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Abstract
The conjunctival and cerebral vasculatures share similar embryological origins, with similar
structural and physiological characteristics. Tracking the conjunctival microvasculature may
provide useful information for predicting the onset, progression and prognosis of both systemic
and central nervous system (CNS) vascular diseases. The bulbar conjunctival vasculature was
imaged using a retinal function imager (RFI, Optical Imaging Ltd, Rehovot, Israel). Hemoglobin
in red blood cells was used as an intrinsic motion-contrast agent in the generation of detailed
noninvasive capillary-perfusion maps (nCPMs) and the calculation of the blood flow velocity.
Five healthy subjects were imaged under normal conditions and again under the stress condition of
wearing a contact lens. The retina was also imaged in one eye of one subject for comparison. The
nCPMs showed the conjunctival microvasculature in exquisite detail, which appeared as clear as
the retinal nCPMs. The blood flow velocities in the temporal conjunctival microvasculature were
0.86 ± 0.08 (mean ± SD, mm/s) for the bare eye and 0.99 ± 0.11 mm/s with contact lens wear. It is
feasible to use RFI for imaging the conjunctival vasculature.
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Introduction
The vasculatures in the eye and cerebral cortex have the same main blood supply, which is
the internal carotid artery (ICA). The bulbar conjunctival vasculature is regarded as the
terminal vascular bed of the human ICA (Duke-Elder S, 1961). The bulbar conjunctiva
vessels can be accessed directly and non-invasively, and studies of the conjunctival
microvasculature have provided sensitive indicators of both systemic and CNS vascular
diseases (Cheung et al., 2001a;Cheung et al., 2001b;Cheung et al., 2002a;Ohtani,
1996;Schaser et al., 2003). Retinal vascular function, particularly blood flow velocity and
capillary perfusion, has been assessed without contrast using the retinal function imager
(RFI,) (Nelson et al., 2011;Nelson et al., 2005). However, capillary perfusion and blood
flow velocity in a wide field have not been generated previously for the conjunctiva. The
purpose was to ascertain the feasibility of utilizing a commercially available RFI instrument
to image the conjunctival microvasculature and compare findings to RFI image
characteristics of the retina. In addition, the feasibility of imaging the conjunctival
microvasculature through the contact lens was also demonstrated.

Materials and Methods
The study was approved by the Institutional Review Board of the University of Miami. All
participants provided written informed consent. To test the feasibility of using RFI to
measure the conjunctival vessels, five healthy subjects (3 males and 2 females, aged 36.4 ±
8.4 years) were recruited. The temporal conjunctiva of one randomly selected eye in each
subject was imaged by RFI. In addition, the retina was imaged in 1 eye for comparison. The
device has been described in details elsewhere (Nelson et al., 2011;Nelson et al.,
2005;Beutelspacher et al., 2011;Landa et al., 2012;Landa and Rosen, 2010). Briefly, the RFI
is a fundus camera-based device with an attachment of a specific camera (a 60-Hz, 1024 ×
1024-pixel digital camera) that captures reflectance changes as a function of time under
stroboscopic illumination (wavelengths between 530 and 590 nm). Eight consecutive flashes
with an interflash interval of less than 20 ms were used to take 8 images (Nelson et al.,
2011). Hemoglobin in red blood cells acted as an intrinsic motion-contrast agent in the
generation of detailed noninvasive capillary-perfusion maps (nCPMs), and the blood flow
velocity was calculated using the proprietary software of the device (Nelson et al.,
2011;Izhaky et al., 2009). After image acquisition, imaging algorithm registered a set of 8
images. After that, ratio images were created by dividing each image by the average of the
set to obtain the motion signal of the hemoglobin in red blood cells along the path, resulting
in the visualization of the microvasculature (nCPM). Blood flow velocity map was also
calculated based on the motion signal.

Conjunctival vessels are in the transparent or semi-transparent conjunctival tissue, which
provides the possibility being imaged by RFI. In the present study, the system was adapted
for imaging the conjunctiva by focusing on the ocular surface when the subject was fixed at
approximately 45 degrees to the nasal side. The temporal conjunctiva of the test eye (Figure
2) was imaged under normal conditions, and the imaging was repeated after wearing a
contact lens (CL: PureVision, BC 8.3 mm, −3.00D) for 5 minutes. The blood flow velocities
were measured at approximately twenty vessel segments. The measurement was performed
in a dedicated room with a controlled temperature (between 22°C and 24°C) and humidity to
avoid the possible impact of the external environment on conjunctival microcirculation
(Duench et al., 2007). The subjects were asked to relax for 15 minutes before imaging. At
another visit, the fovea of one subject was imaged, and a series of eight images were
acquired. Multiple image sessions were performed to calculate the nCPMs. Blood flow
velocity was calculated in the second or third branches of both major retinal arteries and
veins (Figure 1). It took about 10 minutes to complete imaging one eye for each visit.
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Results
The nCPMs were successfully acquired, and the capillaries were shown in exquisite detail
on the temporal bulbar conjunctiva with and without the CL in situ (Figures 1 and 2), which
appeared to be as clear as the nCPMs in the retina. Using the flow movie and velocity
measurements, the conjunctival arteries and veins were clearly visualized and identified
(Figure 3). An avascular zone was evident in the retina (Figure 1). The blood flow velocities
in the temporal conjunctival microvessels without and with the CL were 0.86 ± 0.08 (mean
± SD, mm/s) and 0.99 ± 0.11 mm/s, respectively (p = 0.09). The blood flow velocities of the
retinal artery and vein were 3.70 mm/s and 2.73 mm/s, respectively.

Discussion
Tracking both conjunctival and retinal microvasculature may provide useful information in
predicting the onset, progression and prognosis of both systemic and CNS vascular diseases
(Cheung et al., 2001a;Cheung et al., 2001b;Cheung et al., 2002a;Ohtani, 1996;Schaser et al.,
2003). RFI was designed to directly and non-invasively measure the retinal vessel blood-
flow velocity and to perform capillary perfusion mapping (Izhaky et al., 2009), which can be
used to measure the vasoreactivity of vessels with a smaller diameter. In the present study,
we demonstrated that RFI could be used to study the conjunctival microvasculature and its
flow velocity, which may provide more information on the early stage of cerebral
microvascular changes. To the best of our knowledge, this pilot study is the first to
demonstrate that optical imaging using RFI is feasible for obtaining high-resolution nCPMs
and providing the blood flow velocity of the bulbar conjunctiva. The image quality appeared
as good as that obtained in the retina. The blood flow velocity of the conjunctiva was lower
than the retina, indicating the terminal vascular beds of the conjunctival microvasculature
(Duke-Elder S, 1961). This may also be an indication of the different physiologic needs
because the conjunctiva is a protective membrane that lubricates and protects the ocular
surface. In contrast, the retina is a complex sensory organ with a high metabolic demand for
oxygen to sense light and process vision.

The feasibility of the study of both the bulbar conjunctival and retinal microvasculature
using the same device provides the opportunity for non-invasive functional and structural
studies of central nervous system and systemic vascular diseases. Bulbar conjunctival blood
flow is sensitive to the change of the supplying vessels and correlates with cerebral blood
flow during aortic arch surgery (Ohtani, 1996). It has also been used for intraoperative
monitoring during carotid artery surgery, with microcirculation attenuation when the ICA
was clamped and restoration immediately after ICA reperfusion (Schaser et al., 2003).
Cheung et al reported conjunctival microangiopathy in type I diabetic patients that reversed
following simultaneous pancreas-kidney transplantation (Cheung et al., 1999;Cheung et al.,
1997;Cheung et al., 1994) and sickle cell-related conjunctival microangiopathy that
improved following poloxamer 188 treatments (Cheung et al., 2004). Diabetic conjunctival
microangiopathy was identified earlier than diabetic retinopathy (To et al., 2011).

RFI with its image-processing software within the device has the capability to directly and
noninvasively image high-resolution and wide-field nCPMs, as demonstrated in previous
studies (Nelson et al., 2005;Nelson et al., 2011). We demonstrated that the bulbar
conjunctival nCPM can also be imaged. The results are well within the range of previously
reported results using other methods (Shahidi et al., 2010;Cheung et al., 2002b) RFI may be
a unique tool for quantitatively analyzing microvasculature because both capillary perfusion
and blood velocity can be imaged in the retina and conjunctiva. Although large-scale studies
will be needed to justify its routine clinic use, the robust image analysis and ease of use may
be beneficial for both clinicians and patients, compared to other methods. Duench and
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associates modified a Heidelberg Retinal Flowmeter (HRF; Heidelberg Engineering,
Heidelberg, Germany) to measure bulbar conjunctival blood flow (Duench et al., 2007), but
only arbitrary results were provided (Duench et al., 2007). Orthogonal polarized spectral
imaging was performed to measure conjunctival capillary perfusion in a single vessel
(Schaser et al., 2003). The image field was very small (Schaser et al., 2003). Cheung and
associates used a computer-assisted video camera to analyze conjunctival microcirculation
with in-house developed software (Cheung et al., 1999). Up to 15 minutes of recording was
typically required, and the field was approximately 8 mm2 (Cheung et al., 1999). High-speed
video microcinematography (MSN) has also been used to measure pre-capillary arteriole
blood flow velocity, including the minimum of the end diastolic values and the maximum of
all of the peak systolic values and their average (Koutsiaris et al., 2010;Koutsiaris et al.,
2007). A manual approach to the registration of sequential images may be time consuming
(Koutsiaris et al., 2010).

The eye is sensitive to the outside environment, and wearing a contact lens causes the eye to
adapt. We demonstrated the feasibility of imaging conjunctival vessels through the contact
lens and measuring the conjunctival response to ocular stress by placing a contact lens on
the eye. Conjunctival hyperemia is a normal response to initial lens wear, indicating that the
microcirculation may be altered (Fonn et al., 2002). Cheung and associates demonstrated
microvascular abnormalities in the conjunctival vessel after long-term lens wear (Cheung et
al., 2012). Conjunctival tissue compression and distortion at the limbal region due to contact
lens wear have been documented (Shen et al., 2011). Although significant differences in
velocity were not found in the small sample size, the trend of increased velocity may
indicate microcirculatory compromise underneath the contact lens. The compromise may be
due to localized pressure underneath the lens (Shen et al., 2011). Future studies with a larger
sample size and a variety of lenses for an extended wearing period may further validate the
biomarkers for ocular integrity during lens wear and shed light on contact-lens-induced
corneal neovascularization and conjunctival hyperemia.

In conclusion, this pilot study demonstrated that optical imaging using RFI is feasible for
making high-resolution nCPMs and determining the blood flow velocity on the conjunctiva
and the microvascular changes in response to soft contact lens wear. Further validity studies
of RFI as well as clinical studies using RFI for imaging both the conjunctival and retinal
vasculature in normal controls and various types of vascular diseases, such as stroke, may
lead to the development of sensitive markers of ocular, cerebral and systemic vascular
diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Human retinal and conjunctival microvascular assessed with a retinal function imager
(RFI)
The bulbar conjunctiva (A) of a healthy subject was imaged, and measurements of the
conjunctival capillary perfusion (B) and blood flow velocity (unit: mm/s) (C) were obtained.
Similarly, the fovea of another healthy subject (D) was imaged, and measurements of the
capillary perfusion (E) and blood flow velocity expressed in mean ± SD (unit: mm/s) (F)
were obtained. The avascular zone was evident in the fovea. Note that negative values (red)
indicate blood flow moving away from the heart and that the vessels are arteries. Positive
values (pink) represent the veins.
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Figure 2. Human conjunctival microvasculature underneath a contact lens
The bulbar conjunctival region (A) of the same healthy subject shown in Figure 1 was
imaged with a soft contact lens in situ, and measurements of the bulbar conjunctival
capillary perfusion (B) and blood flow velocity (unit: mm/s) (C) were obtained. Note, bulbar
conjunctival capillary perfusion is clearly shown, (B) and the lens edge is visible (A-C).
Note that negative values (red) indicate blood flow moving away from the heart and that the
vessels are arteries. Positive values (pink) represent the veins.
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Figure 3. The microvasculature of the human conjunctiva
A: An RFI image showing vessels on the temporal region of the conjunctiva. B: nCPM of
the same region. C: Quantification of the conjunctival blood-flow velocity expressed in
mean ± SD (unit: mm/s). The images show several arteries (red) and veins (pink) that were
confirmed by viewing the flow movie from the same region. Note that negative values (red)
indicate blood flow moving away from the heart and that the vessels are arteries. Positive
values (pink) represent the veins. D: A single frame of a flow movie showing erythrocyte
clusters (black) and gaps (white) moving in the small vessels marked as yellow arrow. Red
arrow: artery; Pink arrow: Vein.
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