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ABSTRACT: Today epidemics of infectious diseases occur more
often and spread both faster and further due to globalization and
changes in our lifestyle. One way to meet these biological threats
are so-called “Frugal Innovations”, which focus on the development
of affordable, rapid, and easy-to-use diagnostics with widespread
use. In this context, point-of-care-tests (POCTs), performed at the
patient’s bedside, reduce extensive waiting times and unnecessary
treatments and enable effective containment measures. This
Perspective covers advances in POCT diagnostics on the basis of
frugal innovation characteristics that will enable a faster, less
expensive, and more convenient reaction to upcoming epidemics. Established POCT systems on the health care market, as well as
currently evolving technological advancements in that sector are discussed. Progress in POCT technology and insights on how to
most effectively use them allows the handling of more patients in a shorter time frame and consequently improves clinical outcomes
at lower cost.
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■ INTRODUCTION

Infectious diseases benefit from globalization and faster
transportation that accelerate pathogen distribution. Some of
these so-called epidemics have become sadly famous such as
the outbreaks of Ebola, HIV, and some forms of influenza.1

Especially developing and emerging countries face challenges
in establishing functioning health care systems to tackle fast
spreading diseases. Therefore, epidemics have proven to
expand quickly, due to structural poverty, poor infrastructure
and sanitary conditions, malnutrition, and armed conflicts.2,3

Due to the close link between the gross domestic product
(GPD) and health care expenditures,4−7 emerging market
countries with their large number of people and increasing
economic capital and prosperity are especially interesting when
studying health care innovations. Oftentimes existing tech-
nologies that could significantly improve health care service in
emerging markets does not reach the end user. This is because
most diagnostic devices are not handy and robust enough for
the existing infrastructure. Additionally, they are prohibitively
expensive or require operation by trained medical staff that is
not available. These constraints are a major driver to rethink
the innovation paradigm of industrialized western industries
and come up with ideas that are better adapted to constrained
contexts. So-called frugal innovations aim to approach
upcoming epidemics by reaching more people and faster in
adverse geographical regions.8,9

There is also a need for new and cost-effective methods in
the health care services of industrialized countries. Value-based
reimbursement instituted by the Affordable Care Act of the
Obama administration in 2010 has initiated this trend. The
shortage of doctors and medical supplies in rural areas, an
aging population, and increasing expenditures of health
insurances require a focus on the cost-performance ratio of
diagnostics and treatment measures.10−13 In Germany, an
alarming number of one in three hospitals is in the red with its
accounts.14 This situation calls for a fundamental rethinking of
how medical services are provided. This void can be filled with
frugal developments that balance high-quality requirements
and affordability.
Bringing the analysis from the specialized lab to the patients

themselves to self-monitor one’s own state of health could
increase prevention and treatment effectiveness. In frugal
innovation, diagnostic products and processes are optimized,
reduced to their essentials, and adapted to their specific
application context. This way the tests carry diagnostics even
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to the most remote areas and alleviate challenges in clinic
settings.
This Perspective focuses on the concept of frugal innovation

in general and specifically in the field of diagnostics.
Subsequently, a review of different forms of frugal point-of-
care tests (POCTs) will be given and analyzed according to
their technological complexity and usability (Figure 1). By
deriving the current advantages but also shortcomings of frugal
POCTs, we will be able to provide an expanded picture of the
possibilities that exist and evolve in hospital and nonhospital
setups for both developed and emerging market contexts.
Recommendations on the advancement and application of
frugal POCTs are given to physicians and developers of
diagnostics supplies and equipment. The ultimate goal of this
Perspective is to stimulate a broader discussion on new and
modified approaches in diagnostics for an improvement of
global health care, specifically concerning epidemics.

■ THEORETICAL BACKGROUND

Frugal Innovation. New approaches to address modern
health care issues are decisive steps to remedy the increasing
need for global medical coverage. However, financing and
providing for advanced health care services on a worldwide
scale turns into a challenge. Especially less developed regions
but also remote areas in industrialized countries are
characterized by a number of conditions that massively hinder
access to world-class medicine for millions of people. The most
significant barriers are poor infrastructures of transport and
electricity, medical equipment standards that are inadequate
for developing countries’ conditions, a lack of trained
personnel, and societal objections against western conventional
medicine.15−20

Against this background, a stimulus has been created to
think of innovation differently. Instead of raising a newly
developed product to the next level with ever more
functionality and complexity, innovations should, first and

Figure 1. Overview of the POCTs described in this Perspective.

Table 1. Criteria of Frugal Innovationa

Criteria

dimension Weyrauch et al. 201723 Agarwal et al. 201721 Wimschneider et al., 202024 Rao, 201733

cost/price Substantial cost or price reduction (reduction of
about 1/3 or more compared to the prevalent or
nonfrugal product version)

cost-effectiveness value-based pricing (from customer
perspective), cost-effectiveness
(from company perspective)

low-cost

functionality concentration on core functionalities ease-of-use ease-of-use

performance optimized performance level contextual factor
(sustainable, eco-
logical, social, etc.)

service, branding, product positioning

technology use of advanced technology and
science from scratch by involving
technologically trained staff

aAs defined in Weyrauch and Herstatt (2017),23 Agarwal et al. (2017),21 and Wimschneider et al. (forthcoming).24
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foremost, solve a problem. This need-based approach is
adapted to the specific circumstances, making the innovation
robust, flexible, easy-to-use, and accessible. The shift away
from the belief that an innovation needs to be more expensive
than its comparable ancestor is especially important. Balancing
cost and price with the provided value has become the
guideline. With increasing attention and diffusion of these new
innovation patterns, the concept has been given the name
“frugal innovation”.
In recent years, the phenomenon of frugal innovation has

been increasingly examined especially in the health care and
pharmaceutical industries.19,21 As such, some criteria address-
ing the cost, functionality, and performance domain have
prevailed that qualify a product as frugal (Table 1).
While Weyrauch and Herstatt23 provide a rather exact

indication with respect to the cost dimension, Wimschneider et
al.24 point toward the signaling function of prices in frugal
innovation. Quality and attractiveness are often communicated
to the consumer through a certain price level. A low price is
not always the gold standard of frugal innovation as it can well
be misinterpreted as lack of quality or second-best option.
Reaching the optimal price/value ratio of these products is
therefore an important and challenging aspect.22 It is agreed
that the focus should be on key functionalities, skipping
superfluous ones for easier handling of the product. Depending
on the application context, the frugal product’s ultimate
performance is crucial. Performance, in this connection, can
refer to a variety of aspects. Whereas the cost and the
functionality dimensions distinguish a frugal innovation from
the conventional product, the performance dimension shall
close this gap again. The frugal product has to perform equally
to or better than the traditional offering in the particular
context for which it has been designed. This unique selling
proposition can be achieved by features that fulfill the core
purpose of the product extraordinarily well, enable its
sustainable, social or large-scale application, correspond to
cultural preferences, or show an attractive brand positioning.23

The relevance of the single frugal product characteristics can
differ between players of the same industry. A recent study
conducted in the Indian health care sector showed that
practitioners (hospital physicians) and medical equipment
developers (product managers) do not entirely share the same
view on what they consider as important in a frugal medical
product, for example, concerning low or no maintenance
(Figure 2). Although these results stem from a specific context
in an emerging market environment and may only be
generalizable to a limited extent, they offer some initial
orientation when developing a frugal medical product. In order
to ensure a successful dissemination and customer satisfaction
of medical products, it is crucial to consider and integrate
heterogeneous requirements.34

Frugal innovation has long been considered as inherent to
emerging market firms and their customers. That is because
the concept has its origin in typical problem-solving strategies
of nonprofessionals and entrepreneurs in resource-scarce,
depressed regions, for example, in India known as Jugaad.25−29

The frugal innovation, as we know it today, is a derived
management approach that complies to high quality standards,
certifications, and organizational product development require-
ments.30 Moreover, an increasing number of frugal innovations
formerly associated with low-tech or no-tech are now high-
tech.9,24,31,32 As such, it is no longer limited to the innovation
context of emerging markets. The focus on cutting-edge

technologies and latest scientific knowledge as the crucial
enabler of frugality has made it a global approach. Rao
acknowledged this by introducing a new category to the field
known as Advanced Frugal Innovations (AFIs).33 AFIs are
designed on the basis of newly developed technologies for
retinal imaging, digital X-rays, nanotechnology, or biometric
systems. These developments allow for portability, resource-
efficiency, user-friendliness, and value for money.9,21,24 The
technological excellence involved in frugal innovations opens
the door for established Western market firms to participate
and lead this field with their expertise, technology leadership
and highly trained employees. Technology could be the reason
why established Western market firms see value in frugal
innovation and take up these principles.
AFIs in health care offer advantages as they allow for

affordable access to medical services through remote tele-
medical products and systems. In developed countries, they
open new fields of application that improve and extend medical
care. A prominent example that illustrates this opportunity is
GE’s portable low-cost ultrasound machine. The device was
originally developed for rural areas in India and China to bring
such a service to these unserved regions for the first time.
Subsequently, it became a great success in the US, where it was
used in ambulances and emergency units and thus defined a
new application context of ultrasound, which prevalent
ultrasound machines could not offer.
In summary, a frugal innovation in health care optimally

balances and combines the cost, functionality, and perform-
ance dimensions on the basis of the applied technology. Frugal
innovation in health care provides (1) a service in thus far
unserved areas, (2) a better or more suitable service to thus far
poorly served areas, or (3) an additional service to already
well-served areas. Whereas the first two scenarios rather take
place in developing countries and rural or remote areas of
developed countries, the last scenario is seen when a frugal
innovation competes with the conventional solution in
developed regions.

Frugal Innovation in the Field of Diagnostics. The
simplification of products and processes through cost-
effectiveness, optimal functionality, and performance signifi-
cantly improves medical coverage and treatment in upcoming
epidemics. In particularly, due to reduced time for diagnosis

Figure 2. Two-dimensional plot of physician and developer priorities
of diagnostics. Adapted with permission from ref 31. Copyright 2016
European Union.
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generation. Indeed, time saving is most critical in fighting
rapidly developing infections for the individual and for the
larger population.
The Dictionary of Epidemiology defines an epidemic as “the

occurrence in a community or region of cases of an illness,
specific health-related behavior, or other health-related events
clearly in excess of normal expectancy”.35 This definition
specifies neither a minimum number of cases, the area covered,
nor a specific time frame. Thus an epidemic may be limited to
a small area or extend to a global occurrence, lasting from a few
hours to many years.
Epidemics or pandemics therefore are not necessarily of

infectious nature. The rapid increase in the number of cases of
diabetes or metabolic syndrome is also referred to as an
epidemic. However, within this Perspective, we focus on
epidemics of infectious diseases.
The frugal wave of health care innovation has reached

diagnostics, especially in the field of POCTs. These are
medical diagnostic tests performed in nonlaboratory settings at
the patient’s bedside, directly at the point-of-care. POCTs can
be performed on an easily accessible sample, generating results
in a timely manner, as significantly fewer steps from the access
into the health care system to the results of the test are
necessary. Therefore, costs should be automatically reduced
(Figure 3).36

The POCT diagnostic history began in 1962 with a method
for simple blood glucose measurement37 and with the advent
of the pregnancy test in the 1970s.38 Measurements that used
to take days to be evaluated and needed trained personnel
were then performed by the patients themselves in just a few
minutes. These tests are not only suitable for the broad market
in developed countries but also vital for resource-limited
countries with low supply infrastructure. These advantages
have made the POCTs highly profitable products. According

to a recent research study published by Global Market Insights,
Inc., the market size of POCTs is set to exceed US $36 billion
by 2025, compared to US $22 billion in 2018.39

The WHO Sexually Transmitted Diseases Diagnostics
Initiative (SDI) has set the following standards for POCT
systems. The so-called ASSURED criteria (affordable,
sensitive, specific, user-friendly, rapid and robust, equipment-
free, and deliverable to end-users)40 decide whether the tests
can be utilized to efficiently diagnose diseases in remote areas.
These criteria are certainly useful for diagnostics of sexually
transmitted infections (STIs) due to their fast spread but can
generally serve as a requirement for rapid tests for a multitude
of diseases. Although a bit more specific about diagnostic
assets, the ASSURED criteria of the SDI coincide clearly with
the criteria of frugal innovation (Table 1). This match
indicates that the overall purpose and goal of innovative
POCT systems and frugal innovations point in the same
direction. Therefore, it is valuable to review typical applications
in this field and show how frugal product development can
improve diagnostics of epidemics.
Besides their already mentioned obvious strengths and

opportunities, the weaknesses of POCTs and threats in their
environment show potential disadvantages. POCTs are a
challenging market due to high costs and efforts for their
development and registration but low sales prices afterward.
Also infrastructure barriers and societal reluctance to use them
are obstacles. These prevailing disadvantages need to be
addressed in future development of POCTs (Tables 1 and 2).
This SWOT analysis shows the current state of the POCT

market. Compensating the weaknesses and limiting the threats
of the POCTs available on the market are challenges, which
are addressed by different techniques and approaches. These
are presented in the following. Subsequently the positive
effects on fighting epidemics with the help of POCTs are

Figure 3. Conventional test procedure vs POCT. Time-consuming procedures such as transportation, processing, and aliquoting processes are
reduced or even eliminated by bringing every step (sample acquisition, preparation, analysis) directly to the patient’s bedside, thereby creating a
more streamlined and faster workflow.
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evaluated, to give recommendations for physicians and
developers.

■ THE STATUS QUO: ESTABLISHED POCTs FOR
INFECTIOUS DISEASES

The Diagnostic Chewing Gum. In modern POCTs,
smartphones and the human eye are often used as the detector
component to evaluate POCT results.42 In the case of the
diagnostic chewing gum, the human tongue is used as a
detector.43 The chewing gum contains sensors, which are in
themselves tasteless. These sensors contain an engineered
peptide sequence cut by a target protease, which is present in
saliva (Figure 4A). This initial step kick-starts further
degradation of the sensor (through human aminopeptidases),
resulting in the formation of a bitter tasting substance
recognized by and alerting the patient. Other tastes are also
imaginable by choosing a different flavor component that is
coupled to the peptide sequence. However, the bitter taste
sensation is well perceived by humans as it often warns of toxic
substances in nature.44

Two cases can be distinguished in the development of a new
sensor. If the protease of the pathogen is already well
characterized in its cleavage profile, the linker sequence can
be found in literature. With the natural cleavage sites, the
construct can be synthesized and analyzed in cleavage studies

Table 2. SWOT Analysis of POCT

strengths fast (in diagnosis itself and subsequent earlier beginning of
treatment)

low costs of the test
low sample quantity required
ease-of-use, no clinical staff required
no sample pretreatment required
mass production of test kits possible
robust to environmental influences

weaknesses objections by medical practitioners
lower specificity and sensitivity than lab-methods
distribution channels are often not fully developed

opportunities growing consumer market in both emerging and developed
countries (demographic shift, globalization, and increase
of epidemics)

new-on-site fields of applications and technologies (e.g., lab-
on-a-chip) for remote areas or mobile use

multiplexing capabilities
threats strict regulations and laws in the health care sector

precision tests with higher sensitivity and specificity (GC/
LC-MS, PCR)

pressure of low prices on the POCT market
mishandling and error rates through testing performed by
nonlaboratory personnel

Modified with permission from ref 41. Copyright 2009 Springer
Nature.

Figure 4. Development of a sensor used in a diagnostic chewing gum. (A) Diagnostic construct, consisting of a flavor molecule, a protease sensitive
peptide linker (PSL), and a microparticle. (B) Development of diagnostic linkers can be carried out in two ways. Case 1, with a well-studied target
protease like aureolysin, the natural cleavage sequences can be used as PSLs. PSLs are synthesized and analyzed for their cleavage characteristics.
Case 2, if no natural cleavage sites are known from literature (e.g., for streptopain), these can be determined by biotechnological methods, for
example, through proteomic identification of cleavage sites (PICS).45 The rest of the procedure is the same as in case 1. Further details are available
from the corresponding authors upon request.
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(Figure 4B1). Contrarily, if the protease is not well
characterized, cleavable sequences can be determined via
proteomic methods (e.g., PICS assay). Afterward, sensors with
newly identified cleavage sites can be synthesized and similarly
analyzed in cleavage studies (Figure 4B2).
This radically simplistic design replaces expensive detectors

with a natural one at no charge: the 24/7 available human
tongue.43,46 Because pathogens also rely on very specific
proteases, this platform holds promise to screen entire
populations in the event of an upcoming epidemic even in
environments characterized by constraints and limitations.
Possible detectable diseases with their target protease
occurring in saliva are periodontitis (matrix metalloprotei-
nases), caries (proteases of Streptococcus mutans) or group A
streptococcal infections (proteases of Streptococcus pyo-
genes).47−49 The innovativeness here lies in its simplicity as it
can be performed by everyone, at any place, and at any time
without electrical power supply. Drawbacks that need to be
overcome are the variability in taste perception and the
concentration and activity of target proteases.
The clinical value of this radically simplistic and novel

platform needs to be demonstrated in the future.
Lateral Flow Immunoassays. Nondigital rapid tests, such

as the lateral flow immunoassay (LFIA), have become
indispensable in today’s modern diagnostic routine. They are
often used because of their simplicity in execution and analysis,
the fast generation of results and their enormous cost
advantage compared to conventional diagnostic procedures.50

Moreover, they serve multiple diagnostic needs. Such rapid
tests are available, for example, in the fields of pregnancy
testing and detection of toxicologically active substances but
also for infectious diseases such as influenza, ebola, malaria,
tuberculosis, or HIV.51−55

In LFIAs, the liquid sample containing the analyte of interest
moves along a strip of polymeric material thereby passing
various zones. In these zones, molecules (often antibodies)
have been attached that exert more or less specific interactions
with the analyte. A typical LFIA format consists of a surface
layer carrying the sample from the sample application pad to
the conjugate release pad along the strip encountering the
visible detection zone and finally to the absorbent pad.41

Infections often manifest in unspecific symptoms such as
fever or sore throat. As soon as typical signs of an infection
occur, the more common diseases (e.g., malaria) are treated
prophylactically in developing countries.56 Screening tests have
done much to improve the situation in this field in recent
years. They helped to distribute scarce resources, such as
medicine, physicians, and bed capacity, more efficiently, and in
developed countries their potential is mainly seen in relieving
the burden on health insurance funds.31 An example is the
currently developed antibody-based POCT that can discrim-
inate between Zika and other flaviviruses such as Dengue in
around 15 min.57 It is made from paper- or plastic-based
materials, costing about just US $2.
The annual influenza epidemic is both unpredictable and

inevitable, with existing drugs for the treatment being effective
within the first 48 h of infection. This has led to the
development of several rapid tests in LFIA format for influenza
that are commercially available. Concerns over low sensitivity
of LFIAs have been raised, due to the low concentration of
antigens in clinical samples. Compared to laboratory testing
methods with reverse transcription-PCR (RT-PCR) or viral
culture, a negative test result of commonly used POCTs

should be interpreted with caution.58 A newly introduced
modern rapid test uses a variation on isothermal DNA
amplification technology, detecting RNA gene targets from
influenza A and B viruses with a sensitivity of 97.8% and
91.8%, respectively.59

POCT systems furthermore exist for group A streptococci,
which cause symptoms often resembling those of influenza.
This has led to a measurable reduction of antibiotic
prescription of about 50−60% if POCTs are used.60,61 In the
US alone, the overprescription of antibiotics and the following
antimicrobial resistance costs billions of US dollars every year
in additional treatments and loss of productivity.62

Following the unprecedented scope of the West African
Ebola epidemic, three rapid diagnostic antigen detection tests
have received Emergency Use Authorization.52 Rapid tests for
Ebola with a sensitivity near 100% are currently developed.
The collection of test results and geographical data was
enabled by a LFIA with a smartphone application. As this
disease is highly contagious and infected patients develop
rapidly critical conditions, the gathered information can be of
utmost importance.63

To address malaria infections, LFIAs detecting various
Plasmodium sp. protein antigens are now among the most
heavily used laboratory diagnostics worldwide.53,64,65 Rapid
tests on malaria are also valuable in nonhospital setups due to
the ability to provide 24/7 first-line triage results. Positive test
results can later be confirmed by a diagnostic expert via
microscopy during standard business hours.66

Even though tuberculosis (TB) is the world’s leading
infectious cause of death (claiming about 1.3 million deaths
every year), only 64% of cases are diagnosed.54,67,68 In the past
decade, impressive progress has been made in the development
of a TB POCT. A cartridge-based integrated miniature PCR
system was developed, obtaining test results from unprocessed
sputum within 90 min.69

Screening tests are also being developed for STIs. These
infections are particularly dangerous because no or indefinable
symptoms occur for a long time and unknowing transmission is
therefore very likely. By detecting HIV-1 and HIV-2
antibodies, very specific POCT diagnostics were commercially
established.55 The fourth generation of commercially available
POCTs for HIV is currently on the market, reliably detecting
the virus already 1 month after the person has contracted it.70

The fact that drugs against HIV are reportedly more effective
in the early than in the late stage further supports the
importance of a fast and accessible POCT. Despite many
advantages of a HIV POCT that can be performed at home,
studies also found limitations to the use of oral fluids. Some
studies found that a POCT using oral specimens demonstrated
lower sensitivity than the test’s sensitivity with blood
specimens.71,72 Some POCTs for HIV antibodies may fail to
identify acute early HIV-1 infection. This is especially
problematic as due to the high viral load and the lack of
awareness, the risk of HIV-1 transmission is much higher in
this stage than with an established infection.73,74 POCT
devices also exist for detection of syphilis, gonorrhea, and
chlamydia (current time to result, 1−2 days).75,76

The Smartphone as a Tool for Epidemic Control. In
POCTs, the human eye is often used as a tool for evaluating
the color or intensity of a band. Nowadays, smartphones are
also increasingly used to optimize the evaluation of nondigital
POCT devices. Smartphone cameras are a convenient tool to
optically read-out clinical specimens or band intensities that
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the human eye would not be able to adequately evaluate.77

Through advances in mobile imaging algorithms, the develop-
ment of new external hardware applications, and specifically
designed lens arrangements, smartphones are applicable in a
broad range of diagnostic assets.78

An example is the combination of a lateral flow test strip for
avian influenza detection with a lightweight smartphone-based
fluorescence detector powered through the smartphone’s
micro-USB port.79 Data communication with a central
database collecting human throat swab samples was realized
via SMS. A different publication reported a paper-based device
with smartphone read-out to develop an at-home testing
system for urinary tract infections and gonorrhea.80

Via Bluetooth, it is possible to connect the smartphone
wirelessly to other “wearables”, such as smartwatches and
fitness trackers, to measure a variety of human body functions.
Through flexibly printed electronics and advances in material
sciences, temporary tattoo sensors have been invented,
analyzing body fluids on a molecular level.81,82 Analyzing the
heart rate and the composition of human sweat, which changes
in the event of an infection, can give first hints in diagnosing
diseases.
Mobile applications are becoming more popular and

technologically sophisticated. This field of eHealth is known
as mHealth (mobile health).83 Currently, around 165 000
smartphone apps with data storage or health monitoring
functions are available.84 To assist personal health care, several
applications for multiple devices are now available, such as
apps for information gathering, time management, health
record maintenance and access, communication, consulting,
reference, patient management and monitoring, clinical
decision-making, and further for medical education purposes
and medical training.85

Due to their mobility, data sharing capabilities, and easy
access, smartphones and POCT apps become an increasingly
important epidemic control tool in both developed and
emerging countries. By creating suitable applications, unique
solutions for the diverse medical situations in different
countries can be designed. In addition, results can be shared
worldwide in seconds and treatment proposals can be
generated (known as telemedicine). In the case of an
upcoming epidemic, this can facilitate self-diagnosis, support
self-therapy, and disseminate information on disease preven-
tion.
It should not be neglected that, unfortunately, mHealth is

subject to severe data protection and privacy concerns. A
recent study found that the overwhelming majority of the
studied apps listed as the most popular ones concerning health
and fitness available on GooglePlay, do not deal in a sensitive
and confidential way with health related data. On the contrary,
data regulations are regularly breached by giving data access to
third parties or inappropriate installment of encryption
mechanisms, to name but a few. Unsurprisingly, user trust in
these devices is low.86

New Frugality-Enabling Technologies in Diagnostics.
The goal of globally applicable POCTs to efficiently tackle
mass infections in unfavorable environments is to bring
complex processes into miniature format using already
accessible and available supplies. This is what happened with
a cellphone-sized real-time polymerase chain reaction device
that was developed to detect the Ebola virus RNA. It works
with a sample volume of 100 nlL, produces results in under 40
min, and is powered by a car battery.87 Another paper-based

3D microfluidic POCT biochip for the detection of whooping
cough was developed at the University of Texas at El Paso.
This device uses isothermal DNA amplification technology to
detect bacteria from nasal swabs in under one hour and costs
only a few dollars, having comparable results to PCR.88

POCT diagnostics represent the main segment (about 57%)
of the current biosensor market, which is expected to reach US
$22.68 billion by 2020.89 As the biosensor is directly
responsible for the bioanalytical performance, it is the most
critical component in the diagnostic setup. An approach that
combines electronic devices and biochemical testing is the lab-
on-a-chip (LOC) platform. Recent developments in nano-
technology, microfluidics, and 3D-printing show potential for
miniaturization and multiplexing of biosensors, leading to cost-
effective, portable, and easy-to use POCT diagnostics.
Through miniaturization, signal enhancement, and process
automation, LOC platforms feature several advantages such as
reduced sample consumption, massive parallelization, and high
sensitivity due to different functional units giving responses in
real-time.90 As a read-out interface, again, the smartphone can
be utilized since it possesses the required components.91

Researchers from Stanford University developed a LOC with
production costs of just 1 cent capable of separating cells based
on their intrinsic electrical properties. No clean room or
trained personnel are needed to create this combination of
microfluidics, electronics, and inkjet printing technology.92

POCTs with multiplexing capabilities could be one of the
game changing technologies in fighting epidemics. As
mentioned above, in some areas the most often occurring
disease (e.g., malaria) is treated without a proper preceding
diagnosis. This behavior is wasting resources and exposes
patients to unnecessary medical treatment. Testing several
diseases at once could make treatment processes in those
settings more efficient.
The most common method for multiplexed POCT systems

(xPOCT) is the lab-on-a-disc format.93 One example of an
already commercialized product is the Gyrolab Bioaffy CDs of
Gyros Protein Technologies AB from Sweden.94 Here, the
fluid regulation is implemented by a combination of capillary
and centrifugal forces. Also, it contains hydrophobic stopping
barriers. Different cancer biomarkers (e.g., interleukin-6, α-
fetoprotein) were simultaneously detected to demonstrate its
multiplexing performance. The Quanterix Simoa Disc is yet
another example, containing over 200 000 femtoliter-sized
wells and integrated microfluidics. It is capable of the
automated detection of single molecules for in vitro diagnostics
applications.95 As a platform technology it offers great
flexibility in assay design but has to be further improved in
cost-effectiveness to be considered as frugal. One further
example for xPOCT systems is microfluidic large-scale
integration (mLSI). The proof of concept for multianalyte
measurements on various analytes was demonstrated (proteo-
mics,96 cellomics,97 and genomics98). It is not yet commer-
cialized due to system complexity and bulky instrumentation
for pneumatic control.99

With its Triage platform, Alere Inc. (USA) introduced a
lateral flow xPOCT with the ability to screen up to 20 different
analytes at once.100 It combines LFIAs with quantitative
multianalyte immunoassays and a portable fluorometer. Now
owned by Quidel, it provides xPOCT systems for cardiac
biomarkers and drug analytes but could be used in the future as
a diagnostic platform for multiple infectious diseases.
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Diagnostics in Hospital versus Nonhospital Setups.
The use of POCTs could make the medical support of patients
more efficient. Implementation success depends not only on
technological advances but also on the optimization of the use
of POCTs. The clinical utilization of POCTs differs
substantially from their use in environments with few medically
trained personnel, little medication, and few appropriately
equipped facilities. Depending on the specific settings, POCTs
must be applied differently to ensure the best possible results
in patient care.
In a hospital or well-equipped medical facility, a high density

of physicians and other medically trained personnel is available.
Also, resources for the treatment of the most common diseases
are present in adequate quantities. The essential problem is,
that medical care at a hospital cannot be guaranteed or
retained in case of an epidemic.
The Ebola epidemic, for instance, brought hospitals in Africa

to their limit in a short amount of time concerning bed
capacity.101 Due to this situation, diagnosis and subsequent
medical treatment of infected patients were dramatically
slowed down. As a result, the hospitals in Sierra Leone needed
up to a week to diagnose the disease.102 This led to patients
spending longer waiting times in hospitals, occupying the
limited bed capacity. Another problem was that during this
time period when infected and noninfected patients were
accommodated together in a small area, the risk of nosocomial
infections increased.103

POCTs could significantly remedy such situations. First and
foremost, POCTs lead to resource savings in many cases.
In a hospital setup, POCTs should be combined with

laboratory diagnostic tests and not be used solely. On the one
hand, the results from POCTs often provide lower specificity
(more false positives), which identifies noninfected persons as
infected ones, exposing them to the risk of nosocomial
infections until the correct result of the laboratory examination
becomes known. On the other hand, there is imperfect
sensitivity, which fails to detect infected persons who then

spread the disease further among the population. A high
sensitivity of rapid tests is therefore always comparatively more
important than the level of specificity. The exclusive use of
POCTs is justified when resources are scarce. This mainly
refers to a shortage of medical supplies but also to the available
equipment such as the bed capacity.
This is more often the case in nonhospital setups where the

supply of already limited resources needs to be ensured and
access to laboratory testing is often not available around the
clock. Through POCTs, the distribution of medical resources
can be controlled and the spread of epidemics slowed down or
even prevented by adequate containment measures. High
sensitivity of the rapid tests is more important than their
specificity. In remote regions, the mere accessibility to
diagnostic tests has a greater impact on health care than
sensitivity and specificity,104 which can be confirmed by a
model of the public health impact of new theoretical malaria
diagnostics where diagnostic accessibility was found to be a
more influential parameter on total lives saved than diagnostic
sensitivity or specificity.105

This way, even remote areas can be reached, and infected
patients can later be transferred to centralized facilities if
necessary.
Screening for infectious diseases via POCTs could also be

carried out by nonmedical personnel, without the need for a
physician to be present in crowded places, such as airports or
refugee camps, or at major event sites. This could stop the
further distribution of the pathogen around the globe. In 2015,
one passenger infected with Middle East Respiratory
Syndrome returning to the Republic of Korea caused an
outbreak of the disease with 36 deaths and an outbreak-related
loss of approximately 8 billion US dollars.106

The use of body fluids other than blood as test media offers
a further decisive advantage in POCTs. Saliva and urine have
gained increased importance as test materials, because they are
immediately available and can be obtained noninvasively,
which in turn reduces the risk of infection, and depending on

Figure 5. Overview of advantages and disadvantages of laboratory tests and POCTs in different health care settings and possible solutions provided
through frugal innovation.
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the disease, increased concentrations of markers can be
measured.107,108

Figure 5 gives a summary about the current advantages and
disadvantages of conventional lab tests and POCTs and their
separate or joint use in different settings. It provides solutions
for the disadvantages of POCTs through the already presented
developments in the POCT market.

■ ADVANTAGES AND SHORTCOMINGS OF FRUGAL
POCTs: THE GAPS TO THE OPTIMAL DIAGNOSTIC
DEVICE

The above-described cases and application scenarios of
advanced POCTs contain characteristics of the frugal
innovation concept and are undoubtedly moving toward a
health care system designed for emerging markets or
constraint-based contexts. Putting emphasis on time and cost
efficiency and on nonhospital usage options, as well as for
highly complex examinations, marks a turnaround in
diagnostics that offers an abundance of starting points for
new development, examinations, and treatments. The follow-
ing paragraphs contrast the main achievements of frugal
POCTs with its ongoing shortcomings against the background
of frugal and ASSURED criteria (Table 1). Finally, evidence
from frugal innovation literature is given on how to solve
identified deficits.
Cost Dimension. POCTs demonstrate enormous cost

advantages on several levels. For the examined patient, they
display high and direct affordability due to their low purchase
price. Indirectly they lead to savings in travel costs when tests
are performed at the patient’s home or remote medical site.
For the health care providers, the biggest cost advantage results
from the use of alternative detectors in frugal POCTs. As the
detector is the biggest cost driver, its substitution with less
expensive options such as human biosensors (e.g., the tongue)
or smartphone-based technologies is very helpful. The health
care providers experience indirect cost savings through more
efficient resource allocation in affected areas because data on
the context of the disease and the patients is available faster.
Direct benefits from POCT systems compared to conventional
lab equipment can also be expected for test manufacturers as
soon as new POCTs are authorized by regulatory authorities
and can be produced on a large scale. Insurance companies and
public health care should especially bear in mind that lengthy
treatment costs and the usage of partly ineffective medication
can be avoided through early detection and the fast
administration of drugs that are only effective within a limited
time frame.
The time aspect is a further influencing factor on the overall

costs of POCT for all involved parties. A timely diagnostic
result leads in the follow-up to several cost advantages in
further treatment and medication and in avoiding the spread of
the infection.
The upside potential of frugal POCTs rises especially for

xPOCTs. They offer a great advantage concerning savings in
materials and resources as well as examination time and costs
as they can detect several analytes from one single specimen at
the same time. Yet, these most promising approaches on the
basis of cutting-edge technologies need to become more cost-
effective in themselves to become a true frugal solution for
mass application in epidemic scenarios. A typical approach in
frugal innovation to solve this problem is collaborating with
established market players to promote the diffusion and
commercialization of the system. But also working together

with nontraditional market players (community workers,
nonmedical operators of the system, etc.) is crucial for the
system’s success as it enables a strong integration in the local
context, increases user trust, and ensures its adaptation to the
specific requirements.109−111 In order to downsize costs, not
only the final offering should be taken into consideration. It is,
indeed, vital to show a frugal engineering mindset, where
already in each development step of the innovation process of
the new POCT frugality is practiced. This can happen through
the localization of the R&D to the test country and the
sourcing of local material and employees to increase proximity
to the application context.9,20,112,113

A further shortcoming is that more efficient and effective
POCTs do not solve the issue of how and who will finance the
subsequent, oftentimes long and uncertain treatment and
containment of infectious epidemic disease patients. Afford-
ability may not stop after diagnostics; otherwise the purpose of
frugal innovations as need-based solution is obsolete. The
establishment of a comprehensive frugal health care system
instead of mere nonscalable on−off solutions needs to be the
focus. On the one hand, this might reduce the objections of
medical practitioners against POCTs; on the other hand a
multitude of new business possibilities will arise for established
health care market firms to participate in this frugal movement,
diminishing fears of cannibalization.32,114,115

Functionality Dimension. This point responds to the
usability aspects observed in frugal POCTs. Summarizing the
above outlined cases, it becomes clear that priority needs to be
given to accessibility before sensitivity and sensitivity, in turn,
before specificity in order to achieve comprehensive and
effective diagnostics for infectious diseases on a worldwide
scale. Accessibility is reached by, for example, downsizing and
miniaturizing for the POCT to be portable and mobile.
Compared to conventional lab-based testing equipment,

POCTs only require low sample consumption (e.g., blood) or
work with easily accessible, noninvasive body fluids other than
blood as test materials. This makes testing safe and easy and
allows for the employment of nonmedical staff. Also the use of
new or unconventional technologies as described above
(substitution of expensive parts (e.g., the detector) through
inexpensive alternatives (human senses of taste or vision) or
related technologies (smartphone camera)) broadens the
application field of POCTs and makes them more user-
friendly. If POCTs are operated through smartphone devices
or fitness trackers as well as by the patient him- or herself as in
the case of the diagnostic chewing gum the limits to where
medicine can be practiced have started to become blurry and
are brought to a new level.
In the medium term, also sensitivity and specificity need to

be improved in frugal POCTs. Their so-far rather unsatisfying
performance levels compared to lab-tests constitute a major
disadvantage in the ultimate usability of POCTs. Here again,
the miniaturization of typical lab tests such as PCR systems
(see POCT for TB diagnostics) or the use of technologies
from different areas (e.g., car battery), as well as multiplexing
capabilities, can lead to considerable progress in this aspect.
Ultimately, connecting POCT devices to databases and

larger networks allows for new functionalities such as the
sharing of health care data and the evolution of powerful data
pools, from which researchers and practitioners can learn and
improve their activities in order to preempt certain epidemics
in the future.
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Performance Dimension. The optimized performance
level, a frugal criterion that indicates the importance of quality
in frugal products and thus distinguishes them clearly from
mere low-cost, “cheap” solutions, is given through POCT
clinical evaluation and approval. It is significant that despite
extensive simplification and miniaturization as well as multi-
plexing, the quality of POCT results is appropriate and reliable.
This finding makes frugal POCTs a true globally applicable
system.
As mentioned above, the time aspect is a critical cost factor,

but it also affects performance. In Germany, POCTs are often
referred to as “Schnelltests”, which directly translates to “fast
test”. Rapid turnaround times (TATs) are expected from both
physicians and patients. The TAT has to be balanced with
sensitivity and specificity of the product, as they often mutually
influence each other. For successful commercialization of a
new POCT, the TAT mostly needs to be put into the
foreground. In order to clearly stand out from competitors, the
TAT is a necessary unique selling proposition.
Modern POCTs also have to be robust, reliable, and give

reproducible results for on-site applications in emergency
settings worldwide. Sensitive chemicals and electronic
compounds have to be stored safely for transportation.
Especially in nonhospital settings, humidity and dust resistance
is of utmost importance. It has to be ensured by stress tests
that POCTs work reliably under these extreme situations.
As Wimschneider et al.24 found in their study of frugal

innovations in Brazil, just because a product is affordable and
appropriately solves a need does not automatically mean that
the product is adopted by the users. Social norms and the need
for status and prestige are factors that should not be
underestimated. They decide the perception and consumption
of specific products, as well as the use of certain services. This
is especially the case for unknown, unconventional offerings as
in frugal innovations. Even though POCTs are already widely
used in diagnostics such as in pregnancy or as blood glucose
meters, their adoption as an inexpensive frugal service could be
viewed with greater skepticism if it is about a more critical or
stigmatized disease. Making use of a POCT in these cases
might be interpreted as a sign of financial incapacity or even
might lead to the risk of social exclusion. Such an image could
have severe consequences for the success of a POCT. A
solution or precautionary measure to avoid such a reaction
toward POCTs is education and awareness building. It could
well be that the trend to use POCTs based on smartphone
technology and together with health and fitness perceived as
lifestyle activity could automatically lead to higher acceptance
and awareness among patients.
Furthermore, pricing is a key factor, especially in countries

where health care costs are not covered by insurances but
assumed directly by the patient. Instead of offering the lowest
price possible and thus signaling low-quality or labeling a frugal
POCT as a second-class service for the poor, POCT providers
should come up with different affordable payment models,
designed for different customer segments and necessities. This
could include buying and leasing models on the B2B side as
well as pay-per-test strips and insurance-based models on the
B2C side.
Performance of frugal POCTs (Figure 6) is particularly

superior compared to conventional diagnostics if time and
capacity are critical. A fast diagnosis and decision on
hospitalization or discharge significantly contains the further
spread of the epidemic, and resources can be distributed more

effectively to those in need. Also, for diseases that are subject
to stigmatization in some cultures such as HIV, a fast, discrete
test at home by the patients themselves corresponds better to
the cultural circumstances than a clinical test.

Technology Dimension. Technology plays a key role in
many frugal innovations, and so it does in POCTs.9,24,32 In
sum, it can be argued that frugality options are first and
foremost enabled and increased through new technologies and
advances in disciplines such as material sciences, (bio)sensor
technology, or the rediscovery of the natural diagnostic
capabilities of the human senses. This said, frugal POCTs
can be regarded as Advanced Frugal Innovations.33 Therefore,
the development of frugal POCTs is a promising business
activity even more so for providers of established and
expensive care. They possess the technological capabilities,
resources, and infrastructure to be at the forefront of their
development. Agarwal et al.34 further found that the most
important product requirement concerning health care
innovations for physicians in emerging markets is low or no
maintenance of the equipment. However, it seems that this has
been a neglected aspect so far for Western health care
equipment providers. Well-functioning, robust POCTs repre-
sent low-maintenance devices; therefore this sector could be a
good point for companies active in health care to start their
frugal activities.

Figure 6. Diagnostic frugality approach portrayed as a Venn diagram.
Technology dimension: high technological impact advances frugality.
Cost: direct cost advantages through purchase price, application of
alternative technologies, efficient usage, and savings of material;
indirect cost advantages through faster and more effective subsequent
treatment, simplified access to diagnostics. Functionality: high
accessibility (easy-to-use, portable and mobile), low sample
consumption (blood) or working with easily accessible (noninvasive)
body fluids, rich health care data (e.g., through smartphone
connectivity of POCTs) will lead to more efficient and specific
diagnostics. Performance: ability to perform state-of-the-art testing
methods (multiplexing), optimal adaptation to unfavorable circum-
stances, especially concerning time and capacity, ability to circumvent
social and cultural barriers. Frugality Options: (1) New service to
former unserved areas. Self-monitoring of diseases, medical coverage
of rural and remote areas, telemedical sharing of test results. Especially
in (rural) emerging market regions. (2) Better service to formerly
poorly served areas. More specific treatment options, more efficient
containment measures. Especially in emerging market regions and
rural developed market areas. (3) Additional service to already well
served areas. Advanced patient management in hospitals, more
accurate epidemic forecasting models through data analysis. Especially
in developed market regions.
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■ IMPLICATIONS FROM FRUGAL POCTs

In order to overcome the outlined key challenges, some key
measures need to be taken.
Easy-to-Operate, Simple with Basic Functionalities,

and Readily Available. These three characteristics form the
cornerstones of a successful frugal diagnostic. But even if easy-
to-operate, necessary compromises for these cost-effective
variants may not affect the quality of the diagnostics, so that
they hold up to scientific and clinic evaluations before
widespread utilization and in order not to violate frugal
innovations’ dictum of optimal performance.116 As POCT
systems are supposed to be utilized by nonmedically trained
patients, the diagnostic outcome is largely operator dependent.
Incorrect operation, poorly controlled environments with the
possibility of interference with endogenous substances, and
degradation of reagents and controls can negatively affect test
results.117 High analytical precision and reproducibility for
analyte quantification in large numbers of patient samples have
to be guaranteed. According to the latest legislation, the
distributor must assess the risk of misuse and prevent it
through constant market observation. Training and continued
education programs need to be established along the
commercialization of POCTs in order to constantly ensure
proper and effective handling and to stay connected with the
local context conditions. Also, sociocultural challenges of a
market might stand in the way of its establishment. For
instance, diagnoses of infections such as HIV might be subject
to stigmatization and thus make the handling of POCTs more
complex. Due to their newness and simplicity in functionality
and price, frugal products sometimes can invoke negative social
judgment and skepticism, which in case of stigmatized diseases
can increase the effect.118

Diagnostics without sufficient access to treatment options is
another challenge. Without established medical care, POCTs
merely increase the quality of containment measurements to
prevent further spread of the disease but not its cure. As
already mentioned, if treatment is available (even in limited
amount), frugal innovation can help to distribute scarce
resources and manage medical material. Due to POCT
diagnostics, health care delivery becomes increasingly decen-
tralized. Healthcare professionals as well as patients have to
adapt their workflows and behavior to fit into this new
situation. Some clinics address this challenge by appointing
point-of-care coordinators responsible for correct documenta-
tion of results, regulatory compliance, consistent procedures,
and end user assistance.119

Nevertheless, one must not forget that the infrastructure and
thus distribution channels of services are the limiting factor in
many places. For this reason, despite the simple applicability of
POCTs, their dissemination and access to patients may be
restricted and delayed. Functioning distribution channels that
can keep up with innovative services (e.g., AFIs) depend on a
solid health care system and continuous investment in
infrastructure. This is still a shortcoming of POCTs, where
health care providers, policy makers, and government agencies
must work closely together. In many cases, the market entry of
a POCT could be faster if downstream activities were ready. In
this regard, emerging markets also have some advantages to
offer. For instance, data from Sub-Saharan Africa shows that
the vast majority of the population is connected to the Internet
via mobile networks.120 For Latin America, forecasts expect a
smartphone adoption rate of 77% in 2020, as such out-

performing the global average of 66%.121 This strong
penetration of smartphone usage and expansion of mobile
networks could be beneficial for the diffusion of advanced
POCTs and easy handling options via mobile applications and
read-outs in these regions. For ensuring the ease-of-use of
POCTs, it is strongly recommended to developers and
physicians to familiarize themselves with the local techno-
logical and infrastructure circumstances and develop POCTs
accordingly.

Innovative. As shown in Figure 7, the innovativeness of
diagnostics is not the priority for physicians or for developers.

But it is precisely the transfer of innovative technologies into
POCTs that will increase the performance of these diagnostic
tests in the medium to long term. Open communication
between scientists and experienced clinicians helps to
determine if an emerging technology is translatable into the
POCT format.122 This aspect is certainly valued more highly in
the developed countries than in the developing countries, since
it is often the case that basic services first have to be
guaranteed and approved there. As mentioned above, a higher
GDP is linked to an increase in medical care. Nevertheless, the
higher usage rate of mobile devices in emerging markets could
also lead to leapfrogging situations, where innovative mobile
technologies are first applied in emerging market contexts and
then in developed areas.21

The widespread use and communication of electronic data
have raised concerns about data security and privacy issues.
Especially in the medical sector with critical personal health
records, this is of utmost importance to patients and data
protection agencies. The implementation of using Google
Glass to gather and share patient information has so far been
unsuccessful, due to data privacy issues.123 Telemedicine using
cloud computing and mHealth has to be secured by advanced
encryption technologies and international data storage stand-
ards.117 There has to be a compromise between advancing
medical diagnosis via data analyses and protecting patients’
data. This might be especially challenging for regions where
data privacy is traditionally handled more seriously and strictly
and its protection is considered the responsibility of each
individual, such as in Europe.124 With respect to data security

Figure 7. Two-dimensional plot of physician and developer priorities.
In addition to Figure 2, the focus of emerging and developed
countries on these criteria is illustrated (D = developed countries, E =
emerging countries, red = highly important, green = lower
importance).
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there is no general, clear-cut distinction between emerging and
developed market practices. It is advisable to integrate data
protection mechanisms into the POCT systems’ functionalities
as early as possible and comply with stricter policies in order to
ensure applicability in a high number of countries.
Affordable. The economic feasibility is a fundamental

aspect for thriving commercialization of POCT devices.
Especially in developing countries, POCT systems will be
utilized only if accessible to a critical mass of people.
Therefore, consultation and involvement of the industry sector
in early stages of development is of highest importance. Health
insurance companies will only be attracted by increased
affordability of diagnostic test routines. Another obstacle in
establishing new POCT systems could be the supremacy of
large diagnostic companies. Dominant institutional forces tend
to fight simpler alternatives because these supposedly threaten
their profits.125 Furthermore, the high monetary hurdles in the
POCT approval process can often only be tackled by the big
players in the health care sector or by joint collaboration and
alliances of many different (local) market players and
stakeholders.110

Whereas the approval process is of most significant
importance for POCTs to be successful in countries where
health insurance generally covers the costs for medical services,
in emerging markets it might be the different payment models
offered. Innovative solutions, such as “pay-as-you-go” options,
financial self-help groups,126 or package prices for large project-
based diagnostics, might be some ideas for both developers
and physicians to offer their service.
Decrees such as the EU Regulation 2017/746 of the

European Parliament and of the Council on in vitro diagnostic
medical devices (IVDR) prescribe new requirements for
POCTs. On the one hand, the more stringent approval
procedure and obligation for recertification will lead to higher
performance and safety outcomes in POCTs and thus might
raise their reputation and scope of application. On the other
hand, this can also pose a high challenge for smaller, financially
constrained developers of POCTs to enter and remain in the
market.127,128

Low or No Maintenance and Consumption. Direct
maintenance costs are not incurred for most POCTs compared
to complex diagnostic systems. However, the functionality of
the tests must be ensured centrally during the manufacturing
process. Especially in developing countries, this can be an
advantage, as fewer experts have to be available on site. The
expertise is thus transferred from the periphery to the
headquarters. Particularly in the event of an epidemic,
however, the supply routes for POCTs must effectively
function and be established resiliently, and also enough test
systems must be available in stock. In emergency situations,
infrastructure is often overloaded, resulting in supply bottle-
necks and long delivery times.
Figure 7 shows that this point is considered particularly

important by physicians but is often neglected by developers.
This is probably due to physicians’ greater practical experience
on site. Especially complex POCT evaluation systems, which
are used several times, can certainly be optimized concerning
this point. Consequently, there is still great potential for
developers to develop low or no maintenance POCTs with low
resource consumption. Advances in this direction might
increase the penetration of POCT usage especially in emerging
market regions.

Environmentally Friendly. Climate change and the
accelerated public discourse and growing consciousness of it
make the environmental impact of POCTs an important
commercialization factor. POCTs are most often single-use
tests, and the amount of generated waste is very high. Correct
disposal must be guaranteed here. As POCTs are often units of
several components, the entire unit must be disposed of in
accordance to the regulations for the most toxic component in
the system. Contamination with blood or other body fluids
must also be taken into account. Due to, on average, more
advanced recycling systems and possibilities in developed
countries, this challenge might be more prominent in emerging
countries. It is the responsibility of developers to support these
countries with the task and offer environmentally friendly
products and recycling solutions.
Thorough market exploration by developers is important to

increase the accessibility of POCTs. This is one of the first key
steps for successful frugal innovation.129 While highly
developed countries serve virtually all levels of POCT
complexity, the situation in developing countries is often
different. The lower the country’s level of development, the
easier and the more adapted to local challenges the
performance and evaluation of POCTs should be (Figure 8).

In Figure 8, the developed POCT can be placed on the
“Line of diagnostic feasibility” according to its complexity of
performance and evaluation. If the point lies within the
affordability of a country, the market launch is expected to be
successful. In order to reach everyone, everywhere, the POCT
should be as close as possible to the point of optimal feasibility.
However, the simplification of the POCT often goes hand in
hand with a reduction in performance, so a reasonable balance
has to be found.
This state of development is highly dynamic as Figure 8

indicates. For example, previously underdeveloped countries
can improve their medical infrastructure to address more
products following the “Line of diagnostic feasibility”.
However, this can also be the opposite (e.g., war, collapse of
states). But also product requirements can change. Thus, a
decrease of technological requirements leads to a shift of the
product on the “line of feasibility” downward. If new features
are implemented, an increase in complexity is to be expected,
which can no longer be provided by every country. An exact

Figure 8. Changes in POCT feasibility between two time points.
POCTs are portrayed as ×, placed on the “Line of feasibility”
according to their complexity: (1) increase or decrease of the level of
development of the targeted country; (2) decrease of technological
requirements (smartphone evaluation, more-user-friendly design); (3)
increase of technological requirements to gain new features
(quantification, multiplexing capability).
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evaluation of product and target country is therefore obligatory
prior to market launch.
Based on the examples discussed, Table 3 summarizes

practical advice for the development and establishment of
POCT by developers and physicians, allowing the full potential
of POCTs to be exploited.

■ CONCLUSION

An ever faster changing world requires diagnostics that can
keep pace with specific local conditions and challenges and still
be capable of efficiently generating test results. POCTs are a
promising way to realize this. Rethinking conventional
development approaches outside the box and taking on new
perspectives has led to extremely successful frugal innovations
in this field. While the majority of rapid tests are based on
chemical and biotechnological reactions, digitization is pushing
heavily into this market.130 Results are read out in electronic
form and monitored via smartphone applications. eHealth,
mHealth, and telemedicine are already buzzwords leading to
futuristic smart devices enabling affordable personalized health
care. By focusing on resources nearly everyone possesses (a
smartphone, taste, visual read-out) and low-cost POCT kits,
the utilization of POCT diagnostics in every area worldwide is
possible. Properly applied, they could limit the spread of
epidemics and improve the distribution of medical supplies.
Especially in remote areas, where medicines have to be
deployed sparingly, they could relieve the burden on health
systems.
Further development of POCT diagnostics positively

impacts health systems around the globe.131 In 2004, the Bill
& Melinda Gates Foundation organized a Global Health
Diagnostics Forum on the attributable benefits of improved
global POCT systems.131 The conclusion of this symposium
was that investment in increasing access to POCTs would have
a greater impact than enhancements of test performance. This
statement is a true advocate for the support of frugal
innovations. But not only the POCT market is facing exciting
transformations. The global health care market in general has
to adapt to this new situation. POCT systems meeting the
requirements of frugal innovations (affordable, rapid, and easy-
to-use) can make health care solutions more personalized and
efficient in epidemic situations, so that low-cost comes hand in
hand with high-quality.
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