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to assess tumor margins compromises the ability to deliver effective
care (7).

Despite differences in infrastructure and resources, the gaps in care
for screening, diagnosis, and image-guided interventions or therapy are
similar in both low- and high-resource settings (Fig. 1, outer ring). In-
adequate screening in primary care settings leads to inappropriate re-
ferral, where opportunities for early detection and treatment can be
missed, or patients can be unnecessarily referred to a higher level of care,
increasing associated costs of care. Inadequate diagnosis can further
delay treatment. At the PoP, inadequate treatment worsens outcomes
and leads to the need for additional treatment visits. At the population
level, poor knowledge of health conditions makes it difficult to plan for
the needs of the health care system and to assess whether resources are
appropriately deployed. To improve this process of screening, diagnosis,
and referrals, there is an opportunity to leverage advances in telecom-
munications technology and consumer electronics to develop imaging
technologies for the PoC/PoP that promote equitable access to health-
improving technologies, regardless of the country or resource setting
(Fig. 1, inner ring).

Although large medical imaging systems that can only be used in
specialty care settings are high in cost, the need at the PoC/PoP is to
minimize the cost of the imaging device itself and, more importantly,
the per-test cost of the imaging procedure. Cost minimization is partic-
ularly important in low-resource settings, where designers must also
consider supply chain limitations and the frequent lack of infrastructure
(power, water, disinfection protocols, extreme environmental condi-
tions). With networked results, epidemiologic monitoring can be im-
proved and health care systems strengthened. Broad dissemination of
such systems to ultimately improve care at the PoC/PoP requires com-
mercialization through industry, philanthropic, or government support.

Primary care:
Screening

Inadequate planning
for health care

Networked results: Real-time results:
Epidemiological

monitoring

Optical imaging
technologies
for PoC/PoP

System:
Health surveillance

Real-time results:
More effective
therapy at PoP

Networked results:
Health systems
strengthening

Referral center:
Treatment

Inadequate treatment
and additional followup

——

Fig. 1. Gaps in PoC and PoP that may be addressed by imaging. The outer ring illustrates current gaps
at the frontline primary care, referral care, and health care system levels. The inner ring illustrates how optical
imaging technologies designed to be used at the PoC/PoP can fill these gaps.

www.ScienceTranslationalMedicine.org

>

Combined diagnosis
and treatment at PoC

If these goals are met, there is the opportunity to demonstrate a new
generation of PoC/PoP imaging platforms that could improve the qual-
ity and efficiency of care and reduce health care costs.

This review motivates the need for PoC/PoP imaging technologies,
provides representative examples of current technological innovations
and applications, outlines steps by which these changes can be financial-
ly supported and implemented, and concludes with future challenges
and directions. Just as technological advances like genome sequencing
and electronic health records have revolutionized the practice and qual-
ity of health care, we are at another juncture of opportunity to leverage
the convergence of imaging systems with consumer electronics, wireless
communication networks, and advanced computation and automation
to improve health globally, in all settings.

POINT-OF-CARE PLATFORMS

PoC imaging is an alternative approach to laboratory-based analyses
that provide diagnostic information in an outpatient setting, thereby re-
ducing the time and infrastructure necessary for clinical decision-
making (8). In resource-limited settings, PoC testing offers important
clinical benefits, including reduced clinical infrastructure and fewer pa-
tients lost to follow-up. Nevertheless, it is essential that the benefits
outweigh the costs of PoC testing, especially in settings where there
are limited economic and personnel resources. Recognizing this need,
the World Health Organization (WHO) called for PoC tests to meet
specific ASSURED criteria: Affordable, Sensitive, Specific, User-
friendly, Rapid and robust, Equipment-free, and Deliverable to end-
users (9). Additional criteria for an ideal PoC test in resource-limited
settings are that it allows quick decision-making, can be used at the clin-
ical PoC by health care workers, is of low
average cost per test, provides result dur-
ing the clinic visit, has acceptable test effi-
cacy, and is cost-effective (8). Here, we list
some platforms that have shown great
promise for fulfilling the above criteria.

Inadequate screening
and referral

Microscopy

To meet these needs, several imaging-
based PoC diagnostic tools have been
developed and translated into PoC appli-
cations. Leveraging advances in light-

emitting diodes (LEDs) and inexpensive
high-resolution image sensors, several

Referral center:
Diagnosis

approaches have focused on reducing
the cost and expertise necessary for mi-
croscopy so that it can be performed at
the PoC. For example, fluorescence mi-
croscopy has been shown to improve di-
agnostic sensitivity for the diagnosis of
Mpycobacterium tuberculosis compared
to bright-field microscopy (10, 11), but
laboratory-grade fluorescence microscopes
are too costly for many low-resource settings.
In response, commercially available LED-
based fluorescence microscopes have been
developed for low-resource settings, includ-
ing a stand-alone fluorescence microscope

Inadequate diagnosis
and treatment referral
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from the Foundation for Innovative New Diagnostics (FIND; http://www.
finddiagnostics.org), and adaptors have been designed to add fluorescence
capability to traditional bright-field microscopes (10). Field tests with clin-
ical samples in Uganda have shown that these LED-based fluorescence
systems improve sensitivity and reduce examination time compared with
bright-field microscopes (10). Furthermore, owing to the high performance
and low cost of these systems—ranging from US$700 to US$1750—the
WHO now recommends that LED fluorescence microscopy should replace
conventional fluorescence microscopy. Miller and colleagues (11) devel-
oped an even lower-cost (US$240), stand-alone, battery-powered fluores-
cence field microscope that uses battery-operated LED flashlights. In a
small pilot study of diagnostic accuracy for M. tuberculosis in clinical
samples, concordant results were obtained with the field fluorescence mi-
croscope and a laboratory-grade fluorescence microscope in >98% of cases
examined (11).

A modular, portable fluorescence microscope has been designed and
evaluated in the laboratory for measuring white blood cell count and a
three-part differential from a small drop of capillary blood applied to a

A

LED illumination (i

Plastic
diffuser

iPhone, 1.9 MP HTCWS, 5 MP

"!96 g A

6.8

iPhone 4,5 MP iPhone 5,8 MP

Multiphone
holder

Camera
position

Cellphone lens

CMOS sensor

Fig. 2. PoC microscopes and flow cytometers. (A) A cell phone-based
microscope. Four different cell phones were used to obtain images of a
Wright-stained blood smear (74), illustrating the resulting differences in
image resolution, color, and brightness. For global health care, these
images can be viewed locally and transmitted remotely for storage or fur-
ther analysis. [IMAGE: Visible Earth, NASA.] (B) Foldscope components,
tools, and instructions used in its assembly. The cross-section view shows
sample mount and translation mechanism, LED illumination, and imaging
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disposable cartridge containing fluorescent dye (12). Mobile phone-
based clinical microscopy has also shown promise for PoC testing in
global health applications (13). A mobile phone-mounted microscope
was used in the laboratory to image Plasmodium falciparum-infected
and sickled red blood cells from patient samples in bright-field mode,
and M. tuberculosis-infected sputum cells from patient samples in flu-
orescence mode using the camera in the phone and a liquid crystal
display (LCD) screen to capture and display the images (13) (Fig. 2A).
This approach opens the possibility of processing and storing images
locally or transmitting them to a central location for interpretation
and storage. However, quantitative image analysis can be complicated
by proprietary and rapidly evolving image processing algorithms present
across a diverse array of commercially available phones, such as iPhones
(Apple) and HTCs (Windows, Android). For example, automatic focus
can alter effective magnification, resulting in changes in apparent feature
size, and built-in sharpening algorithms can produce halos around high-
contrast structures. Strategies, therefore, have to be developed to control
for these factors across a broad range of smartphones (14).
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optics. The sample is inserted from the side. Images were acquired from 1-um
polystyrene beads in bright field, 2-um fluorescent beads in fluores-
cence, a Giemsa-stained blood smear in lens array, and 6-um polystyrene
beads in dark field modes (75). (C) Schematic diagram and photo of a cell
phone-based flow cytometer. The spatial resolution of the system is about
2 um, and images acquired with the system show that it can resolve 2- and
4-um-diameter fluorescent beads (78). Images reproduced from (74, 15, 18)
with permission.
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An ultra-low-cost, origami-based approach has recently been re-
ported for developing bright-field, dark-field, and fluorescence micro-
scopes that can withstand harsh field conditions (15). This “Foldscope”
(http://www.foldscope.com) is assembled from a flat piece of paper,
which is folded to hold an illumination system containing LEDs; imag-
ing optics composed of microlenses; and a sample mounting system to
hold, translate, and focus on a slide containing the specimen of interest.
Images are viewable by eye or can be projected on a screen (Fig. 2B).
Early bench tests show that the Foldscope can be used to visualize
parasites such as Giardia lamblia and Trypanosoma cruzi in cultured
samples (15). In a related approach, a lens-free cell phone microscope
that uses in-line digital holography has been used to image biological
samples with large field of view (for example, 20 to 30 mm?), without
a trade-off in spatial resolution (16). Promising results have been ob-
tained in the laboratory for blood smears, dilute samples of fixed
waterborne parasites, and cytologic specimens from patients (17).

Flow-based systems

As an alternative to microscopy, several groups have proposed the use of
cell phone-based imaging to develop on-chip flow cytometry systems
(17-20). Ozcan and colleagues developed an imaging cytometry plat-
form in which fluorescently labeled cells are flowed through a disposable
microfluidic channel positioned above a cell phone camera (Fig. 2C). Ex-
citation light from an LED is directed through the microfluidic channel
to excite fluorescence, and spatial resolution is about 2 um. Movies are
acquired as objects flow through the microchannel and are processed to
quantify the number and density of labeled particles. Pilot laboratory
testing showed that whole blood labeled with a fluorescent dye could
be used to estimate white blood cell density in reasonable agreement
with a gold standard hematology analyzer: for 12 patient samples with
white blood cell concentrations ranging from 4000 to 8000 cells/pl, the
95% limits of agreement were 1026 cells/ul (lower) and 347 cells/pl
(upper) (18).

Flow-based systems provide an alternative approach to obtain the
needed spatial resolution in a lens-free system. Sub-pixel resolution
has been obtained by using an optofluidic system to flow specimens
across an image sensor (21). Image reconstruction algorithms can yield
submicron spatial resolution, and automated scanning of large sample
volumes is possible. Bench testing showed that color images of red
blood cells could be acquired to aid in recognizing cells infected with
P. falciparum (22). In an alternate approach, a moving light source
was used to illuminate the sample and create multiple shadow images
of the sample over a light sensor. These low-resolution images were pro-
cessed to yield a high-resolution image; proof-of-concept images of
three types of cultured waterborne parasites were obtained using this
approach (23). Currently, full-image reconstruction requires a few
minutes of processing time using a personal computer with an Intel i3
processor. Alternative processing strategies must be developed to sup-
port field use in low-resource settings.

Depth-resolved imaging

Technological advances are also being made to add two-dimensional
(2D) and 3D depth-resolved optical imaging capabilities to the PoC
in a platform resembling the handheld otoscope and ophthalmoscope
—two instruments that are ubiquitous in primary care medicine. For
example, optical coherence tomography (OCT) (for depth-resolved im-
aging) has been integrated with video-based surface imaging in a
handheld scanner with interchangeable tips to provide real-time micro-
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scopic assessment of tissue sites commonly examined in primary care,
including the ears, eyes, skin, oral mucosa, and teeth (Fig. 3A) (24, 25).
Several laboratory and translational clinical human studies in adults and
children have demonstrated noninvasive identification of middle-ear
biofilms and their relationship to the severity of otitis media (ear infec-
tions) (26)—one of the most common diseases in children that can of-
ten lead to hearing loss, speech and language delays, and lifelong
disability, if not treated appropriately. Technologies such as these could
not only provide high-resolution imaging for screening and diagnosis at
the PoC but also be used to monitor treatment efficacy for guiding pro-
cedures and interventions.

POINT-OF-PROCEDURE PLATFORMS

The care of a patient often involves medical and surgical procedures
performed by primary care providers and specialists. Universally, visu-
alization is essential for a successful surgery, whether it be by naked eye
or aided by imaging systems such as video-guided endoscopy or colo-
noscopy, ultrasound- or magnetic resonance—guided needle biopsy, or
robotic-assisted procedures that rely on video imaging for internal ma-
nipulation of tissue. Most of these examples rely on either large imaging
systems for whole-body imaging or video-based imaging to visualize
surface features of tissues (in other words, not at the cellular or molec-
ular scale). Histopathological assessment of tissue, as the gold standard,
can provide cellular or molecular information. However, pathologists
work on excised tissue removed at the PoP and assess the tissue within
hours, with the full report days later.

Within medicine and surgery, there remain opportunities for PoP
optical imaging to essentially bring the microscopic cellular and molec-
ular imaging capabilities to health care providers in real time. This could
be especially useful in situations where it is not safe or practical to re-
move tissue for histopathological assessment. Here, noninvasive or
minimally invasive methods to evaluate the cellular- or molecular-level
changes in tissue in situ are needed. Moreover, many low-resource set-
tings lack the infrastructure and expertise needed for diagnostic pathol-
ogy, so real-time diagnosis with robust, affordable systems would
greatly improve care.

Intraoperative imaging

PoP imaging applications in surgery, particularly in the surgical treat-
ment of breast cancer, have been an active area of research in recent
years, largely because of the high 38% reoperation rate after breast con-
serving surgery (27). This high rate occurs because the surgical margins
on the resected tissue/tumor specimen are often found to harbor tumor
cells, implying that tumor cells remain within the surgical tumor cavity
of the patient. Detecting these microscopically currently takes place in
the pathology laboratory, often days after the surgical procedure has
ended. OCT has been developed as a label-free PoP imaging technology
to provide real-time intraoperative microscopic assessment of breast tu-
mor margins and lymph nodes (28, 29). OCT relies on the inherent dif-
ferences in optical scattering between tissue types, and can be performed
using compact chip-based optical sources instead of large and costly la-
sers, making future translation of OCT into PoC applications in low-
resource settings feasible. Because the biomechanical properties of
tissues also change in disease processes, an imaging needle capable of
both OCT and elastography measurements has been developed for
probing breast tissue to localize the tumor boundary (30).
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Several fluorescence-based techniques have also been reported to
identify tumor tissue and cells along surgical margins, using endoge-
nous autofluorescence (31) and the addition of exogenous fluorescent
contrast agents injected intravenously (32) or at the tumor site, or even
sprayed onto the surface of the tumor cavity during the open surgery
(33). These exogenous agents may target to specific molecular receptors
overexpressed on the tumor cells. The stronger fluorescence emission
from exogenous agents permits wide-field imaging across the surgical
field, which is challenging for point-scanning methods. These techni-
ques can also identify spectroscopic molecular differences between
tissue types, but weak autofluorescence can often require seconds of ac-
quisition time per point. Real-time confocal microscopy, as a label-free
modality, has been used to guide laser ablation of basal cell carcinoma
and assess resected skin tumor and tissue specimens during Mohs sur-
geries, which replaces the time and expense of frequent histological pro-
cessing of resected specimens (34).

Outside the surgical suite

Many medical procedures take place outside the surgical suite, and PoP
imaging technologies have advanced these to provide real-time
feedback for screening and diagnostic purposes, ahead of the results
from the histopathological examination of tissue specimens acquired
during biopsy. Fluorescence and spectroscopic methods have been
widely used for disease diagnosis and treatment monitoring, often with
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Fig. 3. PoC and PoP imaging systems. (A) Handheld OCT scanner for
primary care imaging. The handheld unit with a built-in screen shows both
the surface video image and the depth-resolved OCT images in real time.
Interchangeable tips are used for imaging various tissue sites. Reproduced
from (24, 25) with permission. (B) A handheld diffuse optical spectroscopy
scanner generates images based on water, deoxyhemoglobin, and fat con-
tent in the human breast for early identification of treatment response dur-
ing chemotherapy. When compared to breast MRI, the low-cost and portable
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image-based representations of these signals to spatially resolve changes
in tissue. Portable handheld devices have enabled access to sampling
and imaging the water, deoxyhemoglobin, and fat content of breast
tissue in humans (Fig. 3B), with clear differences between normal and
tumor tissue, as well as differences that predict early on the treatment
response after chemotherapy (35, 36). A study involving nine breast
cancer patients undergoing chemotherapy showed strong correlations
between the functional optical image data and magnetic resonance im-
aging (MRI) breast density, suggesting that this low-cost and portable
optical imaging system could be used at the bedside to assess response to
therapy (37).

Coherent optical methods can be used to collect scattering signatures
from sub-resolution subcellular structures and, in turn, enable assess-
ment of the local tissue microenvironment and the “field effect” in tissue
(38). For colon and esophageal cancers, especially, the field effect could
inform diagnosis and treatment options without the need to physically
biopsy, retrieve, and process tissue specimens (39, 40). In other proce-
dures in the gastrointestinal tract, a tethered capsule for OCT scanning
of the esophagus could help screen patients with Barrett’s esophagus for
progression to high-grade dysplasia and adenocarcinoma, with the goal
of reducing the need to take random tissue biopsies (Fig. 3C) (41).
Compact, battery-powered, low-cost imaging systems, some based on
consumer-grade cameras, allow for PoP visualization of cells and tissues
acquired from patients to diagnose disease earlier, such as precancer
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optical imaging system data strongly correlate with breast density and pro-
vide additional functional information. Reproduced from (37) with permis-
sion. (C) A tethered imaging capsule coupled to a portable OCT system
enables rapid high-resolution 3D imaging of the human esophagus for
screening and surveillance of premalignant changes in Barrett's esophagus
patients. The tethered imaging capsule is swallowed, then pulled back dur-
ing image acquisition to collect the 3D image data. Reproduced from (47)
with permission.
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(42-44). These devices have been used for cervical precancer detection
in low-resource settings in Botswana (45) and China (43). New peptide-
targeted fluorescent dyes have been developed to target esophageal
high-grade dysplasia and adenocarcinoma; in vivo studies in 25 patients
with Barrett’s esophagus show increased fluorescence in neoplastic re-
gions and suggest that molecular PoP imaging may improve targeted
biopsy and early detection (46).

SCREENING VERSUS DIAGNOSTICS

Although the above platforms can be divided into applications for PoC
and PoP imaging, it is also possible to consider the roles of these tech-
nologies along the spectrum of patient care, namely, screening for disease,
diagnosing a disease, and monitoring the treatment or intervention of a
disease. Imaging technologies for screening applications are targeted
toward use in the general population, which consists primarily of healthy
individuals that do not have any obvious signs or symptoms of a disease,
who are being seen for preventative health care and wellness visits. Here,
the goal is to rapidly and inexpensively identify abnormal findings from
normal variants, with less emphasis on identifying precisely what disease
may be present. Screening PoC and PoP imaging technologies are most
needed at this front line of our health care system because early detection
of disease generally results in early treatment and more effective out-
comes. In designing early detection programs, it is important to balance
the potential benefits of early detection against the potential harms as-
sociated with screening. For example, a recent review of breast cancer
screening outcomes in Europe noted that for every 1000 women
screened biennially between the ages of 50 and 69 years, an estimated
7 to 9 breast cancer deaths are avoided; however, 200 women have at
least one false-positive screening result, and 30 of those women undergo
an invasive procedure, such as a needle biopsy that yields a negative re-
sult (47).

Diagnostic PoC or PoP technologies are used for patients that have a
disease, with the need to determine the specific type to select or guide
treatment. Although the gold standard for diagnosis is histopathology,
PoC/PoP imaging technologies can shift the point of diagnosis into real
time, when this information can be used during care and during
procedure interventions. Finally, PoC/PoP imaging can be used for
treatment monitoring to determine if the therapy is or will be effective,
with the potential to save time and costs, and open further options for
alternative treatments. For example, new functional and metabolic im-
aging techniques have shown promise as early predictors of tumor re-
sponse to therapy, potentially enabling treatment regimens tailored for
maximum response and minimal toxicity (48, 49). Diffusion-weighted
MRI, dynamic contrast-enhanced MRI, and 18-fluorodeoxyglucose
positron emission tomography all have shown promise as early re-
sponse indicators, but are still at the investigational stage (48). Imaging
tumor hypoxia and adaptation to hypoxia also appears predictive of re-
sponse to therapy (49) and can be measured with optical instrumenta-
tion that is suitable for use at the PoP (50).

These example platforms also represent different stages along the
path of development, commercialization, and integration. Early-stage
technologies are identified as those with engineered and functional
systems placed in clinical settings for initial first-to-human or small
clinical feasibility studies. Representative early-stage PoC technologies
include OCT as a screening and diagnostic technique for primary care
applications (24, 25) and the innovative low-cost Foldscope platform for
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assembling a working microscope (15) (Figs. 2 and 3). Among the early-
stage PoP technologies are different optical imaging modalities and
methods, including fluorescence (32), spectroscopy (31), and OCT
(28, 29) for tumor margin assessment. Mid-stage technologies are iden-
tified as those currently involved in larger multi-institutional trials in
either low- and high-resource countries. A representative example of
a mid-stage PoC technology is the implementation of fluorescence mi-
croscopy as a replacement for bright-field microscopy (10). Represent-
ative mid-stage PoP technologies include the handheld scanner for
spectroscopic imaging of breast tumors and tissue for assessing treat-
ment response (37, 51), as well as the array of optical techniques to eval-
uate the field effect of carcinogenesis during gastrointestinal imaging
procedures (38). Late-stage technologies are those that have been widely
evaluated in clinical trials and have been adopted by health care provid-
ers and integrated into health care systems. At the PoP, the use of visual
examination has been successfully used to detect and enable immediate
treatment of cervical precancer in low-resource settings (52), and optical
technologies to improve specificity of visual inspection are in early-stage
development (43). Currently, despite a large and increasing number of
new PoC imaging technologies, none can be considered late-stage.
However, as described later, the successful implementation of the rapid
HIV test is a non-imaging example for a late-stage PoC technology (53)
and one that perhaps establishes a pathway for the imaging-based tech-
nologies to follow.

CHANGING THE HEALTH CARE INFRASTRUCTURE

What might the opportunities be if we could redesign our frontline PoC
and PoP health care system enterprise from scratch? This opportunity
exists in low-resource countries, and lessons learned from such a trans-
formation could be brought back to improve the standard of care—and
potentially reduce costs—in high-resource countries. Currently, in
high-resource settings, new technologies are almost always incor-
porated as an addition to the standard of care; so, even though they
may improve care, it is often at a higher cost (54). Low-resource settings
face the necessity of defining a new standard of care, one where new
technologies can be developed to provide the high-quality care for great
value (55). Similar to the rapid expansion of cell phone networks in de-
veloping countries, which leapfrogged land lines, new technology—or
health care models based on systems engineering principles—may
leapfrog traditional medical exams, tools, and visits (56).

In both settings, it is important to ensure that screening and diag-
nostic technologies are implemented at the PoC in ways that maximize
their potential benefit (57). Decision analysis provides a tool to examine
the health and economic costs of trade-offs in sensitivity and specificity
(58). The Bill & Melinda Gates Foundation convened the Global Health
Diagnostics Forum to estimate the potential impact of new PoC diag-
nostic tools for a broad range of infectious diseases (57). Researchers
developed a model to estimate the potential impact of new diagnostics
for bacterial pneumonia, HIV/AIDS, diarrheal diseases, malaria, tuber-
culosis, and sexually transmitted infections, and determined the test
sensitivity, specificity, and infrastructure requirements necessary to ac-
hieve these benefits (57, 58). Results showed that substantial benefits are
possible from new diagnostics, and that to achieve maximum benefit,
tests should not require clean water, electricity, or trained staff. Im-
provements in access to new diagnostics were forecast to have greater
health impact than improvements in test accuracy (59).
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