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Abstract

Each day, approximately 830 women and 7,400 newborns die from complications during 

pregnancy and childbirth. Improving maternal and neonatal health will require bringing rapid 

diagnosis and treatment to the point of care in low-resource settings. However, to date there are 

few diagnostic tools available that can be used at the point of care to detect the leading causes of 

maternal and neonatal mortality in low-resource settings. Here we review both commercially 

available diagnostics and technologies that are currently in development to detect the leading 

causes of maternal and neonatal mortality, highlighting key gaps in development where innovative 

design could increase access to technology and enable rapid diagnosis at the bedside.

Graphical Abstract

We present diagnostic technologies available to detect the leading causes of maternal and neonatal 

mortality, highlighting key gaps in development.

INTRODUCTION

Two of the eight Millennium Development Goals (MDGs) adopted by world leaders to 

reduce global poverty, hunger, and disease focused on improving maternal health and 

reducing child mortality by the year 2015.1 Falling short of the goals, in 2015 the estimated 

rates for maternal and neonatal mortality were 216 deaths per 100,000 live births2 and 19 

deaths per 1,000 live births,3 respectively. In other words, 830 women2 and 7,400 newborns3 

die every day from complications in pregnancy, childbirth, and the postnatal period, 

amounting to an estimated 303,000 maternal deaths and 2.87 million newborn deaths per 

year with an additional 2.6 million stillbirths per year.4 The vast majority of these deaths 

occur in low-resource areas in Africa and Southeast Asia.2 To address the unmet MDGs, in 

2015 the World Health Organization (WHO) developed the Sustainable Development Goals 

(SDGs), a set of 17 global goals to achieve by year 2030.5 The third SDG aims to ensure 

healthy lives across the globe and in part aims to decrease maternal mortality to less than 70 

deaths per 100,000 live births and neonatal mortality to less than 12 deaths per 1,000 live 

births.5
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Achieving SDG three will require targeted investments to strengthen health centers in low-

resource settings. In particular, there is an important need to enable rapid diagnosis and 

appropriate treatment of maternal and neonatal health conditions in low-resource health 

centers and health posts. Many of these facilities lack sophisticated laboratory infrastructure 

and do not have the resources to transport clinical specimens to central laboratories. Where 

available, point-of-care (POC) diagnostics can provide a solution to this challenge. However, 

as shown in Tables 1 and 2, only a limited number of POC diagnostic tools are available for 

use at health centers and health posts to detect the conditions that account for the majority of 

maternal and neonatal deaths.6,7 For many of these conditions, early detection and rapid 

initiation of treatment is key to reducing morbidity and mortality and achieving SDG 

three.8,9

Currently available diagnostic tools often face barriers to implementation at the POC. Many 

diagnostic techniques can only be performed in laboratory facilities with access to constant 

power, water, and trained staff. For example, polymerase chain reaction, a standard method 

for diagnosing HIV in neonates, requires the use of expensive thermocycling equipment and 

highly trained technicians. Additionally, reagents used in many diagnostic tests have special 

storage or transportation requirements, such as cold transportation of antibodies used in 

ELISA testing to detect biomarkers of many diseases. Consumables, such as test strips or 

specialized cartridges, can be difficult to supply and lead to higher per-test costs. 

Instrumentation cost and associated maintenance costs also prevent some diagnostic 

technologies from being implemented in low-resource settings. The time-to-result associated 

with some tests limits their utility in both low- and high-resource settings. For example, 

bacterial culture is the gold standard to diagnosis sepsis, but the technique requires 24 to 48 

hours to complete,10 preventing diagnosis-directed treatment during the effective treatment 

window.11 Finally, insufficient human resources can limit the efficacy of diagnostics for 

some conditions that require continuous monitoring, such as neonatal hypothermia. While 

low-cost thermometers exist to measure a neonate’s temperature, the human resources 

required for constant monitoring present a barrier. All of these barriers must be considered 

when developing a useful POC test for low-resource settings that can be appropriately 

implemented.

To address the shortcomings of existing diagnostics for low-resource settings, the WHO 

introduced a list of criteria for the ideal point-of-care test, known as ASSURED (Affordable, 

Sensitive, Specific, User-friendly, Robust & Rapid, Equipment-free, and Deliverable).12 

Diagnostic tests targeted for use at the POC in low-resource settings should be designed with 

these criteria in mind to minimize barriers for successful implementation. However, there 

has been some criticism of the ASSURED criteria as being subjective and not sufficiently 

comprehensive for new technologies. Additionally, meeting all of the ASSURED criteria 

does not necessarily mean that a technology is appropriate for use at the POC. As Pai et al. 

stated in 2012, “…the technology as such does not define a POC test nor determine its use at 

the POC. Rather, it is the successful use at the POC that defines a diagnostic process as POC 

testing,”13 underscoring the importance of testing technologies at the POC and performing 

rigorous usability studies in the field. It is important to consider the final context in which a 

technology will be used during the design process and to determine how this context will 

affect the definitions used for and the relative importance of each of the ASSURED criteria. 
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For example, the use of smartphones in POC diagnostics, which has previously been 

reviewed,14 has allowed for implementation of detection methods that previously required 

inaccessible equipment, changing our understanding of the criterion “equipment free”. 

Despite these shortcomings, the ASSURED criteria are frequently used in discussing the 

ability of a newly developed technology to be deployed at the POC.

When coupled with effective treatment strategies, low-cost POC diagnostics that can be 

administered in low-resource settings have the potential to reduce both neonatal and 

maternal mortality. Tables 3 and 4 summarize representative diagnostic technologies that are 

commercially available to meet maternal and neonatal health needs, respectively, 

highlighting a need to develop further commercialized technologies that reduce per-test cost, 

improve accuracy, and move away from reliance on power and benchtop analyzers.

Here, we review key innovations in POC diagnostic tools to detect the leading causes of 

maternal and neonatal death in low-resource settings. We review both commercially 

available technologies and technologies that are currently in development. We begin by 

reviewing diagnostic formats, including types of biomarkers detected in many diagnostic 

tests. We then focus on technologies that are available or in development to address maternal 

and neonatal health needs. The included figures illustrate the form and/or function of 

selected, representative diagnostic technologies. Finally, we discuss key unmet needs in 

maternal and neonatal health where further innovation in POC diagnostics is desired.

DIAGNOSTIC FORMAT

In high-resource settings, diagnostic tests are typically performed in laboratory settings by 

highly-trained technicians using expensive equipment. Because of this, field-appropriate 

benchtop analyzers have been developed to miniaturize and simplify some of the 

technologies found in lab instruments. Although these devices are not suitable for bedside 

use, they can be used in some low-resource settings that have consistent power and lab 

technicians. To detect biomarkers quickly and accurately at the bedside, equipment-free 

POC tests have been developed; one of the most common formats for these tests is the lateral 

flow assay (LFA), sometimes referred to as a dipstick test15 (Figure 1). While the per-test 

cost of LFAs is often higher than that of high-throughput laboratory instruments, the lack of 

instrumentation cost makes these tests extremely attractive for use in low-resource 

settings15,16. LFAs generally meet all of the ASSURED criteria, and are appropriate for use 

at health centers.15 However, one of the challenges of developing LFAs is in achieving 

clinically relevant sensitivity and specificity.

Choice of biomarker can greatly affect sensitivity and specificity of a test; therefore, 

biomarker selection is one of the most important considerations in the development of any 

diagnostic. Proteomics, metabolomics, and genomics research identifies biomarkers 

associated with various maternal and neonatal diseases, and verified disease biomarkers can 

be targeted in point-of-care diagnostics.17 Here, we briefly introduce the most commonly 

targeted biomarkers for diagnostics, including patient antibodies, other proteins and small 

molecules, and pathogen nucleic acid before discussing diagnostic technologies available for 

maternal and neonatal health in low-resource settings.
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Antibody Detection

In response to a pathogenic threat, IgM antibodies are produced quickly, while IgG 

antibodies are produced later and circulate in the bloodstream longer.18,19 Most antibody-

based diagnostics use recombinant proteins to detect both types of antibodies in a patient 

sample in order to estimate infection duration and level of exposure.18,19 However, IgG 

antibodies are inappropriate for detection of many neonatal conditions because maternal 

antibodies can be transferred to the fetus during pregnancy and persist for 12–18 months 

after birth.20–22 IgM antibodies can detect acute infection in neonates.23 Additionally, some 

antibody-based tests are unsuitable for determining treatment efficacy, as antibody levels 

remain elevated longer than other biomarkers.18,19

Protein and Small Molecule Biomarker Detection

Many proteins and small molecules already present in bodily fluids deviate from normal 

physiological levels in response to disease. Therefore, protein- and small molecule-based 

tests need to be optimized to detect biomarker levels that differentiate between normal and 

diseased states. Analyte selection is important to consider because the choice of a biomarker 

that is modulated in multiple conditions may result in poor diagnostic specificity for a given 

condition. Proteins and small molecules are often present at concentrations that can be 

detected without the need for amplification.15

Nucleic Acid Detection

For conditions that have low pathogen concentrations, require viral load measurement, or 

need high specificity against related viruses, nucleic acid testing is the standard of care. 

Nucleic acid tests (NATs) detect specific encoded sequences within the genetic material of 

pathogens. NATs may detect and amplify very few copies of the target nucleic acid, making 

them highly sensitive and specific. Unlike antibody tests, NATs can detect a pathogen as 

soon as it is present. NATs typically accomplish three goals: sample preparation, 

amplification of target, and detection of amplicon. Real-time PCR has allowed amplification 

and detection to be performed simultaneously, and several completely automated platforms 

have been developed for use at the POC.24

Sample Preparation—Sample preparation can be a challenge in detecting any biomarker, 

but it provides a significant challenge for NATs, as nucleic acid amplification is inhibited by 

components of bodily fluids.25,26 Sample preparation for POC tests typically consists of 

collection, separation, extraction, and concentration of nucleic acids. Commercialized paper-

based sample collection and plasma separation technologies are commonly used for sample 

collection.27 Novel approaches to sample preparation, including microfluidic separation 

techniques28,29 and extraction and concentration techniques,29 have been previously 

reviewed. However, challenges remain before unprocessed blood or other clinical samples 

can be applied directly to amplification and detection assays at the POC.

Amplification of target—The standard method for amplification of genomic material is 

polymerase chain reaction (PCR), which requires expensive thermal cycling equipment, 

reliable electricity, trained personnel to prepare the reactions, and several hours to complete. 

To perform amplification at the POC, promising technologies employ isothermal enzymatic 
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amplification methods that require a shorter incubation period and eliminate the need for 

thermal cycling.30

Detection of amplicon—Nucleic acid amplicons may be detected either during the 

amplification process (real-time detection) or at the end of the reaction (endpoint detection). 

The presence of amplified nucleic acids is measured via an optical or electrical signal. Real-

time detection uses fluorescently labeled probes to bind to the amplicon, and instrumentation 

to quantify the signal.31 For end-point detection, amplification products may be tagged with 

reporter molecules to create a visible signal indicating the presence of the amplicon and be 

detected in equipment-free formats.31 Real-time detection techniques are commonly used in 

quantitative assays and are highly sensitive and specific, while end-point detection typically 

requires fewer resources and may suffice for less sensitive applications.24

The biomarker types and detection schemes discussed above each have advantages and 

disadvantages, and the most appropriate test for use at the POC depends on the condition 

and available infrastructure. We now discuss in detail technologies for each leading cause of 

maternal and neonatal mortality as well as areas for potential diagnostic development.

DIAGNOSTICS FOR MATERNAL HEALTH

Pre-existing Conditions Complicated by Pregnancy

HIV—HIV is a virus that attacks the body’s immune system, most notably CD4+ white 

blood cells that fight off infections. In 2014, an estimated 1.5 million women living with 

HIV gave birth, and HIV-positive women are 6–8 times more likely to die giving birth than 

those who are HIV negative.32 POC devices that make maternal HIV diagnosis as rapid and 

simple as possible are of high importance and have been the target of much funding and 

research over the past 20 years.33 With effective diagnosis, women with HIV can receive 

appropriate prophylactic strategies to reduce viral load, both for their health and the health 

of the neonate. Ninety percent of HIV infections in children are due to mother-to-child 

transmission.32 However, the prevention of mother-to-child-transmission (PMTCT) of HIV 

is one of the great public health successes of the past 20 years.33 The vertical transmission 

rate for HIV-positive pregnant women with no intervention is 25–42%, but this rate has been 

reduced to 1% or less when all prophylactic strategies are implemented.33 Precautions 

including antiretroviral therapy (ART) during pregnancy, labor and delivery, and the 

postnatal period to the infant, as well as elective cesarean delivery, have contributed to this 

success.

HIV is now widely diagnosed in adults using affordable antibody dipstick tests. However, 

antibody concentrations reach a peak concentration during the early stage of HIV infection 

and decrease after acute infection.34 Thus, antibody/antigen tests are useful for screening but 

not treatment monitoring. To diagnose and confirm treatment failure, the WHO strongly 

recommends viral load monitoring.35 Current guidelines encourage viral load testing at six 

and 12 months after initiating ART, and every 12 months thereafter if the patient is stable on 

ART. Virological failure is defined by two consecutive viral load measurements exceeding 

1000 copies/mL within a 3-month interval, with adherence support between measurements, 

after at least six months of a new ART regimen. Despite these recommendations, where viral 
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load testing is not available, CD4+ count and clinical symptoms are still used to diagnose 

treatment failure.24 Here we discuss antibody/antigen tests as well as CD4+ testing for HIV; 

solutions for point-of-care viral load testing are discussed in the Neonatal HIV section.

Antibody Detection: Antibody assays to diagnose HIV infection in adults detect antibodies 

against the HIV viral envelope proteins gp41 and gp36. Developed tests include the 

ChemBio sure check HIV 1/2,36 the UniGold Recombigen HIV 1/2,37 the VIKIA HIV 

1/2,38 the OraQuick in-home test,39 the INSTI,40 and the Alere Determine HIV 1/2 Ab + 

Ag.41 The mChip is a microfluidic ELISA that detects antibodies against HIV viral envelope 

proteins as well as syphilis.42 While first-generation HIV tests were able to detect antibodies 

about a month after infection, second- and third-generation tests improved the sensitivity to 

allow earlier detection. Fourth-generation tests now screen for the p24 antigen in addition to 

antibodies, allowing detection as soon as 18 days after infection, although the p24 antigen 

portion has shown variable performance thus far.43 Antibody/antigen tests are the easiest and 

most affordable option for HIV diagnosis and have seen success with use in clinical settings. 

These technologies meet ASSURED criteria and are available in many low-resource 

settings.

In late 2016, the WHO issued a strong recommendation that HIV self-testing should be 

offered as an additional approach to HIV testing services.44 This recommendation was based 

on studies indicating that compared to standard HIV testing, HIV self-testing can result in 

identifying an equivalent or greater proportion of HIV-positive people. As of July 2017, 

there is one WHO prequalified HIV self-test, the OraQuick® HIV Self-Test (OraSure 

Technologies Inc., USA).45 An additional four HIV self-testing products are on the market 

and have been registered and approved by a founding member of the Global Harmonization 

Task Force: the autotest VIH® (AAZ Labs, France), the BioSURE HIV Self Test (BioSURE, 

United Kingdom), the OraQuick® In-Home HIV Test (OraSure Technologies Inc., USA), 

and the INSTI HIV Self Test (bioLytical Laboratories, Canada).45 The per-test cost of these 

self-tests vary widely based on implementation setting and change rapidly; for example, the 

WHO prequalified OraQuick® HIV Self-Test has a retail price of $9.50 in low and middle-

income countries, but a June 2017 agreement between OraSure and the Bill & Melinda 

Gates Foundation will offer the test to public-sector buyers in 50 countries for $2.00. Retail 

prices for the other four products on the market currently range from $22–48 per test, though 

several are also available in select instances at under $10. Finally, four HIV self-tests are 

available in some private-sector markets, while ten self-tests that use whole blood, oral fluid, 

or urine are currently in the pipeline.45

Viral Load Testing: Several sample-to-answer NATs are on the market and in the pipeline 

for viral load testing. The SAMBA II distinguishes between viral loads above and below 

1000 copies/mL in 90 minutes. In a study conducted in London, Malawi, and Uganda, the 

SAMBA semi-Q was 97.3% concordant with the gold standard test, the Roche TaqMan 

v2.46 Although easy to use, the system requires electricity and benchtop equipment, limiting 

its use to settings with significant infrastructure. In addition, it is only used for monitoring 

and not for diagnosis and is not currently able to detect HIV-2. Figure 5 illustrates the ease-

of-use afforded by a rapid sample-to-answer system, including sample collection, automated 
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analysis, and reporting of results. The LIAT Analyzer (Roche), shown in Figure 5, is a 

portable reverse-transcriptase PCR (RT-PCR) system that uses whole blood as a sample. 

Recent studies have validated a very low limit of detection of 57 copies/mL.47 The system 

detects multiple HIV subtypes as well as HIV-2. However, sample preprocessing is required. 

Another technology that is highly effective but still costly is the Gene Xpert HIV-1 Viral 

Load (Cepheid), a NAT that detects HIV-1 viral load in a less than two hours with only one 

minute of hands-on time. While this test provides quick results and requires minimal 

training to run, its unit cost of $17,000 USD and POC per-test cost of $9.98 limit its utility.48 

Other viral load tests currently in the pipeline include the EOSCAPE-HIV Rapid RNA 

Assay (Wave 80 Biosciences), the TrueLab Real Time micro PCR (MolBio Diagnostics), the 

Bioluminescent Assay in Real Time technology (Lumora), the ExaVir Load, and the 

NWGHF Savanna HIV VL test, though none of these have yet been validated.49

CD4 Count: Although viral load testing has been shown to be more accurate at indicating 

therapy failure than CD4+ testing, many low-resource environments still rely on CD4+ 

lymphocyte counting to monitor HIV treatment efficacy.50 Similar to antibody detection, a 

CD4+ lymphocyte count indicates the state of an HIV patient’s immune system. A low 

CD4+ count indicates a severe level of infection and correlates with poor clinical outcomes 

in the first year of infection. However, this amount can be affected by other conditions, and 

thus cannot be used as a direct measure of HIV. Additionally, baseline CD4+ counts have not 

been shown to be indicative of mortality after 5 years of treatment.51 However, CD4+ counts 

are still used as a clinical measure of immune system function and progression to AIDS, 

especially in areas that do not have access to viral load testing.

Commercially available and in-the-pipeline CD4 testing platforms vary widely in terms of 

their throughput, infrastructure requirements, and cost. Although there is no official gold 

standard for CD4 counting, many experts consider the high-throughput BD FACSCalibur™ 

(BD Biosciences) system to be a suitable reference. This platform uses flow cytometry, a 

technology able to take quantitative measurements of multiple features of large numbers of 

cells.24). The instrumentation for this platform costs $75,000, and thus is only suitable for 

central and national reference laboratories. The most widely used platform in low-resource 

settings is the BD FACSCount™ system (BD Biosciences). The FACSCount™ uses a whole 

blood sample, and can calculate both CD4 count and CD4 percentage, which is useful for 

young children. This system has been used for over a decade, and its performance has been 

well-validated by several independent studies.52,53 With a $30,000 instrumentation cost and 

a per-test cost of $3.50–10.00, this system is well suited to district hospital settings. Two 

additional and similar medium-throughput CD4 platforms are the Aquios CL™ (Beckman 

Coulter) and the Apogee Auto40 Flow Cytometer (Apogee).

The flow cytometers described above are not suitable for true POC testing due to high costs 

and staffing requirements. Thus, other methods of CD4 counting have been developed, and 

several less expensive technologies for low-throughput POC CD4 testing are on the market. 

The imaging-based Pima™ Analyser (Alere) introduces fluorescently labeled antibodies to a 

sample, then acquires and analyzes fluorescence images in an imaging chamber. This system 

is able to service only three tests per hour, but is suitable for all levels of healthcare and has 

been shown to positively impact patient retention and ART initiation.54 The CyFlow® CD4 
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miniPOC (Sysmex Partec) is an alernative imaging-based CD4 platform that is compact, 

rugged, and can be operated with a battery pack for up to 5 hours. Finally, the BD 

FACSPresto™ (BD Biosciences) is another imaging-based technology that has been WHO 

prequalified since 2014. This instrument costs less than $10,000 and each test costs less than 

$10, making the FACSPresto™ a more affordable option than flow cytometry for some 

resource-limited settings.

While the CyFlow® CD4 miniPOC can be powered temporarily with a battery pack, all of 

the fully quantitative CD4 tests described above currently require continuous electricity, and 

costs remain high.55 Large CD4 equipment also suffers from high infrastructure 

requirements, while smaller analyzers are limited by low throughput. For example, while a 

Pima™ CD4 test takes only 20 minutes, the system can only process one sample at a time, 

leading to long waits for patients.56,57 The only rapid, disposable, and equipment-free CD4 

test currently available is the Visitect® CD4, a semiquantitative test developed by the Burnet 

Institute and currently licensed to Omega Diagnostics Ltd (United Kingdom). Visitect® CD4 

measures the amount of CD4 protein on T-cells rather than directly measuring CD4 cells. 

The Visitect® CD4 uses a simple lateral flow device to capture the CD4 protein on T-cells 

rather than directly measuring CD4 cells, and shows a readout that indicates whether a 

patient’s fingerprick sample contains lymphocytes above or below a threshold of 350 

cells/uL.57 An automatic battery-powered reader interprets results in less than 40 minutes, 

and Omega Diagnostics has also developed a smartphone application for the assay.

Finally, detection of cells in a microfluidic channel has been difficult due to the high shear 

stress generated in flow-based ELISA, but alternative microfluidic platforms for CD4 testing 

are being studied in several academic groups. One approach moves captured CD4+ 

lymphocytes through different aqueous phases as opposed to moving the aqueous phases 

across the substrate, allowing cells to be captured without experiencing high shear stress.58 

It also integrates image processing using a smartphone, lowering the equipment 

requirements of the system. A second novel strategy carefully optimizes shear stress for 

lymphocyte capture, and employs only electrical methods to interrogate whole blood 

samples. This eliminates the need for image-based detection and makes the system more 

robust to environmental challenges.59 This microfluidic device was shown to be at least as 

accurate as the Pima CD4, and with modifications to the capture chamber, could provide 

over twice the testing throughput of the Pima CD4.

As of 2016, the WHO supports stopping routine CD4 count testing where viral load testing 

is available, limiting the use of these tests to prioritizing patients for urgent linkage to care.35 

Further, ART initiation is now recommended for all adult and adolescent patients regardless 

of CD4 cell counts and disease stage. These recommendations indicate a decreasing 

importance of CD4 testing and a shift towards viral load testing as the central focus of HIV 

care. Accordingly, a number of CD4 technologies that were on the market or in the pipeline 

within the last five years have been discontinued. These include the Daktari™ CD4 Counter 

(Daktari Diagnostics Inc.), the MBio CD4 System (MBio Diagnostics Inc.), and the CD4 

Test (Zyomyx Inc.). Daktari appears to have shifted its focus towards development of a viral 

load test in accordance with market shift, MBio Diagnostics is no longer marketing their 

CD4 system, and Zyomyx Inc. appears to no longer be in business.24 Despite this shift in 
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priorities, CD4+ cell count remains the best indicator of a patient’s immune and clinical 

status, risk of opportunistic infections, and supporting the management of patients with 

advanced HIV disease. Furthermore, viral load testing for treatment monitoring is still 

inaccessible to a large portion of those affected by HIV. Therefore, innovative and cost-

effective POC solutions for CD4 testing are still needed.

Malaria—Malaria, a mosquito-borne parasitic disease, affects between 150 and 300 million 

people per year.60 While malaria infection typically leads to flu-like symptoms, pregnancy 

increases susceptibility to infection and severity of disease.61,62 Complications from malaria, 

such as anemia, hypertension, and low birthweight, cause 10,000 maternal deaths and 

200,000 neonatal deaths in Africa annually.62 In the absence of pregnancy, malaria is 

typically detected with blood smear microscopy or LFAs. Blood smear microscopy is a 

widely used method of diagnosing malaria in which trained technicians look for parasites 

within a blood sample using a microscope. Benefits include the ability to detect multiple 

species of parasite along with parasitemia, or level of infection, although appropriate 

training and staffing is required. Additionally, many malaria LFAs available on the market 

are appropriate for use at a bedside or rural health center, and over 314 million rapid tests 

were sold in 2014.60 Some LFAs detect only Plasmodium falciparum, the parasite species 

with the most severe outcomes, while other LFAs detect multiple species including P. vivax, 
P. malariae, and P. ovale. The WHO selection criteria for malaria LFAs include a sensitivity 

of 75% at 200 parasites/μL in all transmission settings, a false positive rate less than 10%, 

and an invalid rate less than 5%.63 The product should also be thermally stable, able to 

easily store, and easy-to-use. A list of reviewed LFAs that meet these criteria was recently 

published by the WHO.63–66

However, these tests may perform differently in cases of malaria in pregnancy. Malaria 

caused by Plasmodium falciparum is more difficult to diagnose during pregnancy because 

the parasites sequester in the placenta and therefore can have low concentrations in 

peripheral maternal blood.62 The number of parasites in the blood varies depending on 

treatment with antimalarial drugs, whether it is a mother’s first pregnancy, and other 

complicating factors.61,62 It is unclear from recent studies whether low parasite 

concentrations are associated with adverse maternal or neonatal outcomes.62,67–73 If future 

studies indicate little correlation between submicroscopic infections and adverse outcomes, 

then commonly used malaria diagnostics like blood smear microscopy or LFAs could be 

used for testing pregnant women at the POC. However, if future studies do show a 

correlation between submicroscopic infections (< 50 parasites/μL) and adverse outcomes, 

more complex and sensitive diagnostics will be needed to diagnose malaria in 

pregnancy.62,74,75

To detect submicroscopic malaria infections, several commercially available or in-the-

pipeline NATs have been previously reviewed, although not validated for malaria in 

pregnancy.76–82 The Nanomal (QuantuMDx), Accutas (Aquila Diagnostic Systems Inc.), 

and DiscoGnosis LabDisk system (IMTEK) all require minimal infrastructure and sample 

preparation and can be used at the POC. However, cost may be prohibitive for low-resource 

settings, with the lowest estimated per-test cost at $2–$4 and high equipment costs.82 Other 

promising inexpensive malaria NATs are being developed which integrate sample 
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preparation to reduce potential contamination, do not require cold chain storage, and have 

limits of detection appropriate for highly sensitive testing.76,79,81 In addition, two 

commercially available imaging-based tests, the Rapid Assessment of Malaria (RAM) 

Device (Disease Diagnostic Group Inc.) and Magneto-optical Device (MOD) (Meditopian 

LLC), detect submicroscopic infections in under one minute for less than $1 per test, with 

minimal sample preparation and rechargeable batteries to reduce infrastructure 

requiremnents, although the equipment cost for RAM is high.82 Finally, a few highly 

sensitive protein-based methods for submicroscopic malaria detection have also been 

reviewed.76,82–85 These tests are low-cost, easy-to-use, and do not require electricity to run, 

making them suitable for use at the POC. While several of the above tests may be 

appropriate for submicroscopic detection in low-resource settings, their diagnostic 

performance for malaria in pregnancy has yet to be fully validated.

Gestational Diabetes—Diabetes is a metabolic disease in which a patient experiences 

prolonged periods with high blood sugar levels. Diabetes developed over the course of a 

pregnancy is known as gestational diabetes. Gestational diabetes affects an estimated 10–

25% of all pregnancies globally86,87 and can lead to serious maternal and neonatal health 

consequences, including pre-eclampsia, infections, obstructed labor, postpartum, 

hemorrhage, preterm births, stillbirths, congenital anomalies, birth injuries, and death.88,89

The WHO criteria for gestational diabetes diagnosis includes one or more of the following: 

fasting plasma glucose between 92–125 mg/dL, venous plasma glucose one hour after 

ingestion of 75 g oral glucose load above 180 mg/dL, or venous plasma glucose two hours 

after ingestion of 75 g oral glucose load between 153–199 mg/dL.86 The use of this 

diagnostic criteria requires the patient to present for the test after fasting overnight and to 

stay for 1–2 hours after ingesting glucose, a process known as an oral glucose tolerance test. 

Bhavadharini et al. report one of the greatest patient-related barriers to screening and 

diagnosis of gestational diabetes in low- and middle-income countries to be patients coming 

for checkups in the fasting state.90

Diabetes can alternatively be diagnosed through the measurement of glycated hemoglobin 

(HbA1C), a measure of the 3-month average glucose concentration in the patient’s blood. 

HbA1C testing circumvents the need for an oral glucose tolerance test. However, the utility 

of HbA1C tests in screening for gestational diabetes is still being investigated, as HbA1C 

levels are higher during pregnancy. Recent studies have shown very low sensitivity (7–81% 

depending on chosen cutoff value) in HbA1C tests for gestational diabetes screening and 

suggest confirmatory screenings with oral glucose tolerance tests.91–93 HbA1C tests are 

currently not readily available worldwide, are unaffordable in low-and middle-income 

countries, and have the potential to be adversely affected by hemoglobinopathies.94 Because 

of the limitations of HbA1C testing for gestational diabetes, only direct glucose measurement 

is discussed here.

Gold standard glucose tests are run on clinical chemistry analyzers and test the glucose in 

plasma. Plasma glucose tests generally require centrifugation to separate red blood cells 

from plasma due to glycolysis by red blood cells, a process that rapidly degrades glucose in 

a blood sample. However, plasma separation by centrifugation is not always available in 
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resource-limited settings. A more detailed discussion of low-resource centrifugation 

methods can be found in the Hematocrit section.

Glucometers intended for self-monitoring of blood glucose (SMBG) are considered one of 

the founding technologies of the POC testing era,95 and SMBG is the largest market 

segment of POC testing.96 POC glucometers have been shown to be effective for gestational 

diabetes screening when venous plasma glucose measurements are not available.97 

Generally, POC glucometers generate an enzymatic reaction with glucose and measure the 

output through photometric or amperometric detection. Commonly used enzymes include 

glucose oxidase (GOX) and glucose-1-dehydrogenase (GDH), and GDH modified with 

pyrroloquinoline quinone (GDH-PQQ) has been used recently as well. More comprehensive 

descriptions of the enzymatic reactions and detection methods have previously been 

described,98 and multiple groups have previously reviewed commercialized 

glucometers.96,98

While glucometers are relatively inexpensive and testing requires no sample preparation, the 

cost of compatible test strips can be prohibitive in low-resource settings (approximately 

$1.50 per test).99,100 Additional limitations of commercially available glucometers include 

designs that are not robust to humidity and temperature fluctuations101 as well as inaccurate 

conversions from whole blood glucose values to plasma glucose values.86 Conversion to 

plasma glucose values is required for comparison to diagnostic cutoffs; many glucometers 

perform this conversion by increasing the whole blood glucose value by roughly 11%, 

though varying hematocrit levels will determine the exact patient-specific conversion. 

Accurate plasma correlation remains a challenge.102

Several reviews discuss recent glucose sensing innovations that attempt to circumvent issues 

faced by commercially available POC glucometers. Approaches include electrochemical 

detection,103 sensors based on carbon nanomaterials104 and nanostructured metal-oxides,105 

nonenzymatic sensors,106 non-invasive monitoring technology,107,108 and emerging 

technology more generally.109

Anemia—Anemia, a condition characterized by insufficient hemoglobin leading to 

diminished oxygen carrying capacity in the blood, affects an estimated 32 million pregnant 

women worldwide.110 Severe anemia is strongly associated with maternal mortality, and 

progress toward decreasing morbidity and mortality associated with maternal anemia has 

been slow over the last 20 years.111 Anemia can be diagnosed by measuring the amount of 

hemoglobin, the oxygen-carrying protein in red blood cells (RBCs), or hematocrit, the 

fraction of RBCs in the blood. RBCs are often counted as part of a complete blood count 

(CBC). Hemoglobin concentration, hematocrit, and RBC counts are generally correlated, 

though the relationship may be altered in the presence of some hematological disorders, 

including hemoglobinopathies.112 An important consideration for developing blood count 

tests is the variability of hemoglobin, WBCs, and platelets observed from one fingerprick 

drop to the next; drop volumes used should be sufficiently large for clinical correlation to 

well-mixed venous blood.113 For more information on blood counts, see the section on 

Bacterial Infections and Puerperal Sepsis.
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Hemoglobin and hematocrit measures can be integrated into diagnostic tests for additional 

analytes in order to increase accuracy or to provide additional relevant diagnostic 

information. For example, as described in the Gestational Diabetes section, glucometers 

often convert whole blood glucose values to plasma glucose values inaccurately; direct 

hematocrit measurement incorporated into whole blood glucose measurement can allow for 

more accurate plasma glucose reporting. Additionally, when clinically relevant, anemia 

diagnostics can be multiplexed with detection of additional analytes, such as HIV antibodies 

as demonstrated by Guo et al.114 Here, we discuss a variety of approaches toward 

hemoglobin and hematocrit detection.

Hemoglobin: The gold standard of hemoglobin diagnosis, which is used in hematology 

analyzers in high-resource settings, relies on the conversion of hemoglobin to 

cyanmethemoglobin, a stable molecule that absorbs light at 540 nm.115 Absorption 

measurements require a spectrometer, limiting the use of this method at the POC. Other 

methods have been developed to quantify hemoglobin for low-resource settings. The WHO 

Haemoglobin Color Scale (HCS) is a semi-qualitative method of hemoglobin measurement. 

A drop of blood is applied to paper and is compared to a color scale by visual interpretation. 

The WHO HCS has a very low per-test cost (approximately $0.02 per test in Malawi) but 

suffers from low accuracy (sensitivity between 76–96%, specificity between 33–86%116), 

particularly with inadequate training or lighting,117 and especially in cases of severe 

anemia.118 In the Sahli method of anemia detection, hemoglobin is converted to acid 

hematin and compared visually to a solid glass color standard. The Sahli method has been 

considered the standard practice in many low-resource settings for decades. Per-test cost is 

reportedly higher than the WHO HCS, but sensitivity and specificity are both reported to be 

85%.116 Commercially, the HemoCue system has been developed to measure hemoglobin 

for POC applications with higher accuracy than the WHO HCS or Sahli method, with 

reported sensitivity and specificity of 85–100% and 94%, respectively.116 Blood is drawn 

into a plastic cuvette, hemoglobin is converted to azidemethemolobin, and the sample is 

inserted into a spectrophotometric reader for an absorbance measurement.116 The HemoCue 

system was found to be the most appropriate hemoglobin measurement device in Malawi, 

though the per-test cost remains prohibitively high for widespread use (approximately $1.00 

per cuvette in Malawi).115,119 A more in-depth look at several features of the commercially 

available technologies as well as a couple of technologies in development can be found in 

the PATH landscape report on anemia.116

More recently, the development of an alternative paper-based, colorimetric hemoglobin test 

was reported.120 In this approach, hemoglobin is converted to cyanmethemoglobin with 

Drabkin’s reagent, and the sample is applied to a microfluidic paper-based device, allowed 

to dry for 25 minutes, and imaged on a flatbed scanner. The use of a scanner circumvents 

decreases in accuracy due to ambient light conditions. The reported 95% limits of agreement 

between the paper-based assay and the reference assay were 1.30 and 1.18 g/dL, and the test 

performed with relatively high quantitative accuracy (R2=0.96). However, there is a need for 

sample pre-processing and a cost associated with the flatbed scanner (reported as $44 for a 

refurbished scanner). Tyburski et al. developed a fully disposable hemoglobin color scale 

test. The device has two components: a sample tube that collects 5 μL of blood after a 
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fingerprick and a component that is pre-loaded with a color-changing reagent. The group 

reports an optional smartphone quantification application, as well. In laboratory evaluation, 

the device performed with high sensitivity and specificity by visual interpretation in cases of 

both severe (<7 g/dL) and mild (<11 g/dL) anemia (sensitivity: 90% and 90.2%, specificity: 

94.6% and 83.7%, respectively), but relatively low quantitative accuracy (R2=0.864). The 

per-test cost (US $0.50) is also much higher than the WHO HCS, which may prove to be 

prohibitive in low-resource settings.121

Other groups have developed alternative systems that aim to bring per-test cost down while 

maintaining high accuracy. A low cost spectrophotometric hemoglobin detection system was 

developed with the use of chromatography paper as the matrix for sample deposition and 

hemoglobin measurement, shown in Figure 2. Absorbance at two wavelengths (528 and 656 

nm) is used to calculate hemoglobin concentrations. Ninety-five percent of samples tested 

with this system were within 2 g/dL of HemoCue readings, and the per-test cost (< US 

$0.01/test) is projected to be significantly cheaper than the HemoCue system.115,122

Hematocrit: Hematocrit can also be used for anemia diagnosis. Traditionally, commercially 

available centrifuges, such as the Zipocrit Hematocrit Centrifuge (LW Scientific) are used in 

conjunction with capillary tubes loaded with a patient’s blood and sealed with wax. 

Centrifugation results in layers of packed RBCs, WBCs, and plasma; the height of the RBC 

layer can be compared to standardized charts that quantitatively produce hematocrit values 

for a given capillary tube fill height. While this method is cheap and relatively simple, it 

requires a centrifuge, which is expensive. Several approaches have recently been shown to 

lower the cost and complexity of centrifuges. Thompson et al. reported the development of a 

rotation-driven microdevice (RDM) for hematocrit determinations. The RDM is estimated to 

cost less than US $0.50, runs 12 samples at once, accepts less than 3 μL of whole blood, and 

produces a result in less than 8 minutes. Rotation is generated by a CD player motor, and a 

cell phone is used for quantification. Laboratory samples were comparable to clinical lab 

determinations, though extensive characterization has not yet been reported.123 Drawing 

inspiration from the whirligig, an ancient toy that generates high centrifugal force, Bhamla 

et al. developed the human-powered “paperfuge”. The paperfuge has an estimated cost of 

US $0.20, is lightweight, and can separate plasma from whole blood in less than 90 seconds 

with comparable performance to a commercial centrifuge.124 The paperfuge cost is 

insignificant compared to a commercial centrifuge, but data on usability and robustness of 

the paperfuge is necessary to understand potential clinical utility. The paperfuge is among 

other innovative approaches toward hand-powered centrifuge development,125 including 

repurposed salad spinners126 and egg beaters.127 Unconventional approaches for 

centrifugation may improve access to hematocrit measurement, but the clinical utility of 

these approaches must be demonstrated. Of note, centrifugation is useful in many diagnostic 

assays beyond hematocrit measurement.125

In addition to rotational separation, technologies have been developed to quantify hematocrit 

through impedance spectroscopy128,129 and paper-based plasma separation.130 Impedance 

spectroscopy utilizes the principle that higher hematocrit levels will increase the current flow 

path between reference and working electrodes. With impedance spectroscopy, results could 

be achieved very quickly, and the reported cost is less than US $12. Additionally, it is 
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unclear whether sample pre-processing is required and whether non-RBC components of 

blood would falsely elevate hematocrit measurements. Further evaluation of complex 

samples and of clinical utility is required.129 The paper-based approach utilizes the natural 

fluid-wicking properties of paper to differentially separate blood cells from plasma. The 

paper-based devices are low-cost (US $0.03), though time-to-results (30 min) is much longer 

than with centrifugation. The upper hematocrit limit is 57%, which is below the range of 

some neonatal blood samples, limiting the utility of the device in its current form. The 

quantitative performance and reproducibility of this paper-based test has yet to be 

established.130 Other methods of plasma separation have been previously reviewed.28

Hemorrhage

Hemorrhage (severe bleeding) is the leading single cause of maternal mortality, accounting 

for 27.1% of maternal deaths worldwide, and 659,000 women die from hemorrhage per year 

in low-resource settings.6 Researchers have identified known risk factors such as Caesarian 

sections and prolonged third stage of labor, and preventative guidelines have been 

established.6,131 However, disease burden is still high, and low-resource diagnostics are 

needed to supplement the preventative guidelines. A bleeding disorder such as HELLP 

(hemolysis, elevated liver enzymes, low platelets) or von Willebrand disease may be a 

causative factor for some women who develop hemorrhage.132 Several platelet aggregation 

assays with or without Ristocetin have been developed to diagnose these conditions, either 

prior to hemorrhage or at its onset.133,134 Typically, in the presence of large amounts of 

blood loss or drop in blood pressure, complete blood counts and coagulation assays are 

performed.132,135 High resource settings particularly quantify change in peripartum 

hemoglobin, since it accounts for internal hematomas and hemolysis as well as external 

blood loss.136 Most of these tests require high infrastructure and are performed at central 

hospitals. For more on platelet aggregation and complete blood counts in low-resource 

settings, see the White Blood Cell Count and Differential Section. LFAs for coagulation 

have also been developed, by assessing how far 100μL of blood travels on nitrocellulose.137

POC devices have been developed to measure the amount of blood lost during hemorrhage 

for diagnosis and management. Quantifying blood loss is important for preventing hypoxia, 

heart attack, organ failure, and death.136 Typically, in low-resource settings, blood loss is 

estimated visually, is highly variable depending on staff training, and can be underestimated 

by as much as 75%.138 The use of bedpans, blood collection pads, and gravimetric sponges 

allow for more accurate blood loss estimates.136,139 Hemorrhage is diagnosed as blood loss 

over 500 mL, and many pads or cloths, including “Quaiyum’s mat” developed in 

Bangladesh140 (approximately $0.50 per mat)141 and a kanga system in Tanzania ($6–7 for 

two kanga),142,143 utilize this value to absorb only 500 mL. Other devices like Kelly’s pad in 

India (about $25)139,144,145 and BRASS-V drape in Nigeria (about $4 per sterilized 

drape)139,146–148 funnel blood to accumulate and measure it. The SAPHE mat has multiple 

squares of super absorbent polymer, each holding 50 mL of blood, and blood loss is 

estimated by counting filled squares.149 The SAPHE pad has a 0.96 Pearson’s correlation 

for volume blood loss, but at $0.50 to $2.50 per pad, it is not a cost-effective strategy, given 

the cost of misoprostol and other uterine contraction agents to prevent hemorrhage is as low 

as $1. Kelly’s pad can be washed and sterilized, while most other pads or cloths must be 
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decontaminated and disposed increasing the per-use cost. An area for further innovation is 

the development of a more quantitative blood loss measurement technique for an extremely 

low per-use cost.

In addition to these blood loss techniques, a rapid diagnostic test for fibrinogen was 

developed to predict the severity of hemorrhage during intrapartum complications.150,151 

Fibrinogen is a protein essential for coagulation and has a 99.3% specificity for predicting 

severe hemorrhage.150 However, the assay has a sensitivity of only 12.4%. The test may be 

useful for triaging, but a more sensitive biomarker is needed for accurate diagnosis.

Pre-eclampsia

Pre-eclampsia is the second largest direct cause of maternal mortality worldwide, second 

only to hemorrhage. The WHO estimates that 14% of maternal deaths in low-resource 

settings, about 341,000 per year, are caused by pre-eclampsia.6 Pre-eclampsia is a disorder 

characterized by high blood pressure and proteinuria, or excess protein in a 24-hour urine 

sample, and it can lead to severe morbidities such as seizure, placental abruption, 

hemorrhage, and preterm delivery. A test for proteinuria is the gold standard for pre-

eclampsia, but blood pressure, blood-based biomarker tests, and algorithms can also be used 

for diagnosis.152,153 However, the diagnostic accuracy of these methods is debated.154 A 

2005 survey in the United Kingdom claims that 45% of women with eclampsia displayed 

neither proteinuria nor high blood pressure in the week leading up to seizure.154,155 

Additionally, while dipsticks can be used in low-resource settings to determine proteinuria 

with a tetrabromophenol blue colorimetric agent, urine dipsticks are often unavailable in 

many low-resource settings. Urine dipsticks for proteinuria do not detect key misfolded 

biomarkers associated with pre-eclampsia,156 vary with urine concentration,154 and can have 

sensitivities for pre-eclampsia as low as 55%.157 Because proteinuria is not reliably seen in 

all pre-eclampsia cases and the dipsticks have low sensitivity for detecting proteinuria, 

dipsticks are often not used when available.154,156,158–160 As such, alternative methods to 

diagnose pre-eclampsia in low-resource settings, including low-cost blood pressure devices 

and both blood- and urine-based POC diagnostics, are discussed here.

Blood Pressure Monitors—Many low resource settings do not measure blood pressure 

because of a lack of appropriate measuring devices or lack of trained healthcare 

workers.154,158,161–163 For example, 36% of health centers providing antenatal care in 

Malawi did not have blood pressure measurement equipment according to the Malawi 

Demographic Health Survey 2013–2014.154,164 However, a few blood pressure monitors 

have recently been developed for low-resource settings. Most notably, the Omron HEM-

SOLAR and Microlife 3AS1-2 have been validated for use with pregnant women in low-

resource settings.154,162,165 Omron HEM-SOLAR, a semi-automated device that uses solar 

energy to recharge, is slightly more accurate (cost about $30),162,166–168 whereas the 

Microlife 3AS1-2 is relatively cost-effective ($19) and easy to use by untrained 

workers.154,167,169–171 The Microlife 3AS1-2 can be manually inflated, requires 

rechargeable batteries, and uses a “traffic light” system to alert healthcare workers of 

abnormal pressures, which has received positive feedback from both trained and untrained 

users.169 The Nissei DS-400 (Nissei Japan Precision Instruments) has similar features of 
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manual inflation and rechargeable batteries, although the cost is slightly higher ($30),172 and 

the test has only been validated on pregnant women in high-resource settings.173 The 

LifeSource One-Step Monitor measures blood pressure accurately with automatic inflation 

and rechargeable batteries, but the price is greater than other POC blood pressure 

monitors.174–178 Additionally, the LifeSource One-Step Monitor needs to be evaluated in a 

pregnant population.178 Other low-cost blood pressure monitors are in development and may 

be appropriate for use at the POC.154,179,180 However, as discussed above, the diagnostic 

accuracy of blood pressure for pre-eclampsia is debated.154

Blood-based POC diagnostics for pre-eclampsia—Several other biomarkers are 

also associated with increased risk for pre-eclampsia, and some of these biomarkers have 

been integrated into benchtop diagnostics or LFAs.181,182 Multiple benchtop readers have 

been developed to measure serum-based biomarkers of pre-eclampsia, specifically Placental 

Growth Factor (PlGF), soluble fms-like tyrosine kinase-1 (sFlt-1), and glycosylated 

fibronectin (GlyFn).183,184 These biomarkers have all shown promise for diagnosis of pre-

eclampsia in the third trimester with area under the receiver operator curves (AUROCs) of 

0.94 for PlGF, 0.96 for sFlt-1, 0.98 for sFlt-1/PlGF ratio, and 0.99 for GlyFn.184

The Triage PlGF test (Alere Inc) uses fluorescence immunoassay detection and the Triage 

MeterPro POC analyzer to quantitatively determine PlGF levels in blood plasma samples 

and returns a result in 15 minutes. Sensitivity and specificity of the Alere Triage PlGF test 

vary depending on the cutoff value used; between 20 and 34 weeks of gestation, the test has 

a 96% sensitivity and 56% specificity for pre-eclampsia using a cutoff value of <100 pg/mL 

and a 63% sensitivity and 90% specificity using a cutoff value of <12 pg/mL.185 When 

gestational age is known, a cutoff of <5th percentile for normal gestational-age dependent 

range improves test performance with 100% sensitivity and 96% specificity for early onset 

pre-eclampsia and 77% sensitivity and 95% specificity for all gestational ages.186 However, 

with all cutoff values, sensitivity dramatically decreases after week 34 of gestation.185

The Elecsys immunoassay sFlt-1/PlGF ratio test (Roche Diagnostics Limited) measures the 

relative amount of PlGF to sFlt-1 in serum samples using two separate 

electrochemiluminescence immunoassays with the Roche Elecsys benchtop analyzer. 

Similar to the Alere Triage test, Roche Elecsys performance varies on the designated cut-off 

value during weeks 24 through 36 of gestation. At a ratio of 23, the test has a 92% 

sensitivity and 81% specificity, while at a ratio of 85, the test has a 56% sensitivity and 97% 

specificity.185 Two additional tests have been developed, the DELFIA Xpress PlGF 1-2-3 

test (PerkinElmer), which quantitatively measures PlGF levels in serum samples using a 

solid-phase, two-site fluoroimmunometric sandwich assay, and the BRAHMS sFlt-1 

Kryptor/BRAHMS PlGF plus Kryptor PE ratio test (Thermo Fisher Scientific GmbH) which 

detects sFLT-1/PlGF ratio with two immunofluorescent sandwich assays.183,185,187 

However, both of the latter tests must be validated in a clinical setting to determine 

sensitivity and specificity for pre-eclampsia diagnosis.185

Lastly, glycosylated fibronectin is a promising biomarker, and DiabetOmics currently 

employs a cassette reader for a fluorescent immunoassay with high sensitivity and 

specificity for pre-eclampsia (97% and 93%, respectively) in the third trimester.182,184 
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DiabetOmics test is only available in select markets, but the company has licensed the 

clinical test to Becton, Dickinson and Company for integration into their BD Veritor 

device,188 which is costly for low-resource settings.189 Alternatively, an equipment-free 

GlyFn test is possible, with a cutoff value of 176.4 μg/mL, although this test needs to be 

validated for clinical use.184

The detection of PlGF and sFlt-1 at the POC demonstrate an area for further innovation. The 

tests discussed above, including the Triage PlGF (Alere Inc), Elecsys sFlt1/PlGF (Roche 

Diagnostics Limited), and the DELFIA Xpress PIGF 1-2-3 (PerkinElmer), all have high per-

test costs (>$40).185 Additionally, the clinically relevant detection ranges of PlGF (pg/mL) 

and sFlt-1 (ng/mL) are currently not detectable by tests appropriate for low resource settings 

such as LFAs. Recent innovations in developing a paper-based ELISA platform have 

demonstrated limits of protein detection at 100 pg/mL,83 which could be applied for 

detection of these protein targets.

Urine-based POC diagnostics for pre-eclampsia—While urine samples are easy to 

obtain and require little or no sample preparation, limitations to the commercially available 

dipsticks still exist, as discussed above, due to limitations in tetrabromophenol blue 

detection of proteinuria. Two new low-cost tests (<$0.10) for proteinuria include a 

proteinuria pen developed by researchers at John Hopkins and a proteinuria stamp developed 

by Diagnostics for All, although both are undergoing test validation and not commercially 

available.154 Both devices add colorimetric reagent followed by a drop of urine to paper-

based platform, and a color change occurs in the presence of proteinuria. However, these 

tests will likely have performances equivalent to dipstick tests for proteinuria, as they 

function in a similar manner.160

A recent review article lists many additional promising biomarkers for pre-eclampsia, but 

notes that only a few of them have POC tests.182 Urine-based rapid diagnostic tests have 

been developed for pre-eclampsia using urinary adipsin and amyloid aggregates 

(GestVision).152,156,182,190 However, urinary adipsin as a biomarker has a poor specificity 

(70%) unless combined with diastolic blood pressure readings.182 In contrast, a GestVision 

diagnostic uses Congo Red Dot (CRD) to detect protein misfolding in urine, which can 

predict pre-eclampsia before symptoms appear.152,156 Recent articles have shown that this 

protein misfolding may have greater predictive value for pre-eclampsia than other 

biomarkers such as PlGF and sFlt-1,156,182 and the GestVision test uses amyloidophilic 

Congo Red dye that binds to misfolded, unfolded, or amyloid-like proteins to detect 

misfolded proteins quickly.191 The test is appropriate for low-resource settings due to its 

rapid time-to-result (<30 minutes), low cost ($0.30), high sensitivity (86%), and high 

specificity (85%). A healthcare worker simply spots urine onto nitrocellulose and then adds 

CRD to note misfolding. Additionally, while the test primarily benefits from high diagnostic 

performance during the third trimester, recent reports suggest it may also predict pre-

eclampsia as early as the first trimester. A prospective cohort found that in the first trimester, 

CRD predicts 33.3%, 16.1%, and 20% of early, late, and all PE cases.152,191 The GestVision 

CRD test shows great promise for use at the POC in low-resource settings, but it is not yet 

commercially available as the company is performing final validation studies before 

releasing the product.
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Bacterial Infections and Puerperal Sepsis

Puerperal sepsis is a leading cause of maternal death, with an estimated 5 million cases and 

62,000 deaths worldwide annually. Puerperal sepsis is an infection of the genital tract 

occurring between the time of rupture of the amniotic membranes and the 42nd day 

postpartum. The infection must be accompanied by fever and at least one of the following: 

pelvic pain, abnormal vaginal discharge, discharge odor, and delayed reduction in size of the 

uterus.192 In high-resource areas, puerperal sepsis accounts for 2.1% of all maternal deaths, 

while in low-resource settings it is estimated to cause at least 11.6%. Further, the relative 

risk of mortality due to puerperal sepsis is much higher than other causes of maternal death, 

with a 10% mortality rate in high-income countries, and a 33% mortality rate in low-income 

countries.193

Protein-based Tests for Sepsis—Procalcitonin (PCT) has been demonstrated to be a 

consistent marker of inflammation caused by severe infections in both neonates and 

pregnant women194 and can be useful in assessing both infection severity and response to 

antibiotic treatment.195 BioMerieux’s VIDAS B.R.A.H.M.S. PCT system has demonstrated 

consistent measurement of PCT in both reference standards and in clinical samples.196 The 

VIDAS system is a benchtop reader system that performs enzyme-linked fluorescent 

immunoassay and reports a detection limit of 0.09 ng/mL within 20 minutes.196 However, 

recent meta-analysis data has shown varied results in the reported sensitivity and specificity 

of PCT to diagnose sepsis.197 Presepsin, on the other hand, has been demonstrated as a 

specific marker of sepsis that is induced by the phagocystosis of bacteria rather than the 

presence of inflammation, an important consideration when distinguishing sepsis from other 

causes of inflammation.198 Mitsubishi Chemical Corporation recently introduced the 

PATHFAST Presepsin for the rapid detection of presepsin. The PATHFAST system uses a 

chemiluminescent enzyme immunoassay to quantitatively measure presepsin in whole blood 

via a benchtop analyzer. The results of the PATHFAST system have shown a strong 

correlation of measured signal with presepsin concentration across a wide range of 

concentrations in both whole blood and plasma samples. Additionally, the system has been 

used to demonstrate a significant increase in presepsin levels in septic patients.199 Despite 

the progress in development of these benchtop analyzers, both of these biomarkers have 

clinically relevant limits of detection that have potential to be detected in an equipment-free, 

LFA format. Developing more POC-friendly LFAs for these biomarkers would allow 

detection in health posts where the infrastructure required for the VIDAS B.R.A.H.M.S. 

PCT system and PATHFAST Presepsin is not available, thereby allowing earlier detection of 

suspected sepsis cases.

In addition, blood-based LFAs have been developed to detect bacterial infections and sepsis 

using C-reactive protein (CRP).200 However, the concentration of CRP is very high in the 

blood, and LFAs to detect CRP suffer from the Hook effect, in which excess protein present 

in the sample binds to capture and detection antibodies separately. This prevents the 

formation of a sandwich at the detection line and creates a false negative result. In samples 

with high concentrations of target protein, the sample must be diluted prior to detection, 

adding user steps, or alternative techniques such as competitive assays must be used to 

overcome the Hook effect. For example, a near-infrared (NIR) LFA by SRI International 
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utilizes a competitive assay, with CRP spotted onto nitrocellulose.201 Any CRP present in 

the blood of a neonate or mother binds to the NIR antibodies, and the antibodies do not bind 

to the CRP on the nitrocellulose. In this case, a lack of signal represents a positive test result. 

Antibodies conjugated to NIR dye improve the signal-to-background ratio and are detected 

with an emission scanner, limiting the readout of this assay in low-resource settings. As an 

alternative to the SRI International LFA, the InfectCheck CRP LFA detects CRP in a semi-

quantitative ladder assay with multiple detection lines, allowing for rapid assessment of CRP 

level in a POC setting, although the assay does lack specificity.202

Protein-based Tests for PROM—Premature rupture of membranes (PROM), or 

breakage of the amniotic sac prior to labor, is associated with an increased risk of puerperal 

sepsis,193 as well as increased risk of preterm delivery, neonatal sepsis, and other neonatal 

complications.203 An array of biomarkers has been identified as promising candidates to 

predict PROM and preterm delivery, and from those biomarkers, several effective vaginal 

swab-based POC diagnostics have been developed for diagnosing PROM; they include the 

Amnisure ROM test (AmniSure),203–205 Actim PROM (Medix Biochimic),203,205,206 AMNI 

Check (MAST Diagnostica),203,207 ROM Plus (Clinical Innovations),208 AmnioQuick Duo+ 

(Meridian Healthcare),209 QuickLine IL-6 (Milenia),210 and Lactate Pro (Arkray).203,211 All 

of these tests work rapidly, with high sensitivity and specificity.

The two most commonly reviewed tests are the Amnisure ROM test, which detects the 

biomarker placental alpha-microglobulin 1 (PAMG-1), and the Actim PROM tests which 

identifies the presence of Insulinlike growth factor binding protein 1 (IGFBP-1).205,212 

Many studies note that the two tests are comparable in performance, running in 5–10 

minutes with a pooled sensitivity and specificity of 96.8% and 98.3% for Amnisure ROM 

and 92.1% and 90.5% for Actim PROM.205 Amnisure ROM is slightly more accurate in the 

absence of significant blood since PAMG-1 has a 1000 to 10,000 fold difference between 

amniotic fluid and normal cervicovaginal secretions.203 However, PAMG-1 levels in 

maternal blood can cause false positives for Amnisure ROM, while Actim PROM is less 

susceptible to false positives from blood contamination. Not only are IGFBP-1 levels in 

blood lower than the Actim PROM limit-of-detection, but IGFBP-1 largely exists in a 

phosphorylated form in blood with a lower affinity for the Actim PROM antibody.205

Two other common PROM LFAs, AmnioQuick Duo+ and ROM Plus, test both IGFBP-1 for 

detection of PROM in the first trimester, along with the protein alpha-fetoprotein (AFP) 

which significantly decreases in the third trimester.213 AmnioQuick Duo+ works in 10 

minutes with 94.1% sensitivity and 87.5% specificity, and ROM Plus uses a combination of 

monoclonal and polyclonal antibodies with 99% sensitivity and 91% specificity in 5 to 20 

minutes.208,214 Both tests are susceptible to false positives from blood contamination due to 

the AFP, and all women with hemorrhage were excluded from diagnostic analysis.213 The 

Lactate Pro test determines the amount of lactate in vaginal fluid using an electrochemical 

strip powered by a battery.215 Results appear in one minute with 85% sensitivity and 91% 

specificity. Although the Lactate Pro does require consumable batteries and lactate is not the 

most sensitive PROM biomarker, with a per-test cost of $1 to $3, it is relatively low cost 

compared to other PROM tests.203,211,216–218
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While these LFAs are easy to use at the POC, issues with specificity in the presence of blood 

and cost have limited their uptake this far. The Amnisure ROM test, Actim PROM, and 

ROM plus test all have a high per-test costs (>$30).219–222 An area for further innovation is 

to create a truly low-cost method for diagnosing PROM in low-resource settings. Urea and 

creatinine have shown promise in multiple studies for highly sensitive and specific detection 

of PROM with close to 100% sensitivity and 100% specificity, although the optimal cutoff 

values have varied between studies.203,216,217,223–229 In these studies, the urea and 

creatinine are measured from vaginal washes, where 3 to 5 mL of saline is injected into the 

posterior vaginal fornix and subsequently aspirated with the same syringe.226 Urea is 

detected with a spectrometer and creatinine with an enzymatic based assay, but a ladder-

based LFA for creatinine was developed in the laboratory which runs within 20 minutes and 

has 90% agreement with the traditional Jaffe method.230 Such technologies show promise 

for an affordable POC PROM test appropriate for low-resource settings.

Additionally, a few diagnostics can predict the risk of preterm delivery while the membrane 

in still intact through cervical and vaginal swab-based tests. The QuikCheck fFN test 

(Hologic) and Actim Partus (Medix Biochemic) predict preterm labor for women with intact 

membranes by measuring concentrations of fetal fibronectin (fFN) and the phosphorylated 

isoform of insulin-like growth factor binding protein 1 (phIGFBP-1), respectively. The 

QuikCheck rapid test runs in 10 minutes with 90% sensitivity and 64.8% specificity for 

preterm birth within 7 days.231 As a biomarker, fFN is not specific to preterm labor, which 

contributes to the low specificity of the QuikCheck test. In addition, the QuikChek test may 

be less reproducible than its US-based counterpart, the Rapid fFN test with the TLIIQ 

System (Hologic); the Hologic system includes internal controls and a reader to interpret test 

results, and quantitative fFN values can provide more information, especially for preterm 

risk at different gestational ages.231–234 Contamination of the vaginal swab by other fluids 

such as blood or semen may also affect results.231–233 Likewise, the Actim Partus test 

(Medix Biochimic) detects phIGFBP-1, a biomarker released from the decidua and 

potentially signifies labor, with 78.3% sensitivity and 89.3% specificity for preterm labor 

within 7 days.231 Both the QuikCheck fFN and Actim Partus test have a per-test cost that is 

prohibitive in low-resource settings.232 Other biomarkers such as matrix metalloproteinase-8 

have been developed into a rapid test (SK Pharma Co, Ltd) for preterm delivery with high 

specificity (>97%) over a range of gestational ages but poor sensitivity.235 Areas for 

potential development include creating rapid tests with new biomarkers or a combination of 

the above biomarkers, which can provide both high sensitivity and specificity over a range of 

gestational ages, as well as a reduced per-test cost for effective use in low-resource settings.

Bacterial Culture at the Point of Care—Biomarker and nucleic acid tests can detect the 

presence of bacteria. However, they may cause false positives after an infection has resolved, 

since bacterial DNA can persist in a patient’s blood stream after the bacteria are rendered 

non-viable by the immune system or antibiotic treatment.236,237 Additionally, many protein 

biomarkers of infection are elevated in a number of inflammatory conditions further creating 

potential for false positives in these cases.238 Due to these limitations, some groups have 

begun working on techniques to perform a POC bacterial culture. These techniques aim to 

be faster than traditional culture, which can have a diagnostic turnaround time of 24–48 
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hours.236 Rather than growing bacteria as in traditional culture, POC tests aim to detect 

bacterial viability as well as drug sensitivity. Thus, these platforms are amenable to detecting 

not only viable bacteria in a sample, but also rapid screening for antibiotic resistance.239–241

Funes-Huacca et al. reported in 2012 a portable, self-contained culture device for bacteria. 

While their device is capable of culturing bacteria with similar detection limits to standard 

culture techniques, they also show rapid color change resulting from paper impregnated with 

a viability dye, resazurin. When viable bacteria are added to the paper and plastic device, the 

paper pad changes from blue to red, indicating the presence of live bacteria in less than 5 

hours. The color change is visible by eye and can be quantified as number of colony forming 

units (CFU) with a hand-held reader, shown in Figure 3. The device demonstrated the ability 

to detect concentrations down to 10 CFU/mL, however these lower CFU concentrations 

required longer overnight incubation times.239 Additionally, methods using metabolic 

monitoring have been proposed to rapidly detect bacteria. In these techniques, rather than 

detecting the bacteria, small volumes of sample are monitored using an oxygen-sensitive 

fluorophore. Any viable bacteria present in a sample metabolize oxygen, and fluorescence 

intensity decreases. Because of the small sample volume used, changes in fluorescence can 

be detected in less than one hour; however, the device has only been tested in a lab with E. 

coli concentrations from 104 to 108 CF/mL.240 Roche recently procured a technology known 

as Smarticles: small particles with an embedded genetic sequence. When added to a sample, 

the particles specifically bind to the surface of any living target bacteria present, and its 

embedded genetic sequence is inserted into the bacterial cell, creating a luminescent 

response. This technique has the ability to be multiplexed with a panel of Smarticles specific 

to various bacterial species, each encoding a different luminescent response, but the 

approach has yet to be demonstrated in a clinical setting.237,241

Each of these techniques also has the potential to be used to rapidly assess antibiotic 

resistance. Because the outputs of each test are only responsive to living bacteria, comparing 

the response of antibiotic-free samples to those of samples that have been impregnated with 

antibiotics can quickly assess if the bacteria respond to the antibiotic through a quenched 

output.239–242

To date, there are no POC-appropriate technologies to detect bacterial infections and 

perform strain differentiation and antibiotic resistance testing. Further, devices based on the 

principle of bacterial culture are limited by sample collection challenges. First, due to low 

bacteremia loads in many septic patients, a larger volume of blood is required in order to 

collect sufficient bacteria for culture detection. Second, these devices require a sterile blood 

draw in order to avoid sample contamination. As such, POC detection of bacterial infections 

presents an opportunity for further development.

White Blood Cell Count and Differential—A WBC count with differential is 

frequently used in diagnosing bacterial and viral infections. In addition, a WBC count can be 

used to assess disease severity and monitor the effectiveness of a treatment regimen.243 The 

differential provides important information in distinguishing viral, bacterial, fungal, and 

parasitic infections, in addition to providing information about inflammation severity and 
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autoimmune diseases.244 As noted in the section on Anemia, drop-to-drop variability of 

WBCs, hemoglobin, and platelets must be accounted for in WBC count test development.113

HemoCue recently developed the HemoCue WBC DIFF, a portable imaging system for 

performing a 5-part WBC count and differential at the POC. Similar to HemoCue’s 

hemoglobin test, blood is drawn into a cuvette that is then inserted into the device for 

measurement.245 However, the per-test cost for the cuvettes is high ($3.12/cuvette, 

CliaWaived.com price, February 2017).

In addition to HemoCue’s commercially available test, several in-development approaches 

have been reported. Majors et al. developed a digital fluorescence microscopy system to 

perform a three-part WBC differential that has been demonstrated in laboratory settings. The 

low-cost microscope is fabricated from plastic components by 3D printing and diamond 

turning techniques. Whole blood samples of less than 15 μL are added in a novel disposable 

cartridge design, removing the need for sample processing.246 Acquired images are analyzed 

with an automated algorithm to report the white blood cell count and 3-part differential, 

which differentiates lymphocytes, monocytes, and granulocytes. All samples measured in 

this study fell within 20% of the gold standard measurements, falling just outside the 

required accuracy of ±15% for CLIA waiver; the projected cost of the microscope when 

produced in quantities of 10,000 is approximately $613 with a per-test cost of less than 

$0.25, shown in Figure 4 (top).247 Similarly, Smith et al. developed a CBC measurement 

system for use with sub-microliter volumes of blood. In this method, a blood sample is 

stained and loaded into a low-cost microscope, and an automated cell counting analysis is 

performed. The system is able to count RBCs, WBCs, platelets, granulocytes, lymphocytes, 

and monocytes (Figure 4, bottom).248 Using slightly larger volumes of blood (10 μL), a cell 

phone-based WBC, RBC, and hemoglobin measurement system has been demonstrated. 

LEDs are used for excitation of the sample, and the cell phone camera is modified and used 

for emission detection. Automated cell counting is then performed directly on the cell 

phone.249 Small-volume tests must ensure drop-to-drop variability does not hinder 

diagnostic performance.113

DIAGNOSTICS FOR NEONATAL HEALTH

Premature Birth Complications

Hypothermia—Neonatal hypothermia, defined as body temperature below 36.5°C, is a 

significant threat to neonatal survival and is also strongly correlated with premature birth, 

birth asphyxia, and infection.250 Traditionally, an axillary, rectal, or skin (forehead, 

abdomen, or foot) temperature is used to define and diagnose hypothermia in neonates. 

However, low nursing staff-to-patient ratios prohibit regular temperature monitoring, and 

thermometers that continuously and automatically measure lower temperatures to detect 

hypothermia are expensive and difficult to obtain.251 When low temperatures are sensed, 

skin-to-skin contact, swaddling, or placement in a warmer must be initiated quickly. In cases 

where the mother requires attention following delivery, skin-to-skin contact cannot be 

immediately initiated. Therefore, to ensure that other warming methods are employed when 

necessary, continuous temperature monitoring devices are needed for unstable and low-birth-
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weight infants in low-resource settings. Several promising continuous monitoring 

technologies are described.

The ThermoSpot is a liquid crystal thermometer in the form of a 12-mm diameter disk that 

is stuck to the skin via an adhesive. When placed in the axilla or on the upper abdomen, the 

liquid crystal disc is green for temperatures above 36.5°C, brown for temperatures 35.5–

36.4°C, and black for temperatures below 35.5°C. ThermoSpot has shown a sensitivity of 

88–100% in community and hospital settings for detecting hypothermia in neonates, costs 

only $0.11 per spot, and has been used successfully by illiterate users.252,253 One drawback 

to the ThermoSpot is rashes due to the adhesive. In a study involving 43 mothers, 16% 

reported rashes on their newborns. However, in all of these cases, transparent tape had been 

used to apply a non-adherent ThermoSpot, and mothers were still willing to use 

ThermoSpot.254 Recently, Blue Spark Technologies developed the TempTraq, a thin, 

disposable, flexible and battery-powered temperature skin patch for continuous monitoring 

of skin temperature. An initial study in adults showed no significant difference between 

TempTraq measurements and oral and axillary measurements (p = 0.25, 0.33), and plans are 

in place to test the device in a pediatric population.255 The device is commercially available 

as a 24-hour, single-use monitor, but the high cost of $19.99 currently prevents its 

accessibility in low-resource settings.

The Bempu Bracelet is a temperature-monitoring bracelet made of a silicone band and a 

thermistor metal cup. The bracelet blinks blue light when the neonate is normothermic, and 

sounds an alarm with flashing red light when the neonate is hypothermic. In a recent study, 

the Bempu bracelet achieved a sensitivity and specificity of 98.5% and 95%, respectively, 

when compared to axillary temperatures in a sample size of 2,424 alarm events.256 The 

Bempu is commercially available, but at $29.76 purchase price at the time of publication, is 

not affordable in low-resource settings. In addition, its current battery lasts for one month 

and is non-replaceable.

Hypothermia is closely associated with severe infection, prematurity, and asphyxia, 

necessitating a reliable monitoring strategy for neonates at risk.250 While ThermoSpot, 

Temptraq, and the Bempu bracelet, are all easy to interpret, the TempTraq only lasts 24 

hours and is cost-prohibitive for low-resource settings. ThermoSpot and the Bempu bracelet 

show promise as technologies that can be taken home and used by a caregiver to monitor 

neonates in the first weeks of life. However, the Bempu must be offered at an affordable 

price and should be equipped with a rechargeable battery to allow reuse. Also, the qualitative 

results of the ThermoSpot and Bempu bracelet may be useful to an untrained caregiver, but 

staff may require a more exact temperature reading in a hospital setting. In conclusion, a 

device that is usable for at-home caregivers, like ThermoSpot, but also provides precise 

temperature information to nurses that is inexpensive, reusable, and easily visible in a 

crowded ward would be ideal for use in neonatal intensive care units and in Kangaroo 

Mother Care.

Jaundice—Over 60% of all newborns develop neonatal jaundice, most commonly due to 

elevated bilirubin levels. While many cases are benign, development of neonatal jaundice 

into severe hyperbilirubinemia is associated with severe morbidities and mortality. Severe 

Majors et al. Page 23

Lab Chip. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hyberbilirubinemia is preventable with early diagnosis, continued monitoring, and treatment 

with phototherapy.257 Traditional laboratory approaches use either chemical determination, 

such as the diazo method, or spectrophotometry on blood samples to measure total serum 

bilirubin concentration.

Additionally, several non-invasive transcutaneous devices for measuring bilirubin have been 

developed and are commercially available. Skin reflectance is measured and normalized 

based on skin tone and hemoglobin, and reflected light at 455 nm and 575 nm is detected to 

calculate serum bilirubin.258 Because the accuracy of transcutaneous bilirubinometry can be 

affected by various factors, including prematurity, use during phototherapy,259 and skin 

color,260,261 there is debate on whether transcutaneous bilirubinometers can fully replace 

serum bilirubin testing for guiding treatment decisions.259,260,262,263 Guidelines for the 

management of late-preterm and term infants with hyperbilirubinemia in low-resource 

settings outline that the use of transcutaneous bilirubinometry is appropriate, but 

confirmatory serum bilirubin measurements should be used when transcutaneous 

measurements are above 12 mg/dL because of increased accuracy in serum bilirubin tests.264 

Several benchtop laboratory bilirubin instruments and transcutaneous bilirubinometers have 

been previously described by Carceller-Blanchard et al.265

BiliStick is a newer development that aims to bring serum bilirubin measurements closer to 

the POC. Whole blood is applied to a plasma-separating membrane, and reflectance of blue 

and green light is measured from the plasma on the nitrocellulose membrane by a handheld 

reader. The difference in wavelength measurements is used to determine bilirubin 

concentration due to the signature absorbance spectrum of bilirubin in plasma. Initial clinical 

studies have shown 95% of BiliStick measurements falling within -2.22 mg/dL and +3.43 

mg/dL of the values measured by the reference laboratory. Further, BiliStick measurements 

had a mean bias of 0.6 mg/dL and a correlation level of 0.961 compared to standard 

measurements. The cost was estimated to be less than US $160 for the instrument and a few 

cents for each test strip.266 In a follow-up clinical study, BiliStick was shown to have 

comparable diagnostic performance to the JM-103 transcutaneous bilirubinometer. 

Compared to clinical laboratory results, the limits of agreement were -5.8 to +3.3 mg/dL and 

-5.4 to +6.0 mg/dL for BiliStick and JM-103, respectively.267

Hypoglycemia—Hypoglycemia is common among neonates and can lead to 

neurodevelopmental disorders, visual and hearing impairments, and disorders of the central 

nervous system, among other morbidities.268,269 Blood glucose monitors for adults are 

prevalent and well-developed;98,270,271 see the Gestational Diabetes section of this review 

for more information. However, most commercially available POC glucometers are not 

optimized in the neonatal blood glucose range, which is lower than the adult glucose range. 

Plasma glucose values should be above 30 mg/dL in the first 24 hours of life and above 45 

mg/dL for the remainder of the neonatal period. Devices therefore need to be accurate below 

30 mg/dL and above 180 mg/dL, which are important values for clinical decision-making. 

These values lie at the limits of accurate detection for most POC glucose meters. The 

International Organization of Standardization (ISO) guideline ISO 15197-2013, which 

defines requirements for POC glucometer accuracy, outlines that 95% of samples have to fall 

within ±15 mg/dL for blood glucose values <100 mg/dL and within ±15% for blood glucose 
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values >100 mg/dL.272 Further, high hematocrit levels in neonates can interfere with 

commercial blood glucose meters optimized for adults, leading to low glucose readings.273

The Nova StatStrip, a commercially available glucometer, has been optimized for use with 

neonatal samples. The StatStrip utilizes a modified glucose oxidase-based amperometric test 

system and is able to correct for hematocrit levels in samples of 1.2 μL.274 Studies have 

found the StatStrip to correlate well with laboratory-based equipment in neonatal patient 

samples.275,276 The StatStrip, like other glucometers, has relatively expensive test strips and 

an above-average meter cost (around US $250). Devices such as the Elite XL and the 

EML105 have been designed for use with neonatal samples, but they have not been found 

reliable in diagnosing neonatal hypoglycemia.273

While a POC glucometer capable of use with neonatal samples is important, pain caused by 

continual with heel sticks in neonates has been associated with long-term morbidities.277 

Due to the need for frequent glucose monitoring in certain neonatal populations (e.g. 

premature neonates and infants of diabetic mothers), it would be beneficial to move toward 

noninvasive neonatal glucose monitoring. Research to create transdermal glucose monitors 

has not yet resulted in a clinical use for adults, and there are no devices for use with 

neonates.273 Many groups have worked toward developing continuous glucose 

monitors,278–281 but the need for continuous glucose monitoring in neonates is debated.282 

The need for and approaches toward achieving accurate and noninvasive glucose monitoring 

in neonates has previously been reviewed.283

Multianalyte detection and monitoring—Multianalyte systems detect small molecules 

in blood; three commercially available systems include the Abbott i-Stat, Abaxis Piccolo® 

xpress, and Alere epoc® Reader.284 The cartridges in all three systems provide the 

capability to integrate sample preparation and to measure many analytes within one test run. 

The Abbott i-Stat uses electrochemical methods within disposable cartridges to detect a 

wide range of small molecules, including glucose, carbon dioxide, oxygen, potassium, 

chloride, sodium, lactate dehydrogenase, hematocrit, and more. 65–100 μL of blood is 

drawn into the cartridges without preprocessing. The detection of specific analytes includes 

potentiometry, amperometry, and conductive measurement, in some cases following an 

enzymatic reaction with the analyte of interest.285 Abaxis designed a compact disk-based 

approach, which utilizes centrifugal and capillary forces for sample preparation and analyte 

analysis.286 Alere designed a chip that utilizes electroosmotic flow and pneumatic pumps for 

fluid actuation with the capability for high degrees of multiplexing.284 The system is 

comprised of sensor containing test cards, a wireless card reader, and a mechanism for 

wireless transmission of data to a computer.287 The systems presented here have 

prohibitively high per-test costs for use in resource-limited settings (the Abbott i-Stat has a 

per test cost of approximately $25), but provide solutions for emergency care in higher-

resource settings.

Multianalyte blood chemistry diagnostics continue to incorporate new technology 

developments to decrease cost. Microfluidic paper-based analytical devices (μPADs) 

developed by the Whitesides group are low-cost, easy-to-use platforms for bioanalysis. 

μPADs have shown great promise in multiplexing bioanalytical tests for urinalysis semi-
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quantitatively288 and quantitatively.289 μPADs for quantitative glucose, cholesterol, lactate, 

and alcohol testing in human blood or urine were designed to be compatible with 

commercial glucometers.290 Furthermore, the Whitesides group developed the universal 

Mobile Electrochemical Detector (uMED), a POC technology that expands the functionality 

of glucometers, which only perform amperometry, to include more capabilities found in a 

benchtop potentiostat, including cyclic voltammetry, square wave voltommetry, and 

potentiometry.291 The developments of μPADs and uMED increase the sophistication of 

POC electrochemistry in an accessible format for resource-limited settings. The number of 

tests that can be multiplexed into one assay has not yet matched the capabilities of the 

commercially available cartridge-based systems, which may be acceptable depending on the 

diagnostic context. Additional work toward the development of paper-based 

electroanalytical devices for medical diagnostics has been previously reviewed by Maxwell 

et al.292

Birth Asphyxia

Birth asphyxia is the third leading cause of neonatal mortality, following pre-term 

complications and infections, and results in 662,000 deaths per year.293,294 Birth asphyxia is 

characterized by a lack of oxygen supply to the neonate and can lead to mortality or lifelong 

morbidities, including severe organ damage, cognitive impairment, neurodegenerative 

diseases, epilepsies, and other chronic illnesses.295,296 Asphyxia is associated with 

prolonged labor, maternal infections, pre-eclampsia, hypertension, hemorrhage, prematurity, 

multiple births, and certain medications given to the mother.295,296

In high resource settings, asphyxia is predicted before birth using cardiotocography, which 

monitors fetal heartbeats and uterine contractions.297,298 In low resource settings, abnormal 

fetal heart rate can be detected, although this alone is not as sensitive as 

cardiotocography.9,299 The company Laerdal developed a fetal heart rate monitor, Moyo, for 

low-resource settings; Moyo is sold for less than $200.300,301 This device may help indicate 

birth asphxyia prior to birth and allow for more timely obstetric responses. Additionally, 

Jhiego has developed the e-Partogram, a handheld device to assess progression of labor. 

Similarly to Moyo, this device can allow for rapid detection of complications in labor and 

allow earlier referrals to address prolonged or obstructed labor.302

After birth, asphyxia is diagnosed immediately by testing the pH of the umbilical cord 

blood.297 A lack of oxygen and increase in carbon dioxide leads to metabolic acidosis, 

which results in low pH in cases of asphyxia.298 In addition to pH, the base excess of 

umbilical cord blood provides an indication of prolonged asphyxia, and the APGAR score 

determines severity.297,298,303,304 APGAR is a symptomatic-based scoring system based on 

Appearance, Pulse, Grimace, Activity, and Respiration.296 A pH value less than 7, a base 

deficit greater than 12 mmol/L, and an APGAR score from 0–3 indicate asphyxia.298 In low-

resource settings, the APGAR symptomatic-based scoring system is most commonly used to 

diagnose asphyxia; however, APGAR scores and other symptomatic-based algorithms are 

not as sensitive as conventional methods, and delayed assessment or understaffing can result 

in lack of diagnosis.305–308 Recently, lactate testing for severity of asphyxia has been shown 

Majors et al. Page 26

Lab Chip. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to be a valid biomarker as well but has not yet been integrated into standard clinical 

practice.296,304

These symptomatic-based algorithms are used for diagnosis in low-resource settings because 

few quantitative diagnostics for asphyxia are appropriate for the point-of-care. While several 

POC blood analyte monitors detect pH and lactate with handheld devices, most have not 

been validated for diagnosing asphyxia. A recent review lists several of these devices, along 

with need for consumables, parameters tested, and amount of blood required.309 Chin et al. 

also provide a useful review of POC microdevices for clinical chemistry.310 Additional tests 

capable of measuring pH and lactate have been previously discussed in the section on 

Multianalyte Detection and Monitoring.

A few paper-based tests have also been developed for measuring pH and lactate, including 

paper-fluidic electrochemical pH and lactate strips, although these tests require consumable 

batteries.211,311 Most equipment-free colorimetric pH strips use urine or saliva as a sample, 

not blood, and thus cannot be used for umbilical cord blood testing. In low-resource settings, 

low-cost quantitative tools to document birth asphyxia could be helpful in monitoring and 

evaluating efforts to improve quality of care during labor and delivery to reduce birth 

asphyxia. Potential solutions include the device-based and paper-based pH and lactate 

diagnostics mentioned above. However, clinical validation of these tests in cases of asphyxia 

at the POC is necessary to determine their diagnostic value.

Sepsis

Neonatal sepsis, a systematic infection occurring within the first 28 days of life, is a leading 

cause of neonatal morbidity and mortality.10 Each year, an estimated 421,000 infants die 

within the first month of life due to neonatal sepsis.7 This accounts for over 5% of childhood 

mortality293 and 15% of neonatal mortality.312 Further, 99% of all neonatal sepsis deaths 

occur in developing regions11 where there is a lack of adequate sepsis diagnostics. The 

immaturity of the neonatal immune system, particularly in that of premature neonates, puts 

them at high risk of sepsis and can complicate diagnosis.10 Fortunately, many of the 

diagnostic techniques discussed above in the Bacterial Infections and Puerperal Sepsis 

section are also applicable to neonatal sepsis. Both CRP and PCT are well-studied and 

characterized over the course of a neonatal bacterial infection. CRP has demonstrated a 

sensitivity range from 41 to 96% and a specificity range from 72 to 100%, with a value to 10 

mg/L as the most commonly reported diagnostic cutoff. In contrast, PCT has reported 

sensitivities ranging from 62 to 100% and specificities ranging from 82 to 96%313–315 and a 

diagnostic cut off of 0.1 ng/mL.10 Appropriate methods to detect both of these biomarkers 

have been previously described. WBC counts and differentials are used in typical screening 

for neonatal sepsis, but have shown limited success in identifying the septic infants. Of most 

promise for the rapid detection of neonatal sepsis are the POC bacterial culture discussed 

above and molecular testing methods to detect bacterial DNA. However, to date the 

detection of bacterial DNA in blood has been largely limited to PCR performed in 

centralized laboratories.10
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Pneumonia

Neonatal pneumonia, an infection of the lungs, is a leading cause of neonatal mortality 

world-wide and is the leading cause of respiratory failure in neonates.316 Neonatal 

pneumonia can be classified as early-onset, in which the infection is transmitted to the 

neonate during birth by aspiration of infection amniotic fluid or colonization of the birth 

canal, and late-onset, in which the disease in brought on by a hospital acquired infection.317 

The clinical presentation of pneumonia is often non-specific, complicating diagnosis, and 

traditional diagnostic criteria of neonatal pneumonia has been based on the combination of 

chest radiographic findings316 and clinical presentation of sepsis.317 However, guidelines 

have been in place to detect pneumonia based on rapid breathing since the 1970s,318 and the 

WHO has set the respiratory rate threshold indicating neonatal pneumonia as greater than 60 

breathes per minute.319

To measure respiratory rate in low-resource settings, manual counting of breaths has been 

shown to be a reliable measurement of respiratory rate in neonates.320 To assist community 

health workers in this counting, a number of international health organizations have 

undergone studies of using beads and small timers as counting aids to measure respiratory 

rate in children. In this technique, community health workers of varying levels of literacy 

and numeracy count the number of breaths taken by a child or neonate over the course of 

one minute with the use of color-coded beads, shown in Figure 6. One bead is counted per 

breath, and if the community health worker reaches the red beads during the one-minute 

period, the child or neonate is classified as having fast breathing (different strands of color-

coded beads are used for measuring children in different age classifications). When 

measured by primarily illiterate community health workers in Uganda and South Sudan, it 

was found the rate of correctly classifying fast breathing in children increased from 27% to 

68% when using the counting beads.321 While counting techniques have shown great 

improvements in the ability to accurately detect fast breathing, automated devices that 

decrease the time burden on health care workers could further improve pneumonia detection. 

Some wearable, continuous infant monitoring devices have been developed (for example, the 

Rest Devices’ Mimo and Snuza® HeroMD), but these devices remain prohibitively expensive 

for use in low-resource settings, as the per device costs range from$150 - $300.322

HIV

Although the mother-to-child-transmission (MTCT) rate of HIV has declined from 25–42% 

to 1% or less in settings where a full array of prophylactic strategies can be implemented, 

pediatric HIV infection remains an ongoing epidemic in less advantaged settings.323 

Although new pediatric HIV infections decreased by over 50% in the 21 UNAIDS Global 

Plan countries in sub-Saharan Africa from 2009 to 2015, an estimated 110,000 cases were 

still reported in 2015, most of them from MTCT.324 In the absence of diagnosis and 

treatment, 50% of HIV-infected infants will die before their second birthday. Antibody based 

tests used for adult populations are unsuitable for neonates because maternal antibodies may 

persist for 12–18 months after birth.324 As such, the standard of care for early infant 

diagnostics (EID) of HIV is nucleic acid testing, and should be accomplished within 8 weeks 

of birth to ensure prompt treatment and infant survival.325 However, in 2015, only 51% of 

HIV-exposed infants in 21 priority African countries received a virological test within the 
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first two months of life due to lack of diagnostic tools in low-resource settings.324 Unlike the 

quantitative NATs used for viral load monitoring, qualitative nucleic acid testing (a yes/no 

test for the presence of HIV virus) is sufficient for EID.35 Here we describe approaches 

toward making EID more accessible. In addition to the technologies described below, 

quantitative viral load technologies discussed earlier may also be used.

Although NATs are the most sensitive and specific method available for diagnosing and 

monitoring infectious disease, no commercially available NAT currently meets the 

ASSURED criteria. So far, all NAT tests require some form of instrumentation, failing to 

meet the ‘equipment-free’ and ‘deliverable’ criteria. Two laboratory platforms are currently 

used for EID: the Roche Molecular Diagnostics COBAS® HIV-1 Qualitative Test, and the 

Abbott RealTime Qualitative HIV-1 Test.24 Both of these instruments accept either plasma 

or dried blood spots as samples, and perform real-time PCR to identify the presence of 

HIV-1 virus. Most often, 4–5 drops of whole blood are spotted onto filter paper cards to 

create dried blood spot specimens, which are then transferred to a reference laboratory.326 

Although these platforms are well-validated and have excellent sensitivity and specificity, 

they have extremely high costs and infrastructure requirements. Access to this type of testing 

is a critical barrier that limits access to ART in HIV-infected infants in low-resource 

settings.324 Where available, the time required to obtain results in a high loss-to-follow-up 

and low ART initiation rates.323

Sample-to-answer NATs for EID requiring fewer resources than the gold standard include 

the SAMBA platform (Diagnostics for the Real World Ltd), the Alere™ q HIV 1/2 Detect 

(Alere™), and the GeneXpert® System (Cepheid).24 These technologies may be suitable for 

district hospitals, but cannot be employed in more remote settings. The SAMBA platform 

has several assays, one of which is a fully automated sample-to-answer system that accepts 

whole blood for EID and has been validated in several countries including Kenya, Uganda, 

and Zimbabwe. The Alere™ q HIV-1/2 Detect amplifies HIV-1 and HIV-2 RNA in 52 

minutes from 25 μL of blood. A 2014 study on 827 infant samples from primary health 

clinics in Mozambique reported 98.5% sensitivity and 99.9% sensitivity when compared to 

the Roche Cobas Taqman/Ampliprep instrument.327 This device recently received WHO 

prequalification, making it available for public sector procurement.328,329 Alere has several 

antibody tests available for HIV diagnostics, but the q HIV-1/2 Detect is their only test 

currently suitable for EID. The GeneXpert® System performs sample preparation, 

amplification, and detection all in a single cartridge. It is simple to operate, and has been 

powered successfully in mobile laboratories as well as with solar panels. A more portable 

version of the GeneXpert® was recently released; known as the GeneXpert Omni®, this 

system is highly portable at only 1 kg, designed for rugged conditions, and can be powered 

on a rechargeable battery.24 Finally, an emerging approach toward EID detects the p24 

antigen in a lateral flow assay. The LYNX HIV p24 Antigen Assay (Northwestern Global 

Health Foundation) runs in less than 50 minutes. It has shown a low sensitivity of 71.9% 

compared to laboratory-based NATs, but may provide test results to up to 81% more patients 

compared to laboratory-based testing.326 This test is expected to cost only $700–$2000.

Promising approaches in development toward equipment-free EID employ isothermal 

nucleic acid amplification technologies.330 These approaches use enzymes to perform the 
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strand separation that would normally be achieved by heating, allowing these reactions to be 

incubated in a heat block. The amplicon can then be detected on a lateral flow strip, or by a 

low-cost fluorescence reader. Several proof-of-concept studies have been performed to 

perform isothermal reactions in paper, incubate the reaction using body heat, or detect 

amplified HIV DNA on lateral flow strips.331–337 However, the complexities of biological 

samples and the need for high sensitivity again limit the current usefulness of these 

technologies. In a thorough review by Craw & Balachandran,330 the authors conclude that 

although several isothermal nucleic acid amplification techniques have been extensively 

validated, the limiting factor is the integration of upstream sample preparation and nucleic 

acid extraction with downstream detection techniques.330

Because sample preparation remains a barrier for many commercial devices, several groups 

have begun investigating low-cost, simple-to-use solutions for sample preparation and 

integration with NATs. For example, Rodriguez et al. developed a device made entirely of 

paper and plastic with polyethersulfone (PES) filter paper used as a sample port. An 

absorbent pad makes contact with the bottom of the PES sample port, and a lateral flow 

detection strip is initially separated from the PES sample port by a hydrophobic barrier. 

DNA is precipitated onto the PES sample port and washed. The absorbent pad and the 

hydrophobic barrier to the lateral flow detection strip are then removed, which could 

potentially introduce contamination, but allows for elution of the immobilized DNA down 

the strip. This assay was validated with HPV DNA from cervical swab samples; 

amplification is not required in this assay due to the abundance of HPV DNA in the swab.338 

The multiplexable autonomous disposable nucleic acid amplification test (MAD NAAT) is 

another fully integrated sample-to-answer nucleic acid testing platform. The device accepts a 

nasal swab sample and produces a lateral flow result in 60 minutes, though in some samples, 

detection time was noted to be as fast as five minutes. The MAD NAAT is comprised of a 

reusable plastic housing, which facilitates heating and reagent dispensing, as well as 

disposable components, including fluid storage components, shown in Figure 7. Timed 

reagent dispensing is accomplished through melting wax barriers.339

Technological innovation in the field of POC HIV diagnostics is still urgently needed, 

particularly with enclosed sample-to-answer viral load tests and with POC genotypic 

resistance tests. HIV-1 has a high rate of mutation, and the WHO reports that levels of HIV 

drug resistance in countries scaling up ART have been slowly increasing. In some areas, 

including East Africa, resistance rates to non-nucleoside reverse transcriptase inhibitors 

(NRTIs) are above 10%. Furthermore, between 10% and 30% of people receiving a first-line 

ART regimen will develop virological failure at some point during their treatment. Where 

resistance testing is not available, WHO guidelines recommend reliance on viral load 

monitoring to inform treatment switches. Specifically, an immediate adherence intervention 

is recommended when virological failure is detected, followed by a repeated viral load test 

three months later. If the second viral load test confirms virological failure, a switch to 

second-line ART is recommended. Despite this recommendation, in practice, HIV care 

providers often do not switch patients immediately, due to concerns that virological failure 

resulted from non-adherence. Excluding non-adherence as a cause of high viral load is 

challenging; existing adherence measurement tools rely on self-reporting measures, which 

are inaccurate. Therefore, POC genotypic resistance tests are urgently needed to determine 
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the cause of virological failure and empower healthcare providers to make informed 

treatment decisions. Meanwhile, viral load testing platforms should continue to be made 

cheaper and more accessible. Innovative and cost-effective diagnostic assays may bridge the 

treatment gap between neonates and adults, reduce the time between infection and treatment 

of HIV, and control the spread of drug resistance.340

Congenital Syphilis

Syphilis is a sexually transmitted bacterial infection (Treponema pallidum) that can be 

transmitted from mother to child in utero.341 If syphilis is diagnosed while a woman is 

pregnant and she is appropriately treated early in gestation with penicillin, there is little risk 

of congenital syphilis in the neonate.342 However, syphilis left untreated in a pregnant 

woman leads to increased rates of transmission to the neonate and more adverse outcomes, 

including stillbirth, neonatal death, and neonatal morbidities such as visceral or neurologic 

damage.341,342 As such, rapid and inexpensive diagnostics in maternal populations are 

necessary to decrease mortality and morbidity associated with congenital syphilis. If a 

mother infected with syphilis does not receive appropriate treatment while pregnant, the 

neonate must undergo more rigorous diagnostic and monitoring to determine if they are 

infected, including testing of long bone radiographical examination to identify characteristic 

bone lesions and cerebrospinal fluid testing.342

Antibody-based Syphilis Tests for Detection in Pregnant Women—Syphilis is 

detected in a pregnant woman using both treponemal and nontreponemal antibody-based 

LFA tests, where treponemal tests detect antibodies generated directly against the causative 

bacterial agent Treponema pallidum and nontreponemal tests detect antibodies associated 

with the host response to the infection. Treponemal tests use Treponema pallidum antigens 

spotted onto the paper membrane to target antibodies, but these tests cannot distinguish 

between past and present infections.343–345 The most commonly reviewed LFAs for 

treponemal syphilis include Determine (Alere), SD Bioline (Standard Diagnostics Inc.), 

Syphicheck (Qualpro), and Visitect (Omega).343–345 In general, these tests meet the 

ASSURED criteria, as they are specific (> 95% in whole blood), low-cost (<$1), user-

friendly, rapid (<15 minutes), robust, and equipment-free.344,346 However, sensitivity varies 

depending on the test and sample type with whole blood sensitivities of 86.3%, 84.5%, 

74.5%, and 74.26% for Determine, SD Bioline, Syphicheck, and Visitect respectively.344 On 

the other hand, diagnostics for nontreponemal syphilis detect anti-cardiolipin antibodies or 

other non-specific antibodies generated against host reactions to Treponema pallidum. 

Known as the rapid plasma reagin (RPR) test, this test is inexpensive ($0.15 – $0.23 per test) 

and quick (< 10 minutes),346 but it detects biomarkers that are present in many other 

diseases, including autoimmune diseases, and therefore may produce false positive 

results.343–345 A few diagnostics, such as the DPP Screen and Confirm assay (ChemBio), 

multiplex both types of syphilis screens onto the same strip.343–345 The DPP Screen and 

Confirm assay (ChemBio) is reported to have reduced sensitivity compared to some 

treponemal-only tests like Determine (Alere) with plasma sensitivities of 89.8% and 97.3% 

respectively.343 However, the multiplexed treponemal and nontreponemal antibodies can 

help distinguish past and active infections.343 Additionally, in a recent pilot study in 

Rwanda, a microfluidic-based syphilis and HIV multiplexed diagnostic detected treponemal 
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syphilis with an AUC of 0.90 and nontreponemal syphilis with an AUC of 0.92347. This 

device costs $34 per test, but is easy-to-use and appropriate for use at the POC with a 

smartphone to power the microfluidic component and provide quantitative readout.

Syphilis Tests for Detection in Neonates—Screening for syphilis in newborns is 

difficult, since IgG antibodies transferred from mother to child can circulate in an infant for 

15 months after birth.348 While IgM antibodies do not cross the placenta, the CDC does not 

recommend IgM tests due to poor test performance, as commercially available IgM tests like 

Capita Syphilis-M EIA (Trinity BioTech) have sensitivities ranging from 64% in early latent 

infection to 93% in primary infection.342,348,349 Instead nontreponomal tests that detect both 

IgG and IgM antibodies are used for diagnosting neonates, although they have a high false 

positive rate.348

Other methods for diagnosing congenital syphilis include darkfield microscopy and nucleic 

acid testing, which both have high sensitivities. However, darkfield microscopy and real time 

PCR machines like Rotor-Gene (Corbett Research) and the iCycler (Bio-Rad) are 

inappropriate for use at the POC in low-resource settings due to infrastructure requirements, 

need for trained personnel, and high costs.350 Other low-cost and easy-to-use methods of 

nucleic acid amplification could be applied to the detection of congenital syphilis at the 

POC. Likewise, new methods for detecting congenital syphilis in a neonate at the POC in the 

absence of diagnosis and treatment in the mother are needed to rapidly screen neonates and 

initiate appropriate treatment.

EMERGING INFECTIONS

Zika Virus

While Zika virus (ZIKV) is not a leading cause of maternal or neonatal mortality, it has 

lately been recognized as an emerging threat to both neonatal and maternal health and has 

been the subject of accelerated diagnostic innovation. Zika virus is a mosquito-borne 

flavivirus with a relatively mild clinical manifestation resembling dengue fever and 

chikungunya, including fever, headache, myalgia, and rash.351 However, Zika virus drew 

attention in early 2015 with a widespread outbreak in Brazil that illuminated the relationship 

between prenatal infection and poor pregnancy outcomes, including congenital Zika 

transmission to the neonate and microcephaly.352 Because of the non-specific nature of the 

clinical manifestation, differential diagnosis can be difficult in pregnant women,351 leading 

to the rapid development of new diagnostics for Zika virus.

Antibody-based Zika Tests—To differentiate between acute and past Zika infection, the 

Biocan Zika test uses a combination of the ZIKV NS1 and envelope proteins to detect both 

IgG and IgM antibodies from whole blood, achieving results from a whole blood sample 

within 10 minutes.19 The test also claims 99.5% specificity, but validation studies need to 

verify this claim. Typically, serological cross-reactivity between flaviviruses such as Zika, 

dengue, West Nile, and yellow fever limits the specificity of these antibody-based tests, and 

the Center for Disease Control (CDC) recommends a plaque reduction neutralization test for 

diagnosing Zika in order to avoid this limitation.19

Majors et al. Page 32

Lab Chip. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NATs for Zika—Because of the cross-reactivity issues present in antibody-based tests, 

NATs present an emerging solution to distinguish between flaviviruses. The CDC developed 

a Zika virus assay comprised of two one-step real-time RT-PCR reactions detecting the 

premembrane gene and envelope gene. The specificity of the assay was confirmed by testing 

with RNA from a variety of other flaviviruses, and no cross-reactivity was seen. 

Additionally, the analystical sensitivity was shown to be as low as 100 copies. This assay 

was used demonstrate a relatively short duration of detectable viremia following the onset of 

clinical symptoms (less than 3 days). It was also used to demonstrate detection in sanples 

other than plasma and serum, including saliva, urine, and amniotic fluid.353 This RT-PCR 

assay demonstrates the potential for NATs to provide rapid and specific diagnosis of Zika 

virus, but lacks development into a POC-friendly test format.

Recently, several portable, low-cost platforms for molecular diagnosis of Zika have been 

demonstrated. Chan et al. developed a platform that utilizes reverse transcriptase 

recombinase polymerase amplification to perform RT-PCR isothermally from urine samples. 

A modified 3D printer was used for magnetic particle-based nucleic acid extraction, and the 

included heating unit within the printer can be used to heat samples for the RPA reaction. 

Fluorescence monitoring was performed using a smartphone camera for nucleic acid 

quantification following amplification, and clinical relevant sensitivity was demonstrated (5 

plaqye-forming units/mL).354 Song et al. developed an instrument-free POC platform for the 

molecular detection of Zika virus. In their platform, reverse-transcription loop-mediated 

isothermal amplification is performed in a disposable cassette that is chemically heated in a 

reaction cup without the need for electrical power. This platform has demonstrated a limit of 

detection of 5 plaque-forming units from oral samples, and the authors report a per test cost 

of $2.00.355 Additionally, Pardee et al. demonstrated a test that can identify single-base 

differences between viral strains of Zika using only a drop of blood applied to paper discs. 

This test employs isothermal RNA amplification, toehold switch RNA sensors, and 

CRISPR/Cas-9 technology to achieve a sample-to-answer result in less than three hours.356 

The toe-hold switches use a synthetic biology technique that resembles a RNA hairpin; the 

ribosome binding site (RBS) is contained in the loop of the hairpin, and a trigger RNA 

sequence unfolds the hairpin structure to expose the RBS and allow translation to a protein 

structure to occur. This technique has demonstrated excellent orthogonality when tested 

against similar flaviviruses and is illustrated in Figure 8. The test was demonstrated using a 

handheld reader with an estimated cost of $250 and an estimated per-test cost of $0.10–

$1.00.357

There is a great need for further development of diagnostic tests for Zika virus that have 

been field validated. Currently available diagnostic methods are limited to laboratory 

settings, preventing the effiecient monitoring and diagnosis of Zika at the POC. Further, tests 

that multiplex Zika with other common flaviviruses such as dengue and chikungunya have 

the potential to be of great utility when distriguishing flaviviruses at the POC.353

DISCUSSION

While great progress has been made to decrease maternal and neonatal mortality, there are 

still major gaps in the availability of POC tools that aim to diagnose the leading causes of 

Majors et al. Page 33

Lab Chip. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



maternal and neonatal death in low-resource settings, as shown in Tables 1 and 2. Only two 

maternal conditions, HIV and malaria, have readily available POC diagnostics that do not 

face major barriers for effective implementation at the bedside. Hemorrhage, pre-eclampsia, 

and bacterial infections combined account for over 50% of global maternal mortality, yet 

there are no available POC diagnostics to identify women at risk for developing these 

conditions.6 Furthermore, no neonatal conditions discussed here have POC diagnostics that 

are appropriate for use at a health post. The only diagnostic tools available for these and 

other conditions face numerous barriers to being implemented at the POC, including 

infrastructure requirements, supply chain concerns, consumable use, per-test and instrument 

costs, time-to-results, and human resource requirements. Many of these challenges to 

implementation are summarized in Tables 3 and 4. New developments should focus on 

making existing technologies less dependent on staffing and infrastructure, and bridging the 

gaps that currently exist, especially in biomarker validation, monitoring technologies, and 

sample preparation. Finally, affordable platform technologies and devices that link 

diagnostic results with clinical action have the potential to connect more people with 

improved health care while using fewer resources.

With advancements in proteomics and metabolomics, several biomarkers have been 

identified as potential targets for future maternal and neonatal POC diagnostics. Panels of 

biomarkers have been listed for preterm labor,358 pre-eclampisa,152,181–183,187,359–364 

PROM,203 congenital syphilis,365 bacterial infection,313,366,367 and inflammation markers 

associated with neonatal pneumonia.313,366,367 Many are currently performed in high-

resource platforms such as Western Blots, ELISAs, or benchtop analyzers, and have 

potential for development as RDTs.183,187 Protein biomarkers such as PCT, presepsin, and 

PlGF/sFlt-1 currently require small benchtop readers, but have clinically relevant limits of 

detection that suggest they could be implemented in microfluidic and LFA platforms. 

Potential biomarkers should be evaluated for sensitivity and specificity of diagnosing a 

certain disease before development of POC-friendly diagnostics that meet ASSURED 

criteria. These biomarkers present a major opportunity to move detection away from 

centralized laboratory facilities and towards implementation at the bedside.

In some cases, uptake of POC diagnostics is limited by a lack of human resources rather 

than a lack of infrastructure. Here, effective and automatic monitoring technologies are 

needed to allow effective implementation. For example, appropriate technologies to measure 

temperature and respiratory rate of preterm babies exist, but healthcare providers must 

manually evaluate neonates on a regular basis; inadequate staffing levels often lead to 

infrequent monitoring. While 37% of global health care providers work in the Americas to 

serve 10% of the global disease burden, only 4% of global health care providers work in 

sub-Saharan Africa to serve 25% of the global disease burden.368 Low-resource settings 

would benefit greatly from affordable, robust technologies that constantly monitor 

temperature or analyte values and alert healthcare providers when values are no longer 

within the normal range.

A third major gap in development exists in the lack of adequate sample preparation 

techniques. The technical requirements of preanalytical procedures to extract and 

concentrate a biomarker prevent many in-development tests, most notably NATs,29,31 from 
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being implemented into POC clinical settings. Existing preanalytical procedures are also a 

major source of errors in laboratory diagnostics.369 Therefore, there is a need for further 

research into streamlined and integrated sample preparation modules that allow tests to 

accept unprocessed patient samples and produce diagnostic results with minimal user steps. 

Well-designed sample preparation techniques can increase the sensitivity and specificity of 

existing POC diagnostics tools, reduce human error associated with existing techniques, and 

allow access to platform technologies that use nucleic acid detection for applications such as 

neonatal HIV.

Given the existing health system constraints, novel technology platforms should be designed 

strategically in order to best implement them in low-resource settings. For example, assays 

that require more resources should be equipped to handle multiple disease targets. Platform 

technologies, such as GeneXpert, have the potential to revolutionize POC disease testing by 

detecting numerous disease targets with interchangeable test cartridges that contain pre-dried 

reagents and a code containing identifying information. Although high-throughput platform 

technologies may only be suitable for large, high-resource laboratories, they may have a 

more significant impact on disease burden than multiple tests that require fewer resources 

but also report with lower sensitivity. Another strategy to use existing resources efficiently at 

the POC is multiplexing. However, there have been significant challenges in implementing 

multiplexed assays at the POC, most notably a decrease in analyte sensitivity as additional 

test targets are added. For example, a platform to detect the presence of three intestinal 

protozoa using isothermal amplification and lateral flow detection was demonstrated in 

2016; however, the limit of detection was approximately an order of magnitude higher for 

each target than it was when detected in a singleplex assay.370 Additionally, many 

commercially available multiplexed NAATs, such as GeneXpert, are only capable of a low-

throughput of samples, limiting their usability in populations with high burdens of 

disease.371 There is an urgent need to continue progress towards developing platforms 

capable of multiplexing disease targets into a single test without sacrificing test 

sensitivity.372

To overcome barriers to access, technologies themselves should help strengthen linkage to 

care after diagnosis whenever possible. For example, recent developments in smartphone 

usage at the POC suggest that smartphones could be used to connect test results to electronic 

medical records systems.14 Also, barcodes are commonly used in platform technologies to 

identify kits, reagents, and expiration dates, reducing the level of training required of 

healthcare workers and the chance of user error.24 Finally, the recent use of quick response 

(QR) codes in lateral flow strips indicates that QR codes could be used to communicate test 

results among healthcare workers, to transfer data in ways similar to barcodes, or as anti-

counterfeit measures for diseases that face many counterfeit tests, such as malaria.373 

Imaging platforms that allow smartphones to image a printed code could be useful for a 

wide range of applications including mobile health initiatives and surveillance efforts for 

other infectious diseases.

The past few decades have witnessed major declines in child and maternal mortality and 

progress in the fight against HIV and malaria in developing countries. In 2014, the number 

of new HIV infections had decreased 20% since the peak of the global epidemic in 1998.34 
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Due to the cooperation of several international agencies, significant funding, and the timely 

innovation of sensitive and specific point-of-care diagnostic tools, 1.2 million new HIV child 

infections have been avoided in the 21 most affected countries in sub-Saharan Africa, and 

over 2 million more pregnant women have started receiving lifesaving antiretroviral 

therapy.324 Similar interventions allowed malaria rapid diagnostic test sales to increase from 

46 million in 2008 to 314 million in 2014, and have contributed to an estimated 60% 

worldwide decrease in malaria mortality rates over the past 16 years.374 The successes of 

adult HIV and malaria diagnostics illustrate the potential for bringing effective, inexpensive, 

and life-saving technologies to the POC. However, progress in other areas is still urgently 

needed. With strategic design, new technologies will continue to expand access to quality 

diagnostic tools to the areas most affected by the leading causes of maternal and neonatal 

mortality.
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Figure 1. 
Some examples of lateral flow tests to diagnose neonatal and maternal conditions. (a) 

Generalized depiction of a lateral flow device with a sample pad, conjugate pad, 

nitrocellulose membrane, and wicking pad. Figure reproduced from Reference 401 with the 

permission of The Royal Society of Chemistry.401 (b) The ChemBio DPP HIV-Syphilis 

Assay detects antibodies for both syphilis (first “S” line) and HIV (second “H” line) from a 

drop of whole blood. The patented Dual Path Platform enables separate delivery of sample 

and detection reagents and improves sensitivity. Figure from Chembio Diagnostic Systems, 

Inc. All rights reserved.
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Figure 2. 
Photo (a) and optical diagram (b) emphasizing the ease of use of HemoSpec, a portable 

device that optically measures hemoglobin concentration from blood spotted onto 

chromatography paper. The form, user interface, and included optical components are 

shown, but sample loading is not depicted. © 2014 IEEE. Reprinted, with permission, from 

M. Bond, J. Mvula, E. Molyneux and R. Richards-Kortum, presented in part at 2014 IEEE 

Healthcare Innovation Conference (HIC), 2014.122
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Figure 3. 
Schematic of paper-based bacterial culture device. This work illustrates a novel, low-cost 

platform for performing bacterial culture at the POC. (a) Devices are fabricated out of wax 

patterned paper, tape, PDMS, and a dialysis membrane. (b) When the device is folded shut, 

the lysogeny broth (LB) medium reservoir is brought into contact with the bacterial growth 

zone for bacterial culture. Because of the dialysis membrane and oxygen flow through the 

PDMS (c), bacteria are able to grow within the device. (d) When the device is impregnated 

with viability dye resazurin (PrestoBlue™), a visual color change occurs during incubation, 

allowing quantification of bacterial load within the sample. Reproduced from Reference 239 

with permission of the Royal Society of Chemistry. (e) Antibiotics can be added to the paper 

disks to allow for antibiotic susceptibility testing, in which growth will be stunted 

surrounding the antibiotic areas in susceptible bacterial strains, whereas it will not be in 

antibiotic resistant strains. Reproduced from Reference 242 with permission of the Royal 

Society of Chemistry. The images presented here depict the platform components, assay 

overview, and selected results, but does not provide information on workflow and use of the 

platform.
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Figure 4. 
Technologies in development for performing a WBC count. All-plastic microscope (Top left) 
used with disposable slides (Top right: A, B) for complete blood count measurements. 

Sample diagnostic images obtained of lymphocytes and granulocytes are shown (Top right: 
C). The chosen images depict the size of the microscope, the relatively small number of 

components required to build the system and slides, and a representative image produced by 

the system. However, the figure does not illustrate the workflow, including sample loading. 

(Bottom) Method of imaging and analyzing blood count diagnostics using sub-microliter 

volumes of blood. The images presented here show the workflow and representative images 

produced by the system, but do not provide information on the size or form of the 

microscope. Figure Permissions: (Top left) Figure reprinted from Reference 247 with 

permission from the Optical Society of America; (Top right) © 2014 IEEE. Reprinted, with 

permission, from C. E. Majors, M. E. Pawlowski, T. Tkaczyk and R. R. Richards-Kortum, 

presented in part at 2014 IEEE Healthcare Innovation Conference (HIC), Seattle, WA, 

2014.246 Figure reproduced from Reference 248 with permission from the Royal Society of 

Chemistry.
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Figure 5. 
The complete workflow of the Liat Analyzer. The Liat Analyzer is an example of an 

automated sample-to-answer NAT platform that performs nucleic acid extraction, 

purification, reverse transcription, PCR amplification and real-time detection. A sample such 

as whole blood (shown) or plasma, is collected directly into a Liat Tube (a and b). After the 

tube is capped, the analyzer scans the tube barcode (c), and the tube is inserted into the 

analyzer (d). Then, the analyzer automatically performs all the nucleic acid testing steps and 

reports results in 1 hour (e). The mechanism for measurement and assay components are not 

depicted here. Reproduced from S. Tanriverdi, L. Chen and S. Chen, “A Rapid and 

Automated Sample-to-Result HIV Load Test for Near-Patient Application.” J. Infect. Dis., 
2010, 201(s1), S52–S58, by permission of Oxford University Press.47
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Figure 6. 
Counting beads used by various international organizations. (a) Bead strands used by Save 

the Children, which employs two age-specific, color-coded strands that can be distinguished 

by bead size and colors. (b) Bead strands used by the Malaria Consortium and the 

International Rescue Committee, which also employs two age-specific, color-coded strands 

that are distinguished by colored beads that match the age specific amoxicillin packaging. 

(b) Bead strand used by UNICEF that is non-specific for ages 0–5 years and each color is 

made up of 10 beads for ease of counting. Reprinted from Reference 321 under the terms of 

Creative Commons Attribution License.

Majors et al. Page 56

Lab Chip. Author manuscript; available in PMC 2018 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
MAD NAAT is a fully integrated sample-to-answer nucleic acid testing platform. The 

sample processing, amplification, and detection schemes are depicted. Reagent delivery is 

timed by melting wax barriers (valves). The components shown here are housed in a 

reusable plastic cassette with heaters included, which are not depicted here, but can be seen 

in the original source along with figures showing user workflow and timing. The 

representative image shown here shows the novel integration of multiple sample preparation 

steps for nucleic acid testing through the MAD NAAT’s reagent delivery scheme. Figure 

reproduced from Reference 339 with permission from the Royal Society of Chemistry.
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Figure 8. 
A novel detection technique for Zika virus that incorporates toe-hold switches and CRISPR-

Cas9 technology capable of detecting single-nucleotide differences in RNA strands. (Top) 

Sensors for specific RNA strands are developed using a novel detection technique known as 

toe-hold. In short, these toe-hold switches (shown as the RNA hairpin complex) only unfold 

in the presence of the target RNA strand, revealing a ribosome binding site; this, in 

combination with a cell-free system dried into paper discs, results in the translation of 

proteins that cause a visual color change. (Bottom left) The toe-hold switches are combined 

with an isothermal RNA amplification technique to detect this color change in samples with 

clinically relevant RNA levels. (Bottom right) CRISPR-Cas9 is used to detect strain 

mutations; in the American ZIKV strain, the target RNA contains a PAM site (protospacer 

adjacent motif) generated by the strain mutation at which CRISPR-Cas9 binds and cleaves 

the target RNA, preventing the downstream translation of color-change proteins. As such, 

color change will only occur in the African ZIKV strain. This figure provides an overview of 

the molecular detection components of the system, but does not show the size of the system, 

required equipment, or workflow to perform the assay. Figure reprinted from Cell, 165, K. 

Pardee, A. A. Green, M. K. Takahashi, D. Braff, G. Lambert, J. W. Lee, T. Ferrante, D. Ma, 

N. Donghia, M. Fan, N. M. Daringer, I. Bosch, D. M. Dudley, D. H. O’Connor, L. Gehrke 

and J. J. Collins, “Rapid, Low-Cost Detection of Zika Virus Using Programmable 

Biomolecular Components,” 1255–1266, Copyright (2016), with permission from 

Elsevier.356
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Table 1

Causes of maternal mortality globally with commercially available diagnostic tools. Global mortality column 

represents annual mortality rates. Level of health system indicates the level at which commercially available 

diagnostics can be deployed, taking into account the need for electrical power, refrigeration, consumable 

reagents, device and consumable costs, and necessary human resources for use.375

*
Available at health posts but limited by a lack of affordable consumables.

**
Technology exists for measuring blood loss but not for predicting those at risk.

***
Available at health posts but limited by a lack of human resources.

****
Available at health posts but limited by a lack of sensitivity.
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Table 2

Causes of neonatal mortality globally with commercially available diagnostic tools. Global mortality column 

represents annual mortality rates. Level of health system indicates the level at which commercially available 

diagnostics can be deployed, taking into account the need for electrical power, refrigeration, consumable 

reagents, device and consumable costs, and necessary human resources for use.375

*
Available at health posts but limited by a lack of affordable consumables.

**
Available at health posts but limited by a lack of human resources.
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