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Abstract

Introduction: Just as technology was the underlying driver of the sequencing of the human 

genome and subsequent generation of volumes of genome sequence data from healthy and affected 

individuals, animal, plant, and microbial species alike, so too will technology revolutionize 

diagnostic testing. One area of intense interest is the use of genetic data to inform decisions 

regarding drug selection and drug dosing, known as pharmacogenetic (PGx) testing, to improve 

likelihood of successful treatment outcomes with minimal risks.

Areas covered: This commentary will provide an overview of implementation research of PGx 

testing, the benefits of point-of-care (POC) testing and overview of POC testing platforms, 

available PGx tests, and barriers and facilitators to the development and integration of POC-PGx 

testing into clinical settings. Sources include the published literature, and databases from the 

Centers for Medicaid and Medicare Services, Food and Drug Administration.

Expert Commentary: The utilization of POC PGx testing may enable more routine test use, but 

the development and implementation of such tests will face some barriers before personalized 

medicine is available to every patient. In particular, provider training, availability of clinical 

decision supports, and connectivity will be key areas to facilitate routine use.

1. Introduction

Research into the genetic basis of adverse drug responses (ADRs) and drug response has 

resulted in the identification of many polymorphic variants resulting in altered protein 

function Testing for genetic variants associated with risk of ADRs or treatment failure, 

known as pharmacogenetic (PGx) testing, has become a pillar of the personalized (or 

precision) medicine movement. In many cases, PGx testing can take anywhere from 2 to 7 

days or longer to complete (turnaround time), placing the provider in a difficult position to 

choose between delaying treatment, prescribing a minimal dose or alternative treatment not 

impacted by the gene, or monitoring patient response closely. With the increasing use of 

point-of-care (POC) tests for a wide range of clinical indications [1], the development of 

POC PGx tests could be used at the time treatment is required to alleviate treatment delays 

associated with PGx testing in centralized laboratories. Several nucleic acid-based POCs are 
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under investigation for microbial and human genes using multiple platforms and thus, it is 

anticipated that POC PGx tests are on the horizon that will increase routine use of testing, 

reduce test turnaround time, and meet the goals of personalized drug treatment [2]. POC 

PGx tests can be used in a variety of settings where medications used from the emergency 

department to hospitals to mental health facilities to retail pharmacies. By having both the 

test result and knowledge of the patients medication needs, the result can be immediately 

interpreted and applied. In contrast, a hospital or reference laboratory providing PGx testing 

may not have access to the patient’s clinical or medication record and thus, the test report 

will not likely include any specific recommendations.

However, the use of POC PGx tests will likely require some effort to implement due to both 

the novelty of the type of test as well as limited experience with POC tests in general in 

some clinical settings. In particular, provider preparation, lab certification, connectively, data 

management, and health information exchange are some of the issues to consider for the 

routine use of POC PGx tests. This review will consider the status of POC technology for 

PGx testing and the barriers to integration in provider and pharmacy settings.

2. Pharmacogenetic (PGx) Testing

Individual drug response can be difficult to predict as it is impacted by several factors 

including a patient’s diet, co-morbidities, age, weight, drug-drug interactions, and genetics. 

Multiple genes are involved in key pathways in the absorption, distribution/transport, 

metabolism, and excretion of a drug [3]. In addition, with greater knowledge of the causes or 

mechanisms of physiologic pathways altered in disease states, increasingly more drugs are 

designed to target to a specific protein. Changes in the gene sequence encoding that protein 

can adversely impact drug binding and drug function and thus, testing of the target gene is 

required (also considered a PGx test but now referred to as a companion diagnostic test to be 

performed when a particular drug is indicated) [4]. More than 100 drugs include information 

about pharmacogenetics in the drug label [5] and 12 DNA-based PGx tests and 12 

companion tests have been approved or cleared by the US Food and Drug Administration 

(FDA) (Table 1). However, many genetic tests, including PGx tests, are laboratory-

developed tests (developed by individual laboratories), and do not require FDA approval or 

clearance (though draft guidance was issued in 2014 about oversight of laboratory-

developed tests). The impact of potential new regulatory guidelines on laboratory-developed 

PGx testing is up for debate [6,7], but may unexpectedly stimulate development in the the 

POC PGx testing market.

Several hospitals have established PGx programs as a quality improvement or clinical 

research initiative. In general, two delivery models are emerging for PGx testing – testing 

may be ordered preemptively when a patient is healthy and results are stored in their medical 

records to be consulted at a later time when the patient requires treatment, or testing may be 

ordered when treatment is warranted. The University of Chicago’s 1200 Patients Project 

offers enrolled outpatients taking one to six drugs a panel PGx test [8,9]. The PG4KDS 

research protocol at St. Jude Children’s Research Hospital prospectively tests patients for a 

select group of PGx genes.[10] Vanderbilt University’s PREDICT program also 

prospectively tests patients but through a quality improvement program for select PGX 
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genetic variants.[11] For treatment-indicated testing (ordered at the time treatment is 

needed), the pilot implementation project at the University of Florida added CYP2C19 to the 

test ordered pre-operatively for patients undergoing left heart catheterization [12]. While 

both delivery models are under investigation, the merits of each approach have been subject 

to some debate [13–15]. A major benefit of testing preemptively is to avoid any delay in 

treatment due to the time required to complete testing (test turnaround time). Although some 

laboratories can complete testing within 24 hours after receipt of the sample (therefore, 

likely minimum 48 hours), many PGx tests take between 3 to 7 days to complete, which may 

be an unacceptable length of time to delay treatment. However, the disadvantage to 

preemptive PGx testing is the need to store the test results in a way that can be checked each 

time a new medication is prescribed if an automatic alert system has not been developed to 

link medications, test results, and clinical recommendations.

3. Challenges of Point-of care (POC) test development

The major features of POC tests are their simplicity, stability of test reagents, demonstrated 

concordance with an established or accepted test, and overall device safety (equipment and 

reagents) [16]. There are several steps to consider in the POC testing process, from sample 

collection, to reagent stability, quantification or detection, results interpretation, and data 

reports [17]. Unlike for protein or metabolite-based POC tests, for nucleic acid-based POC 

tests, one of the major challenges is the need to consolidate three testing phases into a single 

device: 1) nucleic acid extraction; 2) amplification; and 3) detection [18]. The development 

of a nucleic-based testing device that is rigorous, portable, and relatively easy to operate has 

presented several challenges.

A POC test can address the problem of turnaround time when treatment is warranted in any 

type of health care setting. Delay of treatment may be only a few hours then, with a decision 

about drug selection or dosing made and electronically submitted to the pharmacy 

potentially before the patient arrives to pick up the medication. While several groups are 

working to develop rapid PGx tests to reduce turnaround time, these are still likely to be 

performed in a centralized laboratory and not approved for use as POC tests [19–25]. In the 

next section, some of the challenges of nucleic acid-based POC testing are described, 

followed by an overview of the current development of PGx tests, specifically rapid-based 

PGx tests, concluding with a discussion of some challenges to implementation of POC PGx 

tests in the clinic or other health care settings. As several reviews have been published about 

the different approaches under development for nucleic acid POC technologies [26–28], a 

cursory overview of each technology will be presented here with references for more 

detailed discussion of the subject matter.

3.1 Lab-on-a-chip (LOC)/Microfluidics

The popular lab-on-a-chip entails a multi-step system fitted to a single device that provides a 

rapid ‘sample to answer’ test. Microfluidics has been the predominant technology used for 

lab-on-a-chip devices, and has been successfully demonstrated for nucleic acid amplification 

testing for many conditions [29,30]. However, one major disadvantage is that they typically 

require additional equipment such as a pump or pressure to operate the device and thus, an 
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energy source [18]. However, new approaches are under development to minimize the 

equipment support needed to operate LOC tests. For example, Rodriguez et al. [31] recently 

reported on a paper-based (or paperfluidics) LOC device capable of nucleic acid extraction, 

amplification, and detection of human papillomavirus (HPV) 16 from cervical samples in 

less than an hour.

3.2 Paper-based Assays

A paper-based assay for nucleic acids offers a cheaper alternative to the more expensive 

chip-based platforms [18]. Several successful paper-based POC tests have been successfully 

developed for infectious diseases such as HIV, chlamydia, and influenza [32–34]. From 

specimen collection to detection, paper-based assays have been developed for each of phases 

of nucleic acid-based testing. For specimen collection, blood sample collection and storage 

has long used paper, illustrated with the successful use of newborn screening dried blood 

spots collected and stored on 903 filter paper over the past 50 years [35]. In addition, fast 

technology analysis (FTA) cards have been developed to lyse blood cells and denature 

damaging proteins, leaving the DNA bound to a fiber matrix, stable for long periods at room 

temperature. The cell lysing process takes about an hour and has been used for different 

extraction techniques [36]. These cards have been incorporated into nucleic-based POC 

assays for infectious disease [37].

For DNA amplification and detection, lateral flow assays (LFA) have been commonly 

employed, relying on capillary-driven movement of sample analyte and reagents on a dry 

porous material such as chromatography paper or nitrocellulose. Recently, Choi et al. [38] 

reported an LFA-based system for DNA amplification and detection that could be combined 

with a sample preparation system to create an integrated device.

3.3 Smart-phone-based POCs

Advances in the utility of smartphone devices as diagnostic tools have rapidly pushed this 

technology platform to the forefront of POC test development [39,40]. Particularly for 

home-based testing for disease surveillance and use in resource-limited areas, smartphone-

based diagnostics presents a convenient and widely available tool to perform, store, and/or 

transmit test results. Several examples of protein-based testing using smartphone technology 

have been developed, but the challenges of nucleic-acid based testing have created a 

developmental lag. Use of smartphone fluorescence in a smartphone application was 

introduced in 2014 [41]. Recent examples include a single-step bioassays on serum or whole 

blood using smart phone, semi-conductor quantum dots to measure thrombin activity [42], a 

smartphone potentiometric biosensor to measure levels of salivary α-amylase, a biomarker 

of autonomic nervous system activity [43], and a hybrid microfluidic, smart-phone device 

for biomarkers associated with cardiovascular disease [44]. New smartphone-based 

molecular diagnostics are also beginning to emerge, such as the recent report on a device for 

diagnosis of the herpes simplex virus type-2 [45]. In 2012, Stedtfeld et al. [46] introduced 

the Gene-Z device that is operated with an iPod Touch and has since demonstrated the use of 

this device for parallel gene detections [47]. Combination with other techniques such as 

paper-based lateral flow assay with a smartphone-detection has been evaluated [48].
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4. Challenges of Developing POC-PGx tests

PGx tests are anticipated to face similar challenges as other nucleic acid based-tests, with the 

major challenges being multiplex testing, reporting, and interpretation.

4.1 Nucleic Acid Extraction & Amplification

Genetic testing typically requires whole blood samples, but many devices have validated 

different specimens including saliva or buccal swabs. A new innovation with the FTA card is 

the development of FTA Elute cards that release DNA from the paper matrix with water, 

which have been shown to yield good quality DNA for analysis [49]. Following extraction, 

an amplification step is needed to generate a sufficient quantity of the specific gene region 

for detection. The most common technique for DNA amplification is polymerase chain 

reaction (PCR), but this requires a heat source and time, presenting substantial challenges to 

a POC (including the potential need for a power source). To reduce the time required of 

PCR, several isothermal approaches have been developed over the past several years for 

DNA amplification, including loop-mediated isothermal amplification (LAMP) and rolling 

circle amplification (RCA) [50,51]. Alternative approaches utilize microfluidics to facilitate 

a rapid-based (~6 minutes) PCR amplification protocol [52–55]. With paper-based systems, 

lyophilized reagents can be stably stored for long periods.

4.2 Multiplex testing

Unlike nucleic-based POC testing to detect the presence/absence of a virus/bacteria, 

multiplex testing is required to detect potentially two or more variants in a single human 

gene or virus (viral subtypes). Thus, for human genes with a single allelic variant, three 

types of test result are anticipated: homozygous for either the normal or variant allele or 

heterozygous. This complexity is further compounded by the presence of multiple alleles in 

the same gene or viral sample. Another issue for POC PGx testing is the potential need to 

assay multiple genes if relevant to decisions about treatment. At this time, many of the 

clinical PGx tests are single genes (e.g., CYP2C19 for treatment with clopidogrel), with one 

notable exception of the gene pair VKORC1/CYP2C9 for treatment with Coumadin. Thus, 

the challenge of multiplex analysis resides at the amplification stage, with the need to use 

multiple primer sets to amplify the targeted genes or gene regions of interest. Some lateral 

flow detection assays have successfully demonstrated detection of up to 13 human 

papillomavirus subtypes [56]. Litos et al. [57] reported a dipstick device to detect four 

alleles of the toll-like 4 receptor gene associated with the innate immune response system. 

The assay involved a single amplification step of the exon containing both SNPs and use of 

two allele-specific primers per SNP for a quadruple primer extension reaction in a 1.5 hour 

assay. The Gene-X device allows for parallel detection of multiple genes [46,47]. Use of 

shared or universal primer sets may reduce the complexity of multiplex assay [58]. Several 

multiplex biosensor technologies are being explored to improve test specificity and 

sensitivity for POC devices [59].

4.3 Nucleic Acid Detection

A number of detection techniques have evaluated to assess sensitivity and specificity 

including fluorescence-based, electrochemical, and nanoparticle-based assays [60,61]. 
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Lateral flow assays (LFAs) have been a well-studied platform for nucleic acid detection, 

almost exclusively used for microbiology testing [62–64]. In addition, different types of 

conjugated probes have been evaluated for both proteins and DNA. For example, the 

presence of a target nucleic acid was easily visualized using a colorimetric change following 

hybridization with gold nanoparticles conjugated to an oligonucleotide probe [65]. For 

nucleic acids, a denaturation step is often required to enable binding with a conjugated, 

single-strand probe. Recently, Choi et al. [38] demonstrated a newly developed 1-hour POC 

test that combined DNA extraction and amplification with a LFA detection system using a 

layered-structure to separate the temperature and reagents required of each step. The newly 

integrated test was used to successfully detect Streptococcus pneumonia in blood and E. coli 
in a range of food samples with smartphone-assisted quantification of the colorimetric 

change.

4.4 Quality Control

As with any clinical laboratory test, quality control (QC) programs are an important part of 

POC tests to ensure accuracy and reliability. Internal QC and external quality assessment 

(EQA) are essential to assuring the accuracy of the test results. Professional guidelines 

require both an internal QC and EQA for POC tests [66,67]. The frequency of QC is often 

determined by several factors included the frequency of testing, test complexity, and the risk 

of an inaccurate result on patient outcomes [68]. Performance of a single test on a POC 

device will often utilize a disposable cartridge or set of reagents and thus, a quality control 

system cannot always identify performance issues that may arise per a test run. To address 

this issue, some POC devices are designed with QC systems such as calibration checks that 

are run as part of each test unit, assessing both the electronic or operating system as well as 

the reagents [69–71]. This also reduces the burden for clinical operators of the POC test that 

likely will have no training or background in laboratory medicine and thus, may not 

recognize the importance of performing of QC. Indeed, one of the issues identified by 

primary care practitioners regarding the use of a POC test was QC and training [72], EQA 

involves blinded testing of samples and comparison of the results from a laboratory’s run to 

the known outcomes. Samples may be obtained from third parties (e.g., professional 

organizations) or split samples with a centralized laboratory [69].

Unlike a centralized pathology laboratory where most of the testing is performed on a single 

piece of equipment, several POC devices may be in use in a given clinical setting and thus, 

each will require QC and EQA. This creates a huge task for lab administrators to oversee 

that QC and EQA are regularly performed and documented for each device. Documentation 

of the performance of each POC device should include the dates of performance of QC, 

operator, results, and corrective actions (if warranted) [68,71] QC management software can 

greatly, particularly if multiple devices are used in one setting.

4.5 POC PGx Testing Under Development

Although rapid developments in POC technologies have occurred, many issues remain 

regarding the development accurate and easy-to-use devices and Implementation in a clinical 

setting. The anticipated merge between POC technology development and PGx knowledge 

presents an opportune time for POC PGx test development in the near future, both for 
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companion diagnostics and PGx tests [2,73]. For POC PGx tests, once the performance 

characteristics of the test have been established and shown to be comparably equivalent to 

standard testing protocols, assessing integration of the new device is a clinical setting to 

determine feasibility and utility would be the next step. However, evidence of clinical utility 

has lagged behind the discovery phase, resulting in a slower than anticipated uptake of PGx 

tests in clinical practice [74]. Therefore, the new device may be used in a clinical trial, 

enabling observations about the use of the test in a clinical setting as well as assessing the 

impact of the test result on health outcomes. For example, the use of a POC test developed 

by Spartan Biosciences known as the Spartan RX CYP2C19 was evaluated in a proof-of-

concept study in a hospital-based setting [75]. Patients were randomized to receive the POC 

tests and if found to carry a CYP2C19 variant, would receive prasugrel or to the standard of 

care arm with no testing and treatment with clopidogrel. CYP2C19 carriers identified by the 

one-hour test were all confirmed by Sanger sequencing. A more recent trial with a similar 

study design of a testing arm/prasugrel and a standard of care arm/clopidogrel used an 

expanded POC test for 3 genotypes (CYP2C19*2, ABCB1 TT and CYP2C19*17) for 

patients undergoing PCI for ST-elevation myocardial infarction (STEMI) [76].

Dosing for one of the most commonly prescribed medication in the world, warfarin, is 

challenging due to myriad factors [77], often resulting in hospitalizations [78]. Some of the 

variation in drug response has been attributed to two genes, VKORC1 and CYP2C9, known 

to impact the efficacy (target) and metabolism of the drug, respectively [79,80]. Genetic 

testing for the two genes has been available for several years but test utilization has been low 

[81]. Knowledge of a patient’s genotype is believed to be most beneficial for estimating 

starting dose [82], and therefore, a rapid genetic test is needed in order to consider a 

patient’s genotype at the time of initial dosing decision. Recently, Zhuang et al. [83] 

developed an integrated, multi-SNP detection chip-based test that could be performed in 

about two hours on 0.5 microliters of blood. The integrated device consists of a paper-based 

nucleic acid extraction and PCR amplification chip combined with a reusable glass capillary 

electrophoresis chip. Detection is based on a colorimetric assay for two SNPs in the 

VKORC1 gene (−1639G>A and 1173C>T) and a single SNP in the CYP2C9 gene (the *3 

allele- (1075A>C)).

However, differences in genetic variation by race or ethnicity have been documented in PGx 

research, indicating the need to develop POC tests that will include common variations from 

different populations in order for the test to be useful to all patients [84,85]. Disparities in 

the predictive value and clinical utility of PGx testing are illustrated by several studies 

(reviewed in [86], including a large randomized trial comparing the standard (clinical-based) 

for warfarin dosing to genotype-guided warfarin dosing [87]. This study reported that 

African Americans randomized to the genotype-guided arm did not fare as well compared to 

Caucasians participants; testing for the study was performed using one of two FDA-

approved (non-POC) devices, the Gen-Mark Dx eSensor XT-8 or the AutoGenomics 

INFINITI Analyzer, both of which analyze CYP2C9*2 and *3 and VKORC1 3673 

(−1639G>A) genotypes [87]. Another study reported that PGx-based dosing algorithms for 

warfarin may have reduced clinical validity for African-Americans due to the absence of 

genetic variants more commonly observed in this population.[88] Similarly, the prevalence 

of genetic variations associated with the CYP2D6 gene also ranges widely; the frequency of 
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variants associated with poor metabolism ranges from a high of 10 percent in patients of 

European ancestry to low of less than 2 percent in individuals of Asian ancestry.[89,90]

4.6 Regulatory Oversight

In the U.S., healthcare providers that wish to use POC tests in their office, laboratory, or 

other clinical setting must obtain certification from the state in compliance with the federal 

Clinical Laboratory Improvement Amendments (CLIA). Clinical tests are categorized into 

three major categories: high complexity, moderate complexity, and waived tests; POC tests 

are classified as waived tests. General categories of waived tests include general chemistry, 

general immunology, bacteriology, toxicology, and urinalysis. Although less than 1% of all 

laboratory tests are classified as waived, more than 254,000 health facilities are CLIA-

certified to conducted waived tests, accounting for the majority of provider’s offices that are 

CLIA-registered to conduct waived testing [91]. POC tests are considered medical devices 

and must be FDA-approved. In contrast, laboratory-based genetic testing is classified as 

high-complexity but are not currently required to undergo FDA review.

A handful of non-PGx POC nucleic acid-based tests have been approved by the FDA. 

California-based company Cepheid has several approved devices using its GeneExpert test 

platform. This rapid, multi-step test combines DNA extraction, amplification (PCR), and 

identification of target sequences into a single test cartridge and desktop device; testing can 

be completed in 1.5 to 2.0 hours for a range of tissue samples. However, no POC PGx tests 

have been approved or cleared by the FDA, but several nucleic acid-based PGx tests have. 

The FDA’s in vitro diagnostics database for nucleic-based tests lists 12 PGx tests that have 

been cleared or approved by the FDA (Table 1; accessed May 3, 2016) and 12 companion 

diagnostic tests, or tests that must be performed to identify patients that meet the clinical 

indications for a specific drug. The same testing platform can be been used to market 

multiple PGx tests as has been done by Roche with their cobas® 4800 System for the 

detection of mutations in the KRAS, BRAF, and EGGR genes, each associated with 

response to cancer treatments [92].

Two U.S-based companies, Spartan Rx [93][93] and Verigene, have obtained FDA approval 

for the rapid analysis of genotypes for the CYP2C19 gene, best known for its association 

with the drug clopidogrel. Both tests are benchtop, closed-systems that combine the multi-

step extraction, amplification, and identification with minimal operator involvement (sample 

collect, transfer to reaction tube, and initiate testing). The Spartan RX test can be performed 

in less than an hour and the Verigene test takes about 2.5 hours. However, the Spartan RX 

test currently only analyzes three SNPs in CYP2C19 (*2,*3, and *17), thus, limiting its 

utility to some populations. In July 2015, the Verigene device was recalled by FDA based on 

numerous reports of inaccurate test results. None of the PGx tests are categorized as 

‘waived’ and not POC, therefore, their use is limited to CLIA-certified complex testing 

laboratories to be performed by trained laboratory providers. A handful of physician offices 

are certified to provide complex testing, but most of these types of test are performed in 

hospital or commercial-based centralized testing laboratories.
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5. Challenges in Implementing POC PGx Testing

Regardless of the type of clinical setting, several barriers will need to be addressed to 

successfully perform and utilize results generated from POC PGx testing. A recent review of 

barriers to uptake of POC tests identified several barriers: 1) device performance and data 

management; 2) operational issues included staff training; 3) higher per POC test cost 

compared to lab-based per test cost; 4) regulatory issues and laboratory accreditation; and 5) 

overall economics of adoption [94]. Further discussion of the some of the issues that may 

pose challenges to adoption of POC PGx testing is provided in the next section.

5.1 Provider Training

Two key issues are relevant to the appropriate use and application of PGx POC tests—

knowledge of PGx in general and knowledge and skill in the performance of POC tests. 

Several studies have reported providers’ limited knowledge and/or experience with PGx 

testing [95–97]. A number of programs have been developed to address providers’ 

knowledge gap, including experiential learning [98], clinical decision supports [99,100], 

continuing education [101], and curriculum development [102,103]. The greatest challenge 

with the use of POC PGx tests will likely be associated with test interpretation and 

understanding of how the results inform therapeutic decisions. Most likely, the results output 

will need to be linked with a clinical decision support program that can provide 

interpretation of the results for a given medication. Therefore, connectivity of the POC PGx 

device will be necessary until providers reach a level of confidence with genotype-guided 

treatment for the drugs they most commonly prescribe. Some current decision support 

programs include online calculators such as warfarindosing.org and https://

www.pharmgkb.org/guideline/PA166104996 that consider patients’ genotype (or potentially 

alert provider about availability of PGx testing for a newly prescribed medication) with other 

clinical biomarkers to estimate or predict risk for certain medications.

A survey of CLIA-waived settings reported that POC testing is primarily performed by 

nurses (46%) and medical assistants (25%), followed by physicians (9%) and staff with the 

equivalent of a high school degree (7%) [104]. Thus, a diverse group of health care workers 

are involved with POC testing with vastly different levels of training, skill and knowledge. 

With the exception of sample collection and initiation of the test, optimal POC tests are 

designed to require a minimal amount of effort and skill to operate, reducing error rates [71]. 

However, several studies have documented user errors with POC tests, mostly in the 

analytical phase, and these errors may potentially result in erroneous clinical care decisions 

(users [105–108]. As a result, more efforts have focused on providing support and training 

for POC users, particularly in resource-limited areas [71,107,109]. Although some providers 

receive general training in their curricula on POC testing as required by accreditation 

standards, as is the case for pharmacists [110], each test will have unique characteristics that 

warrant knowledge about the device before operating. Often, training to use specific POC 

devices is not time-consuming. For example, in a hospital-based study of POC testing for 

CYP2C19 to inform selection of anti-platelet medication, nurses completed a 30-minute 

training session to learn how to perform the test, which included sample collection (buccal 

swab), adding reagents to the device, and initiating testing (push-button) [75]. Another study 
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reported a half-day training of nurses to perform multiple POC tests related to care of HIV 

patients [111].

5.2 Integration of POC PGx Testing into Clinical Practice

In general, the slower than anticipated utilization of PGx testing may be due to several 

factors, including limited provider knowledge, lack of evidence of test utility, lack of clinical 

guidelines, and uneven coverage policies [74,112–115]. Similarly, POC tests in general have 

encountered some challenges to uptake, though for different reasons. While routine use of 

lab-based PGx testing appears to be stymied by the lack of evidence of clinical utility, 

routine implementation of POC tests is impeded by concerns with potential disruptions to 

workflow, training requirements, doubts of clinical value, cost, and evidence of equivalence 

to lab-based tests.

Optimally, POC PGx testing could be implemented in any type of clinical setting that 

provides prescription medications. For this discussion, we’ll assume that POC PGx tests 

have been developed that meet the criteria for classification as a waived test by CLIA and 

FDA and therefore, do not require certification of compliance for high or moderate 

complexity testing and laboratory-trained personnel to perform the test.

Given the wide range of tests required for hospitalized patients, the hospital setting is 

experience with implementation of different POC tests have been gained the most. From 

routine monitoring of glucose levels [116], to emergency assessment of blood gases [117] or 

infectious disease [118], the wide range of devices used for different indications warrants 

establishment of POC manager or administrative team to ensure appropriate training and 

compliance [71]. In addition, the costs of use of multiple POCs must be considered to the 

hospital’s own centralized laboratory services. However, in an office-based setting, space, 

staff training and practice acceptance are likely to present the key challenges. With a smaller 

setting and minimal resources, implementation of POC testing may meet greater resistance 

due to the need to obtain CLIA certification for waived testing, implementing and 

documentation of quality control and quality assurance tests, potential disruption to 

workflow, and increased cost per test as noted in a recent study of the barriers to uptake of a 

single POC test for C reactive protein by primary care practitioners [72]. However, 

experience with POC testing in rural or resource-limited care settings has been perceived as 

a valuable tool to improve the prompt diagnosis and treatment of patients and therefore, 

acceptable by providers in such settings [119]. Other evidence suggests that POC testing can 

be implemented with minimal disruption, reducing staff time related to follow-up with 

testing from a centralized laboratory and more importantly, demonstrated of improved health 

outcomes [120].

Based on CLIA statistics, pharmacies account for 4.2% of CLIA-waived laboratories (as of 

January 2016 update), although only 1% of pharmacists have reported conducting POC 

testing [104]. Although the reasons are unknown, a recent paper reported a precipitous 

decline, 15.9%, in the number of certified pharmacies between May 2015 and March 2016, 

down to a total of 9,110 laboratories, possibly due to new policies in Walgreens, one of the 

largest retail pharmacies [121]. In 2014, 14% of surveyed pharmacies reported conducting 

POC testing, highest among chain pharmacies [122]. POC testing for a range of infectious 
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diseases is available through community pharmacies [123]. The conceptual model for POC 

testing for infectious diseases in pharmacy settings proposed by Weber et al. [124] align 

with the delivery of PGx testing in a community pharmacy: for patients seeking treatment or 

with a prescription, rapid testing, and informed drug selection and dosing [124]. With the 

development of POC PGx tests, patient eligibility for testing could simply and quickly be 

determined by a prescription for a medication known to be impacted by a PGx variant. The 

test analyte, buccal swab, can be easily collected by a pharmacist or by the patient with 

pharmacist supervision, without requiring private rooms.

Pharmacists’ experience with other POC tests may inform their use of POC PGx testing and 

anticipated problems. A recent review of pharmacists’ use of POC testing for cholesterol 

found a positive impact on screening and identifying patients for referral for dyslipidemia 

[125]. In a health system, a pharmacist-operated anticoagulation clinic demonstrated 

reduced hospitalizations and increased time within the therapeutic range with a POC 

intervention [126]. For example, POC creatinine testing can be administered by the 

pharmacist to patients with unknown renal status impairment; consultation with the 

physician can lead to changes in medication dosing and improved outcomes [127]. 

Reimbursement for POC testing will likely remain a major issue for pharmacists, regardless 

of test type [125,128]. Since state pharmacy boards define the scope of practice for 

pharmacists, a published review of pharmacy regulations reported that fewer than 20 percent 

of states addressed POC [129]. In some cases, a collaborative drug therapy management 

(CDTM) agreement may specify pharmacists’ scope of practice regarding testing, however, 

CDTM regulations in 12 states do not allow pharmacists to perform POC testing [129].

5.3 Connectivity/data management

With continuing implementation of electronic medical records, the need to communicate test 

results from POCT to a patient’s record is critical [130]. The ability to store results in an 

efficient manner, identify trends, and integrate other data such clinical biomarkers and drug 

exposures, is essential for many POC devices, particularly for frequently performed tests. In 

hospital settings with potentially multiple POC tests and centralized laboratory tests 

performed for a given patient, the interface with the laboratory information systems are 

important to document and record test results in the patient’s record. Studies have 

demonstrated the value of data exchange interfaces with medical records systems, reducing 

error and increasing efficiency [131–133]. The POC testing industry also recognized the 

need to incorporate connectivity capabilities in their devices and established the 

Connectivity Industry Consortium (CIC) in 1999 [134]. In addition to data exchange, data 

connectivity can provide clinical support, trouble-shooting, and completion of regular 

quality assurance and quality control measurements. The Clinical Laboratory Standards 

Institute issued its second update on POC connectivity in 2006 [135]. More recently, the 

U.S. Institute of Biomedical Imaging and Bioengineering (NIBIB) convened a workshop 

about systems engineering and POC testing, reiterating the continued importance of 

connectivity [136].

New molecular POC tests typically include data connectivity and other digital support [137]. 

Unlike POC tests for biomarkers that need to be continuously monitored (e.g., glucose) or 
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repeat testing (e.g., cholesterol) and infectious disease testing, POC PGx tests for DNA-

based variants will be single use – the test result for a given gene will not change over the 

patient’s lifetime. Therefore, the storage and portability of the result are critical to optimize 

consideration of the result each time a prescription is written and avoid duplicate testing. 

Data exchange between the clinical setting where the test is performed and the patient’s 

pharmacy could improve the likelihood that the results are considered for every new 

prescription. Discussion of the PGx results with the patient, regardless if positive or 

negative, may also improve likelihood that information about testing will be shared with 

each treating provider.

6. Expert Commentary

As evidence of clinical utility for PGx testing continues to be generated through a variety of 

study designs (e.g., prospective, retrospective, cohort) in myriad clinical settings and 

countries, one of the potential factors that could impact outcomes is the timeliness of the 

information to be deemed clinical useful. Thus, reducing the test turnaround time to a few 

hours from several days is a key requirement to incorporating the information at the time 

treatment is warranted. Imagine the following scenario -- a patient visits their provider, a 

diagnosis is made, and treatment prescribed pending the outcomes of a PGx test that may 

impact dosing or drug selection. Or a provisional prescription is electronically submitted to 

the patient’s pharmacy with instructions to not dispense until confirmed by the provider. A 

blood, buccal or saliva sample is obtained from the patient at the provider’s office and 

testing initiated on a POC PGx device. By the time the patient arrives at the pharmacy, 

testing has been completed and the provider has reviewed the results and made any 

recommended changes to the prescription and communicated those changes (or confirmed 

that the original prescription is correct based on the patient’s genotype) to the pharmacist. In 

addition, the PGx test results may be transmitted to the pharmacy to keep in the patient’s 

record to confirm the safety and efficacy of future medications.

As discussed in the paper, the realization of this clinical scenario faces several challenges, 

both with the technical development of a POC PGx test and implementation of the test in 

various clinical settings. All of these issues can be addressed with careful development and 

preparation. The test’s scope, number of variants, and gene complexity (i.e., pseudogenes) 

will all impact the selection of test platform, type/quantity of test reagents, QC, turnaround 

time, and cost. The scope of POC PGx tests may be a single gene with limited utilization 

(e.g., CYP2C19 in cardiology clinics) or multiple genes to accommodate a range of 

medications commonly prescribed (e.g., for patients in a general practice setting or urgent 

care setting). In addition, given the differing prevalence of some genetic variants between 

populations, it will be important to optimize the predictive value or benefit for all patients or 

otherwise note this important test limitation.

As POC PGx tests advance toward approval and introduction into clinical settings, 

collaboration between test developers and clinicians can help address some of the 

implementation challenges to facilitate adoption of these new tools in a clinical setting. As 

some devices may be implemented in different clinical settings, it is important for 

developers to gain a better of understanding of where the device potentially will be used and 
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by whom. Broad provider education will be essential, not just focused on physicians, but 

also nurses who may be more likely to actually be operating the POC PGx device. In 

addition, consideration of other groups involved in the use of POC PGx tests, namely 

patients and pharmacists, may also inform development of tools to promote patient 

understanding, acceptance, recall, and integration into pharmacists’ review of potential risks 

associated with a new prescription (i.e., drug-gene interaction). Provider settings will need to 

obtain the appropriate CLIA certification to perform POC PGx tests. At this time, no waived 

POC PGx tests are FDA-approved, but technological advances will likely result in such tests 

in the next five years.

Furthermore, the implementation of POC PGx tests will likely differ between clinical 

settings, dependent on several factors including scale of testing, provider experience, 

training needs, acceptance and perceived value, and data connectivity needs. With the 

continuing growth in understanding of drug-gene interactions, it will be particularly 

important to develop or make accessible to a resource that can be easily updated for 

prescribers to use to interpret the test results and make the indicated medication adjustments. 

Development of and access to clinical decision support and patient resources will greatly 

facilitate the appropriate and informed use of POC PGx testing, respectively.

With the continued push for patient-centered care that is more personalized, decentralized, 

and accessible and the increasing number of POC tests, , a future with POC PGx testing is 

highly likely. Thus, there is an urgent need to begin to prepare health providers and health 

systems to integrate these new technologies into routine care.

7. Five year view

The field of pharmacogenetics has grown prodigiously in the past five years, and there is no 

indication of a drop-off in interest or funding of the genetic mechanisms of drug response or 

drug targets. Likewise, the continued technology development in microfluidics, 

nanotechnology, and smartphone-based POCs will lead to smaller, more rapid, and accurate 

devices. In addition, due to the mHealth movement and the use of various devices to track, 

store, and analyze personal data, patients will also play a greater role in collecting and 

providing data to inform health management and improve health outcomes once the issues of 

data sharing with providers and the electronic medical record can be resolved. In addition, 

more clinical offices may embrace the medical home model and include more POC tests to 

accommodate patient needs and improve patient satisfaction and convenience. In some 

cases, diagnosis may be made without a patient visit with the transmission of vital signs and 

other biomarkers with home-based testing. Thus, as with other industries, medicine will 

likely undergo a change in its practice model as more and more technologies are developed 

and adopted. POC PGx testing will become more routine in clinics, pharmacies, and 

potentially through home-based testing.

References

1. Rajan A, Glorikian H. Point-of-care diagnostics: market trends and growth drivers. Expert Opin 
Med Diagn, 3(1), 1–4 (2009). [PubMed: 23495959] *=of importance (Provides a nice overview of 
the field of point-of-care diagnostics)

Haga Page 13

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Huckle D The impact of new trends in POCTs for companion diagnostics, non-invasive testing and 
molecular diagnostics. Expert Rev Mol Diagn, 15(6), 815–827 (2015). [PubMed: 25990929] **=of 
considerable importance (Provides a good overview of the state of nucleic acid-based point of care 
testing, relevant to pharmacogenetic testing)

3. Nelson MR, Johnson T, Warren L et al. The genetics of drug efficacy: opportunities and challenges. 
Nat. Rev. Genet, 17(4), 197–206 (2016). [PubMed: 26972588] 

4. Polillo M, Galimberti S, Barate C, Petrini M, Danesi R, Di Paolo A. Pharmacogenetics of 
BCR/ABL Inhibitors in Chronic Myeloid Leukemia. Int J Mol Sci, 16(9), 22811–22829 (2015). 
[PubMed: 26402671] 

5. FDA. Table of Pharmacogenomic Biomarkers in Drug Labels http://www.fda.gov/Drugs/
ScienceResearch/ResearchAreas/Pharmacogenetics/ucm083378.htm, (Accessed May 14, 2015) 
(2014).

6. Hillebrenner E, Litwack E, Bradley P et al. FDA oversight of laboratory-developed tests will 
facilitate adoption of pharmacogenetic testing into routine clinical care. J. Clin. Pharmacol, 55(7), 
728–730 (2015). [PubMed: 26053648] 

7. Levy KD, Pratt VM, Skaar TC, Vance GH, Flockhart DA. FDA’s draft guidance on laboratory-
developed tests increases clinical and economic risk to adoption of pharmacogenetic testing. J. Clin. 
Pharmacol, 55(7), 725–727 (2015). [PubMed: 26053647] 

8. O’Donnell PH, Bush A, Spitz J et al. The 1200 patients project: creating a new medical model 
system for clinical implementation of pharmacogenomics. Clin Pharmacol Ther, 92(4), 446–449 
(2012). [PubMed: 22929923] 

9. O’Donnell PH, Danahey K, Jacobs M et al. Adoption of a clinical pharmacogenomics 
implementation program during outpatient care--initial results of the University of Chicago “1,200 
Patients Project”. Am J Med Genet C Semin Med Genet, 166C(1), 68–75 (2014). [PubMed: 
24616296] 

10. Hoffman JM, Haidar CE, Wilkinson MR et al. PG4KDS: A model for the clinical implementation 
of pre-emptive pharmacogenetics. Am J Med Genet C, 166(1), 45–55 (2014).

11. Pulley JM, Denny JC, Peterson JF et al. Operational implementation of prospective genotyping for 
personalized medicine: the design of the Vanderbilt PREDICT project. Clin Pharmacol Ther, 
92(1), 87–95 (2012). [PubMed: 22588608] 

12. Johnson JA, Elsey AR, Clare-Salzler MJ, Nessl D, Conlon M, Nelson DR. Institutional profile: 
University of Florida and Shands Hospital Personalized Medicine Program: clinical 
implementation of pharmacogenetics. Pharmacogenomics, 14(7), 723–726 (2013). [PubMed: 
23651020] 

13. Leeder JS. Meaningful use and clinical utility of preemptive pharmacogenetic testing: (re)view 
from a CYP2D6 poor metabolizer. Clin Pharmacol Ther, 97(2), 119–121 (2015). [PubMed: 
25670513] 

14. Scott SA. Clinical pharmacogenomics: opportunities and challenges at point of care. Clin 
Pharmacol Ther, 93(1), 33–35 (2013). [PubMed: 23212102] *=of importance (Provides a nice 
overview of advantages and disadvantages of providing pharmacogenetic testing when treatment is 
indicated)

15. Janssens AC, Deverka PA. Useless until proven effective: the clinical utility of preemptive 
pharmacogenetic testing. Clin Pharmacol Ther, 96(6), 652–654 (2014). [PubMed: 25399713] 

16. Price C, St John A, L. K (eds.) Point-of-care testing. Needs, opportunities, and innovation (AACC 
Press, Washington, DC, 2010).(*=of importance (Provides an introduction to point of caring 
testing)

17. Ritzi-Lehnert M Development of chip-compatible sample preparation for diagnosis of infectious 
diseases. Expert Rev Mol Diagn, 12(2), 189–206 (2012). [PubMed: 22369378] 

18. Choi JR, Tang R, Wang S, Abas WA Wan, Pingguan-Murphy B, Xu F. Paper-based sample-to-
answer molecular diagnostic platform for point-of-care diagnostics. Biosens Bioelectron, 74, 427–
439 (2015). [PubMed: 26164488] 

19. Jafari M, Pirouzi A, Anoosheh S, Farnia P, Tajik N. Rapid and simultaneous detection of vitamin D 
receptor gene polymorphisms by a single ARMS-PCR assay. Mol Diagn Ther, 18(1), 97–103 
(2014). [PubMed: 24127289] 

Haga Page 14

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.fda.gov/Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/ucm083378.htm
http://www.fda.gov/Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/ucm083378.htm


20. Minarik M, Kopeckova M, Gassman M, Osmancik P, Benesova L. Rapid testing of clopidogrel 
resistance by genotyping of CYP2C19 and CYP2C9 polymorphisms using denaturing on-chip 
capillary electrophoresis. Electrophoresis, 33(8), 1306–1310 (2012). [PubMed: 22589111] (*=of 
importance (Early work to develop rapid-based pharmacogentic testing)

21. Saracini C, Vestrini A, Galora S, Armillis A, Abbate R, Giusti B. Pharmacogenetics of clopidogrel: 
comparison between a standard and a rapid genetic testing. Genet Test Mol Biomarkers, 16(6), 
500–503 (2012). [PubMed: 22239289] 

22. Sharafi H, Pouryasin A, Alavian SM et al. Development and Validation of a Simple, Rapid and 
Inexpensive PCR-RFLP Method for Genotyping of Common IL28B Polymorphisms: A Useful 
Pharmacogenetic Tool for Prediction of Hepatitis C Treatment Response. Hepat Mon, 12(3), 190–
195 (2012). [PubMed: 22550527] 

23. Spohn G, Geisen C, Luxembourg B, Sittinger K, Seifried E, Bonig H. Validation of a rapid and 
inexpensive allele-specific amplification (ASA)-PCR genotyping assay for vitamin K antagonist 
pharmacogenomics. Mol Diagn Ther, 15(1), 13–19 (2011). [PubMed: 21469766] (*=of importance 
(Early work to develop rapid-based pharmacogentic testing)

24. Borras E, Jurado I, Hernan I et al. Clinical pharmacogenomic testing of KRAS, BRAF and EGFR 
mutations by high resolution melting analysis and ultra-deep pyrosequencing. BMC Cancer, 11, 
406 (2011). [PubMed: 21943394] 

25. Carpi FM, Xu J, Vincenzetti S, Vita A, Cai WM, Napolioni V. Rapid allele-specific PCR method 
for CDA 79A>C (K27Q) genotyping: a useful pharmacogenetic tool and world-wide 
polymorphism distribution. Clin Chim Acta, 412(23–24), 2237–2240 (2011). [PubMed: 
21884687] 

26. Ahmed MU, Saaem I, Wu PC, Brown AS. Personalized diagnostics and biosensors: a review of the 
biology and technology needed for personalized medicine. Crit. Rev. Biotechnol, 34(2), 180–196 
(2014). [PubMed: 23607309] 

27. Knez K, Spasic D, Janssen KP, Lammertyn J. Emerging technologies for hybridization based single 
nucleotide polymorphism detection. Analyst, 139(2), 353–370 (2014). [PubMed: 24298558] 

28. Song Y, Huang YY, Liu X, Zhang X, Ferrari M, Qin L. Point-of-care technologies for molecular 
diagnostics using a drop of blood. Trends Biotechnol, 32(3), 132–139 (2014). [PubMed: 
24525172] 

29. Dutse SW, Yusof NA. Microfluidics-based lab-on-chip systems in DNA-based biosensing: an 
overview. Sensors (Basel), 11(6), 5754–5768 (2011). [PubMed: 22163925] 

30. Su W, Gao X, Jiang L, Qin J. Microfluidic platform towards point-of-care diagnostics in infectious 
diseases. J Chromatogr A, 1377, 13–26 (2015). [PubMed: 25544727] 

31. Rodriguez NM, Wong WS, Liu L, Dewar R, Klapperich CM. A fully integrated paperfluidic 
molecular diagnostic chip for the extraction, amplification, and detection of nucleic acids from 
clinical samples. Lab Chip, 16(4), 753–763 (2016). [PubMed: 26785636] 

32. Rohrman BA, Richards-Kortum RR. A paper and plastic device for performing recombinase 
polymerase amplification of HIV DNA. Lab Chip, 12(17), 3082–3088 (2012). [PubMed: 
22733333] 

33. Linnes JC, Fan A, Rodriguez NM, Lemieux B, Kong H, Klapperich CM. Paper-based molecular 
diagnostic for. RSC Adv, 4(80), 42245–42251 (2014). [PubMed: 25309740] 

34. Rodriguez NM, Linnes JC, Fan A, Ellenson CK, Pollock NR, Klapperich CM. Paper-Based RNA 
Extraction, in Situ Isothermal Amplification, and Lateral Flow Detection for Low-Cost, Rapid 
Diagnosis of Influenza A (H1N1) from Clinical Specimens. Anal Chem, 87(15), 7872–7879 
(2015). [PubMed: 26125635] 

35. Sharma A, Jaiswal S, Shukla M, Lal J. Dried blood spots: concepts, present status, and future 
perspectives in bioanalysis. Drug Test Anal, 6(5), 399–414 (2014). [PubMed: 24692095] 

36. Stangegaard M, Borsting C, Ferrero-Miliani L et al. Evaluation of four automated protocols for 
extraction of DNA from FTA cards. J Lab Autom, 18(5), 404–410 (2013). [PubMed: 23574642] 

37. Zhang L, Zhang Y, Wang C et al. Integrated microcapillary for sample-to-answer nucleic acid 
pretreatment, amplification, and detection. Anal Chem, 86(20), 10461–10466 (2014). [PubMed: 
25242282] 

Haga Page 15

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



38. Choi JR, Hu J, Tang R et al. An integrated paper-based sample-to-answer biosensor for nucleic 
acid testing at the point of care. Lab Chip, 16(3), 611–621 (2016). [PubMed: 26759062] 

39. Kwon L, Long KD, Wan Y, Yu H, Cunningham BT. Medical diagnostics with mobile devices: 
Comparison of intrinsic and extrinsic sensing. Biotechnol. Adv, 34(3), 291–304 (2016). [PubMed: 
26952640] 

40. Azzazy HM, Elbehery AH. Clinical laboratory data: acquire, analyze, communicate, liberate. Clin 
Chim Acta, 438, 186–194 (2015). [PubMed: 25172035] 

41. Yu H, Tan Y, Cunningham BT. Smartphone fluorescence spectroscopy. Anal Chem, 86(17), 8805–
8813 (2014). [PubMed: 25098859] 

42. Petryayeva E, Algar WR. Single-step bioassays in serum and whole blood with a smartphone, 
quantum dots and paper-in-PDMS chips. Analyst, 140(12), 4037–4045 (2015). [PubMed: 
25924885] 

43. Zhang L, Yang W, Yang Y, Liu H, Gu Z. Smartphone-based point-of-care testing of salivary alpha-
amylase for personal psychological measurement. Analyst, 140(21), 7399–7406 (2015). [PubMed: 
26415134] 

44. Hu J, Cui X, Gong Y et al. Portable microfluidic and smartphone-based devices for monitoring of 
cardiovascular diseases at the point of care. Biotechnol. Adv, 34(3), 305–320 (2016). [PubMed: 
26898179] 

45. Liao SC, Peng J, Mauk MG et al. Smart Cup: A Minimally-Instrumented, Smartphone-Based 
Point-of-Care Molecular Diagnostic Device. Sens Actuators B Chem, 229, 232–238 (2016). 
[PubMed: 26900258] 

46. Stedtfeld RD, Tourlousse DM, Seyrig G et al. Gene-Z: a device for point of care genetic testing 
using a smartphone. Lab on a Chip, 12(8), 1454–1462 (2012). [PubMed: 22374412] 

47. Stedtfeld RD, Liu YC, Stedtfeld TM et al. Static self-directed sample dispensing into a series of 
reaction wells on a microfluidic card for parallel genetic detection of microbial pathogens. 
Biomed. Microdevices, 17(5) (2015).

48. Carrio A, Sampedro C, Sanchez-Lopez JL, Pimienta M, Campoy P. Automated Low-Cost 
Smartphone-Based Lateral Flow Saliva Test Reader for Drugs-of-Abuse Detection. Sensors 
(Basel), 15(11), 29569–29593 (2015). [PubMed: 26610513] 

49. Wang SM, Hu SY, Chen W et al. Feasibility and accuracy evaluation of three human 
papillomavirus assays for FTA card-based sampling: a pilot study in cervical cancer screening. 
BMC Cancer, 15, 848 (2015). [PubMed: 26537356] 

50. Craw P, Balachandran W. Isothermal nucleic acid amplification technologies for point-of-care 
diagnostics: a critical review. Lab Chip, 12(14), 2469–2486 (2012). [PubMed: 22592150] 

51. Ahmad F, Hashsham SA. Miniaturized nucleic acid amplification systems for rapid and point-of-
care diagnostics: a review. Anal. Chim. Acta, 733, 1–15 (2012). [PubMed: 22704369] 

52. Brunklaus S, Hansen-Hagge TE, Erwes J et al. Fast nucleic acid amplification for integration in 
point-of-care applications. Electrophoresis, 33(21), 3222–3228 (2012). [PubMed: 23065712] 

53. Chang CM, Chang WH, Wang CH, Wang JH, Mai JD, Lee GB. Nucleic acid amplification using 
microfluidic systems. Lab Chip, 13(7), 1225–1242 (2013). [PubMed: 23407669] 

54. Wang JH, Wang CH, Lee GB. Sample pretreatment and nucleic acid-based detection for fast 
diagnosis utilizing microfluidic systems. Ann. Biomed. Eng, 40(6), 1367–1383 (2012). [PubMed: 
22146901] 

55. de Paz HD, Brotons P, Munoz-Almagro C. Molecular isothermal techniques for combating 
infectious diseases: towards low-cost point-of-care diagnostics. Expert Rev Mol Diagn, 14(7), 
827–843 (2014). [PubMed: 25052202] 

56. Xu Y, Liu Y, Wu Y, Xia X, Liao Y, Li Q. Fluorescent probe-based lateral flow assay for multiplex 
nucleic acid detection. Anal Chem, 86(12), 5611–5614 (2014). [PubMed: 24892496] 

57. Litos IK, Ioannou PC, Christopoulos TK, Tzetis M, Kanavakis E, Traeger-Synodinos J. Quadruple-
allele dipstick test for simultaneous visual genotyping of A896G (Asp299Gly) and C1196T 
(Thr399Ile) polymorphisms in the toll-like receptor-4 gene. Clinica Chimica Acta, 412(21–22), 
1968–1972 (2011).(*=of importance (Early work to develop rapid-based pharmacogentic testing)

Haga Page 16

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



58. Liu F, Liu H, Liao Y, Wei J, Zhou X, Xing D. Multiplex detection and genotyping of pathogenic 
bacteria on paper-based biosensor with a novel universal primer mediated asymmetric PCR. 
Biosens Bioelectron, 74, 778–785 (2015). [PubMed: 26226347] 

59. Li J, Macdonald J. Multiplexed lateral flow biosensors: Technological advances for radically 
improving point-of-care diagnoses. Biosens Bioelectron, 83, 177–192 (2016). [PubMed: 
27125840] 

60. Cate DM, Adkins JA, Mettakoonpitak J, Henry CS. Recent developments in paper-based 
microfluidic devices. Anal Chem, 87(1), 19–41 (2015). [PubMed: 25375292] 

61. Hartman MR, Ruiz RC, Hamada S et al. Point-of-care nucleic acid detection using 
nanotechnology. Nanoscale, 5(21), 10141–10154 (2013). [PubMed: 24057263] 

62. Muangsuwan W, Ruangsuj P, Chaichanachaicharn P, Yasawong M. A novel nucleic lateral flow 
assay for screening of PHA-producing haloarchaea. J. Microbiol. Methods, 116, 8–14 (2015). 
[PubMed: 26122310] 

63. Rosser A, Rollinson D, Forrest M, Webster BL. Isothermal Recombinase Polymerase amplification 
(RPA) of Schistosoma haematobium DNA and oligochromatographic lateral flow detection. 
Parasit Vectors, 8, 446 (2015). [PubMed: 26338510] 

64. Terao Y, Takeshita K, Nishiyama Y, Morishita N, Matsumoto T, Morimatsu F. Promising Nucleic 
Acid Lateral Flow Assay Plus PCR for Shiga Toxin-Producing Escherichia coli. J. Food Prot, 
78(8), 1560–1568 (2015). [PubMed: 26219371] 

65. Hu J, Wang L, Li F et al. Oligonucleotide-linked gold nanoparticle aggregates for enhanced 
sensitivity in lateral flow assays. Lab Chip, 13(22), 4352–4357 (2013). [PubMed: 24056409] 

66. ISO 22870. Point-of-care testing (POCT) - Requirements for quality and competence https://
www.iso.org/obp/ui/#iso:std:iso:22870:ed-1:v1:en, (2006).

67. Nichols JH, Christenson RH, Clarke W et al. Executive summary. The National Academy of 
Clinical Biochemistry Laboratory Medicine Practice Guideline: evidence-based practice for point-
of-care testing. Clin Chim Acta, 379(1–2), 14–28; discussion 29–30 (2007). [PubMed: 17270169] 

68. Holt H, Freedman DB. Internal quality control in point-of-care testing: where’s the evidence? Ann 
Clin Biochem, 53(Pt 2), 233–239 (2016). [PubMed: 26486440] 

69. Gill JP, Shephard MD. The Conduct of Quality Control and Quality Assurance Testing for PoCT 
Outside the Laboratory. Clin Biochem Rev, 31(3), 85–88 (2010). [PubMed: 24150510] 

70. Lewandrowski K Point-of-care testing: an overview and a look to the future (circa 2009, United 
States). Clin Lab Med, 29(3), 421–432 (2009). [PubMed: 19840677] 

71. Lewandrowski K, Gregory K, Macmillan D. Assuring quality in point-of-care testing: evolution of 
technologies, informatics, and program management. Arch Pathol Lab Med, 135(11), 1405–1414 
(2011). [PubMed: 22032566] *=of importance (Provides overivew of quality control issus for 
point of care testing)

72. Huddy JR, Ni MZ, Barlow J, Majeed A, Hanna GB. Point-of-care C reactive protein for the 
diagnosis of lower respiratory tract infection in NHS primary care: a qualitative study of barriers 
and facilitators to adoption. BMJ Open, 6(3), e009959 (2016).

73. Vu CL, Chan J, Todaro M, Skafidas S, Kwan P. Point-of-care molecular diagnostic devices: an 
overview. Pharmacogenomics, 16(12), 1399–1409 (2015). [PubMed: 26229012] 

74. Hess GP, Fonseca E, Scott R, Fagerness J. Pharmacogenomic and pharmacogenetic-guided therapy 
as a tool in precision medicine: current state and factors impacting acceptance by stakeholders. 
Genet Res (Camb), 97, e13 (2015). [PubMed: 26030725] *=of importance (Provides overivew of 
provider views of pharamcogenetic testing)

75. Roberts JD, Wells GA, Le May MR et al. Point-of-care genetic testing for personalisation of 
antiplatelet treatment (RAPID GENE): a prospective, randomised, proof-of-concept trial. Lancet, 
379(9827), 1705–1711 (2012). [PubMed: 22464343] **=of considerable importance (Early work 
to implement rapid-based pharmacogentic testing)

76. So DY, Wells GA, McPherson R et al. A prospective randomized evaluation of a pharmacogenomic 
approach to antiplatelet therapy among patients with ST-elevation myocardial infarction: the 
RAPID STEMI study. Pharmacogenomics J, 16(1), 71–78 (2016). [PubMed: 25850030] 

77. Jacobs LG. Warfarin pharmacology, clinical management, and evaluation of hemorrhagic risk for 
the elderly. Clin Geriatr Med, 22(1), 17–32, vii-viii (2006). [PubMed: 16377465] 

Haga Page 17

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.iso.org/obp/ui/#iso:std:iso:22870:ed-1:v1:en
https://www.iso.org/obp/ui/#iso:std:iso:22870:ed-1:v1:en


78. Budnitz DS, Lovegrove MC, Shehab N, Richards CL. Emergency hospitalizations for adverse drug 
events in older Americans. N Engl J Med, 365(21), 2002–2012 (2011). [PubMed: 22111719] 

79. Higashi MK, Veenstra DL, Kondo LM et al. Association between CYP2C9 genetic variants and 
anticoagulation-related outcomes during warfarin therapy. JAMA, 287(13), 1690–1698 (2002). 
[PubMed: 11926893] 

80. Rieder MJ, Reiner AP, Gage BF et al. Effect of VKORC1 haplotypes on transcriptional regulation 
and warfarin dose. N Engl J Med, 352(22), 2285–2293 (2005). [PubMed: 15930419] 

81. Lee MT, Klein TE. Pharmacogenetics of warfarin: challenges and opportunities. J. Hum. Genet, 
58(6), 334–338 (2013). [PubMed: 23657428] 

82. Goulding R, Dawes D, Price M, Wilkie S, Dawes M. Genotype-guided drug prescribing: a 
systematic review and meta-analysis of randomized control trials. Br. J. Clin. Pharmacol, 80(4), 
868–877 (2015). [PubMed: 25060532] 

83. Zhuang B, Han J, Xiang G et al. A fully integrated and automated microsystem for rapid 
pharmacogenetic typing of multiple warfarin-related single-nucleotide polymorphisms. Lab Chip, 
16(1), 86–95 (2016). [PubMed: 26568290] 

84. Perera MA, Cavallari LH, Limdi NA et al. Genetic variants associated with warfarin dose in 
African-American individuals: a genome-wide association study. Lancet, 382(9894), 790–796 
(2013). [PubMed: 23755828] 

85. Scott SA, Jaremko M, Lubitz SA, Kornreich R, Halperin JL, Desnick RJ. CYP2C9*8 is prevalent 
among African-Americans: implications for pharmacogenetic dosing. Pharmacogenomics, 10(8), 
1243–1255 (2009). [PubMed: 19663669] 

86. Cavallari LH, Perera MA. The future of warfarin pharmacogenetics in under-represented minority 
groups. Future Cardiol, 8(4), 563–576 (2012). [PubMed: 22871196] 

87. Kimmel SE, French B, Kasner SE et al. A pharmacogenetic versus a clinical algorithm for warfarin 
dosing. N Engl J Med, 369(24), 2283–2293 (2013). [PubMed: 24251361] 

88. Drozda K, Wong S, Patel SR et al. Poor warfarin dose prediction with pharmacogenetic algorithms 
that exclude genotypes important for African Americans. Pharmacogenet Genomics, 25(2), 73–81 
(2015). [PubMed: 25461246] 

89. Zhou SF. Polymorphism of human cytochrome P450 2D6 and its clinical significance: part II. Clin 
Pharmacokinet, 48(12), 761–804 (2009). [PubMed: 19902987] 

90. Zhou SF. Polymorphism of human cytochrome P450 2D6 and its clinical significance: Part I. Clin 
Pharmacokinet, 48(11), 689–723 (2009). [PubMed: 19817501] 

91. Centers for Medicare and Medicaid Services, Division of Laboratory Services. CLIA UPDATE -- 
January 2016 https://www.cms.gov/Regulations-and-Guidance/Legislation/CLIA/Downloads/
factype.pdf (2016).

92. Angulo B, Lopez-Rios F, Gonzalez D. A new generation of companion diagnostics: cobas BRAF, 
KRAS and EGFR mutation detection tests. Expert Rev Mol Diagn, 14(5), 517–524 (2014). 
[PubMed: 24844134] 

93. Spartan Bio. SpartanRX http://www.spartanbio.com/products/spartan-rx/overview/, Accessed May 
5, 2016).

94. Quinn AD, Dixon D, Meenan BJ. Barriers to hospital-based clinical adoption of point-of-care 
testing (POCT): A systematic narrative review. Crit Rev Clin Lab Sci, 1–12 (2015).

95. de Denus S, Letarte N, Hurlimann T et al. An evaluation of pharmacists’ expectations towards 
pharmacogenomics. Pharmacogenomics, 14(2), 165–175 (2013). [PubMed: 23327577] 

96. Elewa H, Alkhiyami D, Alsahan D, Abdel-Aziz A. A survey on the awareness and attitude of 
pharmacists and doctors towards the application of pharmacogenomics and its challenges in Qatar. 
J Eval Clin Pract, 21(4), 703–709 (2015). [PubMed: 25929423] 

97. McCullough KB, Formea CM, Berg KD et al. Assessment of the pharmacogenomics educational 
needs of pharmacists. Am J Pharm Educ, 75(3), 51 (2011). [PubMed: 21655405] 

98. O’Brien TJ, LeLacheur S, Ward C, Lee NH, Callier S, Harralson AF. Impact of a personal 
CYP2D6 testing workshop on physician assistant student attitudes toward pharmacogenetics. 
Pharmacogenomics, 17(4), 341–352 (2016). [PubMed: 26907849] 

Haga Page 18

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cms.gov/Regulations-and-Guidance/Legislation/CLIA/Downloads/factype.pdf
https://www.cms.gov/Regulations-and-Guidance/Legislation/CLIA/Downloads/factype.pdf
http://www.spartanbio.com/products/spartan-rx/overview/


99. Bell GC, Crews KR, Wilkinson MR et al. Development and use of active clinical decision support 
for preemptive pharmacogenomics. J Am Med Inform Assoc, 21(e1), e93–99 (2014). [PubMed: 
23978487] 

100. Vitek CRR, Nicholson WT, Schultz C, Caraballo PJ. Evaluation of the use of clinical decision 
support and online resources for pharmacogenomics education. Pharmacogenomics, 16(14), 
1595–1603 (2015). [PubMed: 26419532] 

101. Formea CM, Nicholson WT, McCullough KB et al. Development and evaluation of a 
pharmacogenomics educational program for pharmacists. Am J Pharm Educ, 77(1), 10 (2013). 
[PubMed: 23459098] 

102. Lee KC, Hudmon KS, Ma JD, Kuo GM. Evaluation of a shared pharmacogenomics curriculum 
for pharmacy students. Pharmacogenomics, 16(4), 315–322 (2015). [PubMed: 25823780] 

103. Rao US, Mayhew SL, Rao PS. Strategies for implementation of an effective pharmacogenomics 
program in pharmacy education. Pharmacogenomics, 16(8), 905–911 (2015). [PubMed: 
26067487] 

104. Howerton D, Anderson N, Bosse D, Granade S, Westbrook G. Good laboratory practices for 
waived testing sites: survey findings from testing sites holding a certificate of waiver under the 
clinical laboratory improvement amendments of 1988 and recommendations for promoting 
quality testing. MMWR Recomm Rep, 54(RR-13), 1–25; quiz CE21–24 (2005).

105. Aslan B, Stemp J, Yip P, Gun-Munro J. Method precision and frequent causes of errors observed 
in point-of-care glucose testing: a proficiency testing program perspective. Am J Clin Pathol, 
142(6), 857–863 (2014). [PubMed: 25389340] 

106. Kavsak PA, Zielinski N, Li D, McNamara PJ, Adeli K. Challenges of implementing point-of-care 
testing (POCT) glucose meters in a pediatric acute care setting. Clin. Biochem, 37(9), 811–817 
(2004). [PubMed: 15329321] 

107. Meier FA, Jones BA. Point-of-care testing error: sources and amplifiers, taxonomy, prevention 
strategies, and detection monitors. Arch Pathol Lab Med, 129(10), 1262–1267 (2005). [PubMed: 
16196514] 

108. O’Kane MJ, McManus P, McGowan N, Lynch PL. Quality error rates in point-of-care testing. 
Clin. Chem, 57(9), 1267–1271 (2011). [PubMed: 21784764] 

109. Shephard MD, Mazzachi BC, Watkinson L et al. Evaluation of a training program for device 
operators in the Australian Government’s Point of Care Testing in General Practice Trial: issues 
and implications for rural and remote practices. Rural Remote Health, 9(3), 1189 (2009). 
[PubMed: 19689171] 

110. Accreditation Council for Pharmacy Education. Accreditation Standards and Guidelines: 
Professional Program in Pharmacy Leading to the Doctor of Pharmacy Degree (Ed.^(Eds) (2011)

111. Gous NM, Scott LE, Potgieter J, Ntabeni L, Sanne I, Stevens WS. Implementation and 
Operational Research: Implementation of Multiple Point-of-Care Testing in 2 HIV Antiretroviral 
Treatment Clinics in South Africa. J Acquir Immune Defic Syndr, 71(2), e34–43 (2016). 
[PubMed: 26484742] 

112. Fargher EA, Tricker K, Newman W et al. Current use of pharmacogenetic testing: a national 
survey of thiopurine methyltransferase testing prior to azathioprine prescription. J Clin Pharm 
Ther, 32(2), 187–195 (2007). [PubMed: 17381669] 

113. Higgs J, Gambhir N, Ramsden SC, Poulton K, Newman WG. Pharmacogenetic testing in the 
United Kingdom genetics and immunogenetics laboratories. Genet Test Mol Biomarkers, 14(1), 
121–125 (2010). [PubMed: 20039783] 

114. Johnson JA. Pharmacogenetics in clinical practice: how far have we come and where are we 
going? Pharmacogenomics, 14(7), 835–843 (2013). [PubMed: 23651030] 

115. Ikediobi ON, Shin J, Nussbaum RL et al. Addressing the challenges of the clinical application of 
pharmacogenetic testing. Clin Pharmacol Ther, 86(1), 28–31 (2009). [PubMed: 19536122] 

116. Sharp L, Farrance I, Greaves RF. The application of glucose point of care testing in three 
metropolitan hospitals. Pathology, 48(1), 51–59 (2016). [PubMed: 27020210] 

117. Mirzazadeh M, Morovat A, James T, Smith I, Kirby J, Shine B. Point-of-care testing of 
electrolytes and calcium using blood gas analysers: it is time we trusted the results. Emerg Med J, 
33(3), 181–186 (2016). [PubMed: 26396233] 

Haga Page 19

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



118. Peter JG, Zijenah LS, Chanda D et al. Effect on mortality of point-of-care, urine-based 
lipoarabinomannan testing to guide tuberculosis treatment initiation in HIV-positive hospital 
inpatients: a pragmatic, parallel-group, multicountry, open-label, randomised controlled trial. 
Lancet, 387(10024), 1187–1197 (2016). [PubMed: 26970721] 

119. Natoli L, Guy RJ, Shephard M et al. “I Do Feel Like a Scientist at Times”: A Qualitative Study of 
the Acceptability of Molecular Point-Of-Care Testing for Chlamydia and Gonorrhoea to Primary 
Care Professionals in a Remote High STI Burden Setting. PLoS One, 10(12), e0145993 (2015). 
[PubMed: 26713441] 

120. Crocker JB, Lee-Lewandrowski E, Lewandrowski N, Baron J, Gregory K, Lewandrowski K. 
Implementation of point-of-care testing in an ambulatory practice of an academic medical center. 
Am J Clin Pathol, 142(5), 640–646 (2014). [PubMed: 25319979] 

121. Adams AJ, Klepser ME, Klepser D. An update on community pharmacies as CLIA-waived 
facilities. Res Social Adm Pharm, (2016).

122. Midwest Pharmacy Workforce Research Consortium. 2014 National Pharmacist Workforce 
Survey http://www.aacp.org/resources/research/pharmacyworkforcecenter/Documents/
FinalReportOfTheNationalPharmacistWorkforceStudy2014.pdf, Accessed May 5, 2016 (2014).

123. Darin KM, Klepser ME, Klepser DE et al. Pharmacist-provided rapid HIV testing in two 
community pharmacies. J Am Pharm Assoc, e7–e14 (2014).

124. Weber NC, Klepser ME, Akers JM, Klepser DG, Adams AJ. Use of CLIA-waived point-of-care 
tests for infectious diseases in community pharmacies in the United States. Expert Rev Mol 
Diagn, 16(2), 253–264 (2016). [PubMed: 26560318] 

125. Haggerty L, Tran D. Cholesterol Point-of-Care Testing for Community Pharmacies: A Review of 
the Current Literature. J Pharm Pract, (2016).

126. Challen L, Agbahiwe S, Cantieri T et al. Impact of Point-of-Care Implementation in Pharmacist-
Run Anticoagulation Clinics Within a Community-Owned Health System: A Two-Year 
Retrospective Analysis. Hosp Pharm, 50(9), 783–788 (2015). [PubMed: 26912919] 

127. Geerts AF, De Koning FH, De Vooght KM, Egberts AC, De Smet PA, van Solinge WW. 
Feasibility of point-of-care creatinine testing in community pharmacy to monitor drug therapy in 
ambulatory elderly patients. J Clin Pharm Ther, 38(5), 416–422 (2013). [PubMed: 23808548] 

128. Doucette WR, McDonough RP, Mormann MM, Vaschevici R, Urmie JM, Patterson BJ. Three-
year financial analysis of pharmacy services at an independent community pharmacy. J Am 
Pharm Assoc (2003), 52(2), 181–187 (2012). [PubMed: 22370381] 

129. Gubbins PO, Klepser ME, Dering-Anderson AM et al. Point-of-care testing for infectious 
diseases: opportunities, barriers, and considerations in community pharmacy. J Am Pharm Assoc 
(2003), 54(2), 163–171 (2014). [PubMed: 24632931] 

130. Kim JY, Lewandrowski K. Point-of-care testing informatics. Clin Lab Med, 29(3), 449–461 
(2009). [PubMed: 19840679] 

131. Cook CB, Moghissi E, Joshi R, Kongable GL, Abad VJ. Inpatient point-of-care bedside glucose 
testing: preliminary data on use of connectivity informatics to measure hospital glycemic control. 
Diabetes Technol Ther, 9(6), 493–500 (2007). [PubMed: 18034603] 

132. Dyer K, Nichols JH, Taylor M, Miller R, Saltz J. Development of a universal connectivity and 
data management system. Crit Care Nurs Q, 24(1), 25–38; quiz 22 p following 75 (2001). 
[PubMed: 11868692] 

133. Flore KM, Fiers T, Delanghe JR. Critical evaluation of connectivity-based point of care testing 
systems of glucose in a hospital environment. Clin Chem Lab Med, 46(12), 1763–1768 (2008). 
[PubMed: 19055453] 

134. Cvitkovic M Point-of-care testing. Conception, regulations, and usage. Crit Care Nurs Q, 34(2), 
116–127 (2011). [PubMed: 21407006] 

135. Clinical and Laboratory Standards Institute (CLSI). Point-of-Care Connectivity; Approved 
Standard (Clinical and Laboratory Standards Institute, Wayne (PA), 2006).

136. Stahl JE, McGowan H, DiResta E et al. Systems Engineering and Point of Care Testing: Report 
from the NIBIB POCT/Systems Engineering Workshop. Point Care, 14(1), 12–24 (2015). 
[PubMed: 25750593] 

Haga Page 20

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://http://www.aacp.org/resources/research/pharmacyworkforcecenter/Documents/FinalReportOfTheNationalPharmacistWorkforceStudy2014.pdf
http://http://www.aacp.org/resources/research/pharmacyworkforcecenter/Documents/FinalReportOfTheNationalPharmacistWorkforceStudy2014.pdf


137. Peeling RW. Diagnostics in a digital age: an opportunity to strengthen health systems and improve 
health outcomes. Int Health, 7(6), 384–389 (2015). [PubMed: 26553825] 

Haga Page 21

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Key issues

• Pharmacogenetic (PGx) testing entails the analysis of genetic variants 

associated with risk of adverse drug response, drug targets, and treatment 

failure.

• In many cases, PGx testing can take anywhere from 2 to 7 days or longer to 

complete (turnaround time), placing the provider in a difficult position to 

choose between delaying treatment, prescribing a minimal dose or alternative 

treatment not impacted by the gene, and/or monitoring patient response 

closely for adverse response.

• The desire for more rapid PGx tests to inform treatment decisions, 

development of nucleic acid-based point of care (POC) tests, early 

development of closed-system PGx tests, and the growing use of POC testing 

for a range of clinical settings suggest the imminent development of POC 

PGx tests.

• Technical challenges to the development of POC PGx tests include the test’s 

scope (number of genes and gene variants) and gene complexity, which will 

inform selection of the appropriate testing platform.

• Implementation challenges in the adoption of POC PGx tests include provider 

experience/provider training, minimizing workflow disruptions, and 

connectivitySee comment in PubMed Commons below of the device to the 

health system/electronic records system.

• Clinical decision support and dosing algorithms that incorporate PGx test data 

will be essential tools to promote provider awareness and application of the 

tests results based on current evidence and clinical recommendations.
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Table 1.

FDA Cleared or Approved PGx Tests (nucleic acid based-tests) (Excerpted from FDA Nucleic Acid based 

tests on 06/26/16 at (available at http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/

InVitroDiagnostics/ucm330711.htm) and List of Cleared or Approved Companion Diagnostic Devices 

(nucleic acid based-tests) (available at http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/

InVitroDiagnostics/ucm301431.htm).

PGx or Companion Diagnostic Test (Manufacturer) Associated 
Medication

Genetic Variants Analyzed

Kit v3 (Luminex Molecular Diagnostics, Inc.) Imatinib CYP2D6 *1-*11, *15, *17, *29, *35, *41, and 
duplication genotypes

Spartan RX CYP2C19 Test System (Spartan Bioscience, Inc.) Multiple CYP2C19 *2, *3, *17

Verigene CYP2C19 Nucleic Acid Test (Nanosphere, Inc.) Multiple CYP2C19 *2, *3, *17

INFINITI CYP2C19 Assay (AutoGenomics, Inc) Multiple CYP2C19 *2, *3, *17

Invader UGT1A1 Molecular Assay (Third Wave Technologies 
Inc.)

Multiple UGT1A1* 1 (TA6) and *28 (TA7) alleles

Roche AmpliChip CYP450 microarray (Roche Molecular 
Systems, Inc.)

Multiple CYP2C19 *1, *2, *3
CYP2D6

eSensor Warfarin Sensitivity Saliva Test (GenMark Diagnostics) Warfarin CYP450 2C9 *2,*3
VKORC1 (−1639G>A)

eQ-PCR LC Warfarin Genotyping kit (TrimGen Corporation) Warfarin CYP2C9*2,*3
VKORC1 (−1639G>A)

eSensor Warfarin Sensitivity Test and XT-8 Instrument 
(Osmetech Molecular Diagnostics)

Warfarin CYP450 2C9 *2,*3
VKORC1 (−1639G>A)

Gentris Rapid Genotyping Assay - CYP2C9 & VKORC1 
(ParagonDx, LLC)

Warfarin CYP2C9 *2 and *3
VKORC1 1173 C>T

INFINITI 2C9 & VKORC1 Multiplex Assay for Warfarin 
(AutoGenomics, Inc.)

Warfarin CYP2C9*2,*3
VKORC1 (−1639G>A)

Verigene Warfarin Metabolism Nucleic Acid Test and Verigene 
System (Nanosphere)

Warfarin CYP2C9 *2 and *3
VKORC1 1173 C>T

THxID™ BRAF Kit (bioMérieux Inc.0 Dabrafenib, 
Vemurafenib, 

Trametinib

BRAF V600E and V600K

cobas EGFR Mutation Test (Roche Molecular Systems, Inc.) Erlotinib exon 19 deletions and exon 21 (L858R) 
substitution mutations of the EGFR gene

VYSIS ALK Break Apart FISH Probe Kit (Abbott Molecular, 
Inc.)

Crizotinib, Ceritinib LSI TP53 probe target (17p-)

COBAS 4800 BRAF V600 Mutation Test (Roche Molecular 
Systems, Inc.)

Dabrafenib, 
Vemurafenib, 

Trametinib

BRAF V600E

VYSIS CLL FISH PROBE KIT (Abbott Molecular, Inc.) Ibrutinib 17p-

KIT D816V Mutation Detection by PCR for Gleevec Eligibility 
in Aggressive Systemic Mastocytosis (ARUP Laboratories, Inc.)

Imatinib KIT D816V mutation

PDGFRB FISH for Gleevec Eligibility in Myelodysplastic 
Syndrome/Myeloproliferative Disease (MDS/MPD) (ARUP 
Laboratories, Inc.)

Imatinib 5q31~33 gene rearrangement

cobas® EGFR Mutation Test v2 (Roche Molecular Systems, Inc.) Erlotinib Exon 19 deletions and L858R, G719X, exon 
20 insertions, T790M, S768I and L861Q

therascreen® EGFR RGQ PCR Kit (Qiagen Manchester, Ltd.) Erlotinib exon 19 deletions and exon 21 (L858R)

cobas® KRAS Mutation Test (Roche Molecular Systems, Inc.) Cetuximab, 
Panitumumab

seven somatic mutations in codons 12 and 13 
of the KRAS gene
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PGx or Companion Diagnostic Test (Manufacturer) Associated 
Medication

Genetic Variants Analyzed

BRACAnalysis CDx™ (Myriad Genetic Laboratories, Inc.) Olaparib variants in the protein coding regions and 
intron/exon boundaries of the BRCA1 and 
BRCA2 genes

therascreen KRAS RGQ PCR Kit (Qiagen Manchester, Ltd.) Cetuximab, 
Panitumumab

seven somatic mutations in the KRAS 
oncogene

therascreen EGFR RGQ PCR Kit (Qiagen Manchester, Ltd.) Erlotinib
Afatinib

exon 19 deletions and exon 21 (L858R) 
substitution mutations of the EGFR gene

INFORM HER-2/NEU (Ventana Medical Systems, Inc.) Trastuzumab, 
Pertuzumab, Lapatinib, 

Everolimus

Her-2/Neu gene amplification

PATHVYSION HER-2 DNA Probe Kit (Abbott Molecular, Inc.) Trastuzumab, 
Pertuzumab, Lapatinib, 

Everolimus

Her-2/Neu gene amplification

SPOT-LIGHT HER2 CISH Kit (Life Technologies, Inc.) Trastuzumab, 
Pertuzumab, Lapatinib, 

Everolimus

Her-2/Neu gene amplification

HER2 CISH PharmDx Kit (Dako Denmark A/S) Trastuzumab, 
Pertuzumab, Lapatinib, 

Everolimus

Her-2/Neu gene amplification

INFORM HER2 DUAL ISH DNA Probe Cocktail (Ventana 
Medical Systems, Inc.)

Trastuzumab, 
Pertuzumab, Lapatinib, 

Everolimus

Her-2/Neu gene amplification

HER2 FISH PharmDx Kit (Dako Denmark A/S) Trastuzumab, 
Pertuzumab, Lapatinib, 

Everolimus

Her-2/Neu gene amplification
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