sensitivity describes a given test’s
ability to accurately confirm that a sick
patient is ill with a particular disease (i.e.,
the true positive rate). It is the probability
that a patient with the disease tests
positive for that disease (Np/N,, Table 1).
High analytical sensitivity does not
necessarily indicate high clinical
sensitivity. For example, a sample from an
infected patient may not contain the
target detected by the test once the
sample has been processed. In this case, a
test with high analytical sensitivity would
return a false negative and could result in
an incorrect diagnosis.

e Analytical specificity is the ability of a test
to detect the particular target for which it
was designed and not others in a sample.

e Clinical specificity describes a given test’s
ability to accurately confirm that a
healthy patient does not have a particular
disease (i.e., the true negative rate). It is
the probability that a patient without the
disease tests negative for that disease
(Ntn/Ny, Table 1).

To illustrate what these terms mean, consider
a patient population with both people who
are ill with a particular disease and people
who are not ill with that disease.?? Table 1
summarizes the nomenclature for different

22The second population could be people who are healthy, or ill
with a different disease.

diagnostic test outcomes for a patient
population. These performance characteristics
are important for describing screening or
diagnostic capabilities because they relate
directly to a test’s ability to determine
whether or not a patient has a particular
disease.?®

Other performance characteristics, such as
predictive values, can depend on the
prevalence of a disease within a population
when the test is not perfect. Positive
predictive value (PPV) is the probability that a
positive test result means a patient has a
disease (N1p/N;p in Table 1), and negative
predictive value (NPV) is the probability that a
negative result means a patient does not have
a disease (Nry/Ny in Table 1).

For diseases that change in prevalence over
time, predictive values of diagnostic tests will
correspondingly change. For example, during
winter, influenza prevalence can be high, and
during summer, influenza prevalence can be
low. For a given influenza test, the PPV will
correspondingly vary, being lower in the
summer and higher in the winter. Similarly,
NPV will be higher in the summer and lower
in the winter. Predictive values thus help test
users understand the likelihood that a
particular result is true, based on both the
clinical characteristics of the patient and
other factors including population, setting,
and time of year.

23Screening refers to when patients are tested for some
disease when the patient has not actively sought medical
attention for that disease.
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Table 1: Diagnostic test outcomes for a patient population

Ill with the tested Not ill with the tested Total patients (N;)
disease (Ns) disease (N,)
Patient tests positive True positive (Nyp) False positive (Ngp) Total positive tests (Np)
Patient tests negative False negative (Ngy) True negative (Ngy) Total negative tests (Ny)

Source: GAO analysis of the literature. | GAO-17-347

Note: Columns indicate the actual condition of a patient, ill with the disease being tested for or
not ill with the disease being tested for, whereas rows indicate the results of the diagnostic test,
positive (target detected) or negative (target not detected).

Technology Assessment GAO-17-347 7



Disease prevalence and positive predictive values

Physicians told us they can use diagnostic test results to help guide treatment plans. However,
factors affecting the likelihood of disease, such as patient risk factors or symptoms, could be
used in considering whether a test should even be performed. Additionally, the prevalence of a
disease may influence whether it is appropriate to use the test. For example, in the absence of
perfect tests, there will be false positive or false negative results that incorrectly indicate the
presence of a disease pathogen when it’s not there, or the absence of a disease pathogen that’s
present, respectively. Clinicians may make decisions, in part, based on their assessment
regarding whether a particular case is likely to be a false positive. That is, clinicians consider the
positive predictive value (PPV) of a test, among other things, when deciding whether to conduct
a test. For example, a low PPV means that a positive test is more likely to be a false positive.

For example, consider a test which is 95 percent sensitive for a given disease, meaning it will
correctly identify — on average — 95 out of 100 ill people as being ill with the disease being
tested. Assume further that this test is 95 percent specific, meaning it will correctly identify — on
average — 95 out of 100 healthy people as being healthy (“healthy” in this case may refer to
patients who have no symptoms and are being screened, or are ill but do not have the disease
being tested for). Next, apply the test to a population of 10,000 people.

Case 1: 20 percent of the population has the given disease

]} Healthy Total
Tests positive 1,900 400 2,300
Tests negative 100 7,600 7,700

The PPV, or chance that a given person who tested positive is also ill is 1,900/(1,900+400), or
about 83 percent, so it may make sense to treat everyone who tests positive.

Case 2: 0.2 percent of the population has the given disease

[} Healthy Total
Tests positive 19 499 518
Tests negative 1 9,481 9,482

The PPV, or chance that a given person who tested positive is also ill, is now 19/(19+499), or
about 4 percent, so it may not make sense to treat anyone who tests positive. Even though the
test sensitivity and specificity remains the same in both cases, the PPV changes with disease
prevalence. In cases where a disease is expected to be rare, in the absence of additional factors
such as patient risk factors, it may not be cost-effective to test for such diseases because the
PPV is low. In some cases, follow-up or confirmatory testing may be used to clarify initial test
results, but could incur additional time and costs.

Source: GAO analysis of interviews and literature. | GAO-17-347
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1.3 Point-of-care technologies
bring diagnostic testing closer to
patients

Diagnostic testing for diseases can be
performed in a number of different settings
that can be far from, or close to, patients
being tested. In the centralized model shown
in the top part of figure 1, patient samples are
sent to large clinical laboratories for testing,
outside the patient-care setting. Central
laboratories can analyze large numbers of

Figure 1: Centralized and decentralized models of testing

Health care facility

Centralized testing Sample

Health care facility
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samples at relatively low cost through
automation of analytical processes and
consolidation of services. Large regional
hospitals also often have clinical laboratories
that perform tests for smaller hospitals.
Within clinical laboratories, tests can be
commercial tests manufactured by
developers and overseen by FDA, or
laboratory developed tests (LDT) designed,
manufactured and used within a single
laboratory and generally not overseen by the
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Source: GAO analysis of literature. | GAO-17-347
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FDA.?* Certain diagnostic testing technologies
can help decentralize medical testing, by
bringing testing closer to patients at the point
of care, as shown in the bottom part of figure
1.25

In a patient-centered model, health care is
organized around the patient rather than the
provider. One component of this concept is
greater availability of patient testing in
primary care and community facilities and
decreased emphasis on such testing in large,
regional hospitals.

Point-of-care (POC) testing can also serve as a
tool to improve health care in remote or low-
resource settings—such as developing
countries or sparsely populated rural areas—
where patients may have to travel long
distances and health care providers may not
have access to clinical laboratories.?® In such
circumstances, the ability to test for disease
and prescribe treatment based on test results
within a single patient visit can be of
increased importance. Generally, there are
four steps that occur during POC testing: (1)
sample collection — acquiring a sample from a
patient, (2) sample preparation — processing
of the sample for compatibility with the assay,
(3) the assay step, which detects and/or
measures the pathogens being tested, and (4)
displaying the test results. POC testing thus

24According to FDA officials, LDTs currently fall under a policy
of enforcement discretion and are therefore, in general, not
overseen by FDA. Further, FDA officials stated that tests can be
partially designed or manufactured outside a lab, being neither
purely a commercial test nor a pure LDT.

2Spoint-of-care (POC) testing can be defined as “testing that is
performed near or at the site of a patient.” Interest in this
model of testing is associated with a patient-centered
approach to health care. An example of a point-of-care test is a
home pregnancy test.

28R, W. Peeling and D. Mabey, “Point-of-care tests for

diagnosing infections in the developing world,” Clinical
Microbiology and Infection, Vol. 16 (2010).

reduces or eliminates the need to ship patient
samples elsewhere and to wait for test results
to be returned.

Features of POC testing technologies are
influenced by both users’ needs and clinical
settings. For example, the World Health
Organization has developed specific
guidelines for POC testing technologies for
detecting sexually transmitted infections,
primarily in low-resource settings. These
guidelines are known as ASSURED—
Affordable, Sensitive, Specific, User-friendly,
Rapid and Robust, Equipment-free, and
Delivered.?” While the design of a given
technology must meet the clinical needs of the
specific user and remain cost-effective, some
features are common to many POC
technologies: (1) the technology is easy to
use; (2) necessary chemicals can be stored for
long periods of time; (3) the results from the
test are consistent with those that would be
obtained from standard laboratory methods;
and (4) the technology, as well as any
necessary chemicals, do not expose the user
to hazards.

1.4 Detecting multiple disease
pathogens from a single run

Diagnostic testing technologies can be
designed to test in a multiplex configuration.
According to FDA and CMS officials,
“multiplex” does not have a regulatory
definition. While federal agency officials and
experts we spoke to have varying definitions
for multiplex testing, a common theme is that
multiplex tests simultaneously test for more

2"Hannah Kettler, Karen White, and Sarah Hawkes, Mapping
the Landscape of Diagnostics for Sexually Transmitted
Infections: Key Findings and Recommendations, (Geneva:
World Health Organization, 2004).
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than one human infectious disease pathogen
from a single patient sample.?® The set of
tests on a multiplex technology is called a test
panel.?® Syndromic test panels, which test for
multiple diseases associated with a similar set
of symptoms, or a syndrome, are increasingly
available to assist users in determining the
cause of disease at the point of care.®
Respiratory panels and gastrointestinal panels
are two examples of syndromic panels.

Although we limited the scope of this study to
human infectious disease applications of
MPOCTs in the United States, these
technologies are also currently being tested
and are reported to show promise for
diagnosis and management of other diseases
or chronic conditions, such as cancer or heart
disease. They also are being used
internationally. While some features of
MPOCTs are specific to multiplex testing and
others are specific to POC testing, we
considered and present them in the context
of the MPOCT discussion in this report. More
generally, the potential effect of MPOCTs on
public health may extend beyond the roles
discussed in this report.

2856me MPOCT developers and users we spoke to consider
other factors, such as antibiotic resistance or subtype
identification, in determining whether a test is multiplex. In
such cases, experts prefer to define multiplex as detecting
more than one target, rather than disease.

29Multiplex test panels can test for as few as two pathogens or
can be highly multiplexed, meaning able to detect 20 or more
pathogens according to FDA guidance on nucleic-acid based
technologies. The number of pathogens can vary with the user
or market targeted by the developer.

30N, A, Doggett and others, “Culture-Independent Diagnostics

for Health Security,” Health Security, Vol., 14, no. 3 (2016): 135.

1.5 Federal agencies’ roles in
multiplex point-of-care
technologies

Because MPOCTs intended for clinical use are
considered medical devices, FDA is
responsible for overseeing their safety and
effectiveness when marketed in the United
States. FDA classifies medical devices based
on their associated risks. Class | devices are
low risk and subject to general controls, while
class Il devices are subject to general and
special controls. Class lll devices are generally
the highest-risk devices and subject to general
controls and premarket approval (PMA).

In general, FDA classifies MPOCTSs as class Il or
class Ill. For class Il devices, a PMA
application is required, and the developer
must provide evidence—typically including
clinical data—that provides reasonable
assurance that the new device is safe and
effective before it may be legally marketed in
the United States. The PMA process is the
most stringent type of premarket review and
includes annual reporting of changes to a
device. A successful PMA submission results
in FDA approval.®!

For class Il devices, unless exempted by
regulation, a premarket notification (510(k)) is
required before the device may be legally
marketed in the United States. In a 510(k)
submission, a developer must demonstrate to
FDA that its new device is substantially
equivalent to a device already legally on the
market that is not subject to PMA. A
successful submission of a 510(k) application
results in FDA clearance.

3'FDA officials also identified the de novo regulatory pathway,
which allows devices without predicates to be classified as
Class lor Il.
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Similarly, FDA categorizes MPOCTs and their
associated testing based on the complexity of
the technology. The Clinical Laboratory
Improvement Amendments of 1988 (CLIA)
include federal standards applicable to all U.S.
facilities or sites that examine materials
derived from the human body for a health
assessment, or for the purpose of providing
information for the diagnosis, prevention, or
treatment of disease or impairment.3? For
tests that have been FDA-cleared or -
approved, based on the information provided
by the developers, FDA assigns the tests to
one of three CLIA complexity categories—
waived, moderate complexity, or high
complexity—that determine which
laboratories can use the tests once they are
on the market. For example, waived tests can
be conducted by laypeople or by laboratories
with a certificate of waiver; laboratories with
a certificate of waiver are not subject to a
routine inspection under the CLIA Program
but may be subject to oversight under certain
conditions—for example, in response to a
complaint. As of January 2017, laboratories
with a certificate of waiver represent 72
percent of laboratories registered through
CLIA in non-exempt states.®® Waived tests are
tests that FDA has approved for home use or
that are simple tests with a low risk for an
incorrect result.** Laboratories conducting
non-waived tests, including moderate and high
complexity, are subject to routine oversight

8214 improve oversight of clinical laboratories, Congress passed
the Clinical Laboratories Improvement Act of 1967; renewed
concerns about quality, including errors in Pap smear tests
used to diagnose cervical cancer, resulted in enactment of the
Clinical Laboratory Improvement Amendments of 1988 (Pub. L.
No. 100-578, 102 Stat. 2903 (Oct. 31, 1988)).

33CLIA-exempt laboratories are those that have been licensed
or approved by a state where CMS has determined that the
state has enacted laws relating to laboratory requirements that
are equal to, or more stringent than, CLIA requirements and
the state licensure program has been approved by CMS.

34See 42 U.S.C. § 263a(d)(3); 42 C.F.R. § 493.15.

and must meet personnel requirements
stipulated by CLIA.

CMS also plays a role in the regulation and
adoption of diagnostic tests, including tests
run by MPOCTs. Specifically, CMS is
responsible for overseeing clinical laboratory
compliance with CLIA requirements. CLIA
requires that all clinical laboratories be
certified by their state, as applicable, as well
as by CMS before they can accept human
samples for diagnostic testing. Laboratories
can obtain multiple types of CLIA certificates,
based on the kinds of diagnostic tests they
conduct.®® Clinical laboratories that conduct
moderate- to high-complexity tests undergo
biennial inspections--also referred to as
surveys—that assess laboratory compliance
with mandated personnel and testing
standards.® In addition, surveyed laboratories
must participate in proficiency testing, a
program that requires them to test samples
with unknown characteristics that are then
graded by an external party. Laboratories
with serious deficiencies may be sanctioned,
e.g., required to cease testing. Laboratories
with a certificate of waiver may conduct only
waived tests and must (1) enroll in the CLIA
program, (2) pay applicable certificate fees
biennially, and (3) follow developers' test
instructions. Routine on-site surveys are not
required for laboratories with a certificate of
waiver unless there is a complaint.

35 aboratories obtain a CLIA certificate that corresponds to the
complexity of the testing they conduct. Generally, each
laboratory has one certificate, but a large hospital with
multiple laboratories may have a corresponding number of
certificates. By regulation, laboratories that are within a
hospital campus and under common direction are allowed to
file either a single application for a certificate or multiple
applications for multiple certificates.

36Those laboratories that must be surveyed routinely; i.e. those
performing moderate and/or high complexity testing, can
choose whether they wish to be surveyed by CMS or by a
private accrediting organization.
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2 MPOCT performance characteristics and

costs vary

MPOCTs have a range of key performance
characteristics that are used by the FDA to
evaluate the technologies, and by developers
to market their technologies. Two key
characteristics considered by FDA in
evaluating MPOCTs for clinical use are
sensitivity and specificity. Performance
characteristics that developers consider in
designing and marketing their MPOCTs to
users include: (1) panel size, or the number of
disease targets that can be tested in one
sample run; (2) time to test result; (3)
throughput, or the number of patient samples
that can be run simultaneously; and (4)
usability characteristics.®” Regarding the costs
of MPOCTs, they vary widely and are based
on several factors, such as the intended use of
the technology, the complexity of the
technology, and developer business
strategies.

2.1 FDA evaluates certain
MPOCT performance
characteristics for clinical use

FDA evaluates performance characteristics in
order to approve or clear an MPOCT for
clinical use. According to FDA guidance for
510(k) applications, the importance of specific
performance characteristics depends on the
intended use of the MPOCT, among other
things. FDA has discretion in the type of
information it ultimately deems necessary for

37Some of these characteristics may be classified as device or
operational characteristics, but for simplicity we refer to them
as performance characteristics.

approval or clearance of MPOCTs, although
FDA applies least burdensome principles
when reviewing PMA, 510(k) and de novo
submissions.

We found that two characteristics are
repeatedly presented in scientific literature
and product descriptions, and are considered
important for FDA’s evaluation of MPOCTs:

e Sensitivity, which includes analytical and
clinical sensitivity;

e Specificity, which includes analytical and
clinical specificity.®

As previously noted, analytical sensitivity is
the minimum amount of target in a sample
that can be accurately measured by a given
test — also called the limit of detection, while
clinical sensitivity describes a given test’s
ability to accurately confirm that a sick
patient is ill with a particular disease.
Regarding specificity, analytical specificity is
the ability of a test to detect the particular
target for which it was designed, and clinical
specificity describes a given test’s ability to
accurately confirm that a healthy patient does
not have a particular disease.

Because it is not always possible to evaluate a
given diagnostic technology against a “gold
standard” test, sometimes positive percent
agreement (PPA) and negative percent
agreement (NPA) are reported instead of

38Analytical sensitivity and analytical specificity are important.
However, clinical measures are more direct measures of an
MPOCT’s ability to correctly identify positive samples.
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sensitivity and specificity in product inserts.*®
These characteristics describe the percentage
of time two different diagnostic technologies
agree on whether a sample does or does not
contain a pathogen.*® PPA and NPA can be
used when a new diagnostic technology is
being evaluated against an existing diagnostic
technology. If the existing diagnostic
technology is not a “gold standard,” then
there is increased risk that both technologies
might agree on a result but that the result is
incorrect — for example, both testing positive
for a pathogen when the pathogen was
absent. Because of this limitation, PPA and
NPA are used in lieu of sensitivity and
specificity to indicate that what is being
reported is agreement between the devices
and not necessarily to a clinically-accepted
disease status.

In seeking approval from FDA to market an
MPOCT, developers provide a document
called a product or package insert, which
describes performance characteristics of the
MPOCT, including results from clinical studies.
For example, these inserts must include, as
appropriate, information on such
characteristics as sensitivity and specificity.*!
Developers use these inserts to show how the
technology performed in analytical and
clinical studies, as well as how to properly use
the technology. The inserts can contain
different information based on a specific
MPOCT and the test that runs on it.

39 “gold standard” or reference standard is “considered to be

the best available method for establishing the presence or
absence of the target condition,” according to FDA guidance.
40A test could detect a component, or target, of the pathogen,
such as the nucleic acid, in the absence of the entire pathogen.
However, for the purposes of this report, we assume that the
target’s presence indicates that the pathogen is present.

4121 C.F.R. 809.10(b)(12).

To illustrate performance characteristics for a
common disease, we examined the reported
clinical sensitivity and specificity for influenza
A from 6 different MPOCTs.*? Our analysis
shows that performance characteristics varied
to some degree among MPOCTs.* Most of
the reported sensitivities and specificities for
the tests, or PPAs and NPAs, were greater
than 90 percent. For example, one MPOCT
that can test for 20 pathogens reported 94.9
percent sensitivity (with a 95 percent
confidence interval of 91.5 percent to 97.2
percent) and 98 percent specificity (with a 95
percent confidence interval of 97.3 percent to
98.6 percent) for influenza A. Another MPOCT
that can test for two diseases reported 100
percent sensitivity (with a 95 percent
confidence interval of 97.4 percent to 100
percent) and a specificity of 98.5 percent
(with a confidence interval of 97.0 percent to
99.3 percent) for influenza A.

False positive and false negative rates of
MPOCTs are determined by sensitivity and
specificity, and have implications for clinical
decision-making.* For example, if a false
positive result is given for a bacterial
infection, then antibiotics may be
unnecessarily prescribed to treat it. An
MPOCT that has high rates of false positives
may lead to overuse of antibiotics;
alternatively, loss of confidence in an MPOCT
may lead to the technology being ignored or
not used altogether.

42Tests provided information in different ways, thus some of
the sensitivities and specificities presented in this report may
be PPA and NPA.

43FDA officials told us variance in performance characteristics
may depend on disease variance and prevalence, among other
things.

44A false positive is the proportion of patients who tested
positive but do not have the tested disease. A false negative is
the proportion of patients who tested negative but have the
tested disease.
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In examining, the performance characteristics
of different MPOCTs, we determined that
making comparisons is challenging for four
reasons:

e Information sources are not always
available. We were not always able to
obtain product inserts from the
developer’s website, for example.
Additionally, when we requested product
inserts directly from the developer, they
were not always provided.*

e Provided information may not be directly
comparable. Developers can report either
clinical sensitivities and specificities, or
positive and negative percent
agreements. The percent agreements are
used when “gold standards” are not used
for demonstrating the performance
characteristics of an MPOCT. Some
product inserts specify sensitivities and
specificities; others use positive and
negative percent agreement; yet another
commingles these characteristics based
on the particular pathogens being
detected.

e Supporting information is limited. Even
when information sources are available,
limited information may preclude a
complete understanding of the methods
used to obtain performance
characteristics. For example, one product
insert we reviewed does not specify a
comparator test by name,* stating that
the MPOCT assay was compared against
an “FDA-cleared assay.” Further,
comparisons against a named comparator
test require familiarity with the

45Some information could be obtained from examining the FDA
approval documents, which requires familiarity with the FDA
website and document formats.

“6The performance of a comparator test is used as a standard
against which the new test is being compared.

performance of the comparator test in
order to have a basis for judgment.

e Some product inserts report large ranges
for the 95 percent confidence intervals.
For example, one MPOCT reported
sensitivity for influenza A of 90 percent,
with a 95 percent confidence interval of
55.5 percent to 99.8 percent. Large
confidence interval ranges can increase
uncertainty in determining the true
performance of a given MPOCT. A large
confidence interval can result from
calculating measures based on a small
number of cases. In this case, while this
MPOCT used 853 samples to test for
influenza A, only 10 samples could be
used to establish sensitivity, and 843
samples to establish specificity. The
developer of this MPOCT acknowledged
the small number of positive samples and
supplemented its prospective samples
with retrospective samples to obtain FDA
clearance. The number of clinical samples
used to determine individual
performance characteristics across the
different MPOCTS varied from a few
hundred to over 1,800.4

According to FDA guidance, in addition to
sensitivity and specificity, FDA may use other

4TWe examined data on prospective samples, which are
collected from patients that exhibited symptoms of a pathogen
of interest at the clinical testing site during a specified date
range that meet inclusion criteria for the clinical study,
according to FDA officials. Such samples have an unknown
positive or negative status for a pathogen prior to testing, and
may be collected fresh or archived, but would be tested
separately. Retrospective samples have the same composition
as prospective samples, but the positive or negative status for a
pathogen has been confirmed by a different type of testing.
Retrospective samples are only used when developers were
unable to collect a sufficient number of prospective samples.
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performance characteristics in its evaluation,
including:*®

e Sample types, such as tissue samples or
bodily fluids, which the MPOCT tests for
the presence of pathogens. Appropriate
sample types depend on a variety of
factors, including the site of infection and
the pathogen target. For example, a
sample should be collected from the
appropriate anatomical site or source at
the appropriate time in the clinical
progression of disease. Handling needs
for the samples, such as transport,
storage time, and temperature are also
important.

e Nucleic acid extraction efficiency, which
depends on the method used to extract
nucleic acids from the sample and affects
the amount of nucleic acid remaining in
the sample. The extraction efficiency
affects the amount of target available for
the test.

e Analytical reactivity, which specifies if the
test accounts for potential genetic
variation in a target in the test. For
example, different strains of influenza A
can circulate each year, so demonstrating
that a test can (or cannot) detect them
may affect the usefulness of the test.

e Cross-reactivity, which specifies if the test
has reactivity in the absence of the
correct target and is one component of
analytical specificity. There is the
possibility of cross-reactivity between two
targets in the same test, such as inability
to differentiate between strains or

48Depaﬁment of Health and Human Services, Food and Drug
Administration, Highly Multiplexed Microbiological/Medical
Countermeasure In Vitro Nucleic Acid Based Diagnostic
Devices: Guidance for Industry and Food and Drug
Administration Staff (Rockville, MD: August 27, 2014).

variants of influenza A, or a false positive
test for influenza A when the positive
should have been for influenza B.*® There
is also a possibility of cross-reactivity with
targets that are not part of the test. For
example, when testing for the Zika virus
alone, a false positive result is possible
when a patient has been previously
infected by a closely related virus such as
dengue, yellow fever or West Nile,
making it difficult to interpret results.®°

e Precision, which evaluates the
repeatability or reproducibility of the test
across different variables, such as
pathogen targets across a range of
analyte concentrations spanning the
detection range of the test, and among
testing sites, such as different
laboratories.

FDA requirements and guidance do not
require that a particular MPOCT report all
performance characteristics during the
clearance or review process. FDA uses
information from a clinical study to gauge
how the MPOCT would operate if it were
cleared or approved. FDA officials told us they
have rejected MPOCTs for poor performance
and poor results from clinical studies, such as
low sensitivity or specificity. However,
officials added they may also provide
approval or clearance with limitations when

49Cross—reactivity with the wrong strain of influenza A could
prevent proper treatment and identification of an avian or novel
strain that may have pandemic potential compared to seasonal
influenza A. However, cross-reactivity between seasonal
influenza A and B may be less important clinically, because
treatment of seasonal influenza A and B can be the same.

50These viruses are found in some of the same geographic
areas and can have similar symptoms. This particular example
is more of a problem for antibody, or serological, tests but not
molecular, or PCR, tests. GAO, Emerging Infectious Diseases:
Actions Needed to Address the Challenges of Responding to
Zika Virus Disease Outbreaks, GAO-17-445 (Washington, D.C.:
May 23, 2017).
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there are specific performance issues. For
example, even if an MPOCT exhibited high
cross-reactivity during clinical studies, FDA
officials told us that while they would be
concerned, the MPOCT may be cleared or
approved with certain limitations placed on it
for use.

According to FDA officials, they evaluate
performance characteristics on a case-by-case
basis because, among other things, the
intended use of MPOCTs influences the
importance of certain performance
characteristics over others. For example,
screening tests need higher clinical sensitivity
(low false negative rates) in order to identify
as many patients as possible who have a
disease, at the cost of including some of those
without the disease (false positives). In this
case, a follow-up test with higher clinical
specificity can rule out those who truly do not
have the disease. FDA officials also told us
MPOCTs may be cleared with certain
pathogens masked if acceptable performance
has not been demonstrated (that is, the
device may be cleared, but not for all the
pathogens the developer requested), and
often subsequent studies are done to add
new pathogens to an existing panel or
improve performance against a specific
pathogen.

2.2 Developers also consider
additional performance
characteristics for designing and
marketing MPOCTSs

In addition to the characteristics considered
by FDA in evaluating MPOCTs, key
performance characteristics that developers
consider in designing and marketing their

MPOCTs to users are panel size, time to test
result, throughput, and usability.

2.2.1 Panel size

The panel size, or number of pathogen targets
that can be tested in one run is an essential
performance characteristic. During our review
of product inserts for performance
characteristics in disease panels that
contained influenza A, those panels ranged in
size from 2 to 20 pathogens per test.
According to experts at our two-day meeting
and others we interviewed, more targets can
be better in MPOCT panels for two reasons:
(1) more targets on one pathogen could
increase the sensitivity or specificity for
detecting that pathogen and (2) targets
against multiple pathogens on a panel could
increase the range of possibly correct
diagnoses. One developer at our meeting told
us that, in theory, panels could be designed
with an arbitrarily large number of diseases,
because the science underlying the MPOCT is
well-developed with respect to adding new
pathogens.

A developer and users also told us that larger
panels offer the opportunity to catch diseases
that a user may not consider. Furthermore, a
developer and users at our meeting consider
opportunities to provide information on
specific characteristics of pathogens, such as
resistance against a specific antibiotic, which
might improve patient outcomes by
identifying the need for different antibiotics.

A developer at our meeting also identified the
ability to detect coinfections—situations
where a patient may be infected with more
than one type of pathogen—because a
positive result in a singleplex test might
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dissuade a user from exploring the possibility
of coinfection.®! In contrast, another developer
told us they have generally limited their
MPOCT panels to targets that produce similar
or related symptoms, because users preferred
to limit targets to diseases more likely to be
present in the patient, given factors such as
the season and ability to treat (that is, not all
pathogens have a treatment path).52

2.2.2 Time to test result

Developers design MPOCTs to provide users
with test results quickly. Developers at the
meeting told us they designed their MPOCTs
to take about an hour or less, which is fast
compared to conventional testing, such as cell
culture. According to product inserts we
reviewed, the time to test result ranged from
20 minutes to over 2 hours. However, we also
determined that what constitutes the “time
to test result” differed, based on the specific
test setting. For example, when a sample is
sent to a laboratory in an inpatient setting,
the test result may not be seen by the
physician for hours, even though the testing
was conducted in the same hospital and the
result is ready in a short amount of time,
according to users at our meeting.%® In an
outpatient setting, patients may not want to
wait for a result; therefore, getting results
quickly may increase in importance. For
example, for sexually transmitted infections,
patients may be lost to follow-up for a variety

5'In contrast to multiplex tests, singleplex tests detect one
disease pathogen at a time.

52According to FDA officials, a panel with more pathogens
increases the likelihood of a false positive result as certain
pathogens become less and less likely. In other words, the PPV
for a pathogen goes down as prevalence decreases.

53According to CMS officials, test results may be prioritized for
those patients that need treatment urgently in an inpatient
setting, so not all delays are due to the availability of the test
result.

of reasons including reluctance to return to
the clinic for their results. This in turn may
lead to untreated infections, resulting in the
potential for sexually transmitted infections
to spread. According to users and a developer
at our meeting, shorter times, in the range of
15-30 minutes, were preferred in a small
office or commercial setting, such as a
pharmacy, in order to prevent a backlog of
patients taking up space.

2.2.3 Throughput

Throughput is the number of patient samples
that can be run simultaneously in an MPOCT.
Developers told us that MPOCTSs can be
designed with low throughput, usually one
sample at a time, for some settings such as
doctor’s offices, but that their MPOCTSs can
also be used by hospital laboratories. A few
developers we talked with designed their
MPOCTs to run tens to almost 100 samples at
a time, but other developers stated that
because high throughput was possible with
automated systems, it was unnecessary to
design their MPOCTs to run that many
samples (figure 2). A user at our meeting was
concerned about technologies that could only
run one, or a few samples, at a time. For
example, for a small clinic, if there is low
throughput on a technology, such as one
sample at a time, then the patients waiting
for a test result on the same MPOCT could be
taking up space in waiting or examination
rooms, which could be used to see other
patients. In order to increase throughput,
more MPOCTs would be needed, which may
lead to inefficient use of space within a
laboratory.5

540ne developer from the meeting told us that the goal of the
development process for many POC tests is to generate a result
within the typical contact time with the patient, and there is
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Figure 2: MPOCTs differ in throughput and sizes

MPOCT showing small, 1-sample equipment
(approximately 4 inches across).

MPOCT showing larger, 4-sample equipment
(approximately 12 inches across).

Source: GAO and Cepheid| GAO-17-347.

often strong emphasis on producing a result in 10 minutes or
less. If this can be done for a test which is run patient-side,
then throughput as a concept could become a non-issue for
true POC tests.

2.2.4 Usability

Developers design MPOCTs with different
usability characteristics. For example,
developers designed some MPOCTs for ease
of use. Developers and users said the way the
technology provides a diagnostic result is
important because