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A B S T R A C T   

In piglets we tested the applicability of digital video microscopy and diffuse reflectance spectroscopy for non- 
invasive assessments of limbal and bulbar conjunctival microcirculation. A priori we postulated that the meta
bolic rate is higher in limbal as compared to bulbar conjunctiva, and that this difference is reflected in micro
vascular structure or function between the two locations. Two study sites, Oslo University Hospital (OUH), 
Norway and Cleveland Clinic (CC), USA, used the same video microscopy and spectroscopy techniques to record 
limbal and bulbar microcirculation in sleeping piglets. Recordings were analyzed with custom-made software to 
quantify functional capillary density, capillary flow velocity and microvascular oxygen saturation in measuring 
volumes of approximately 0.1 mm3. The functional capillary density was higher in limbus than in bulbar con
junctiva at both study sites (OUH: 18.1 ± 2.9 versus 12.2 ± 2.9 crossings per mm line, p < 0.01; CC: 11.3 ± 3.0 
versus 7.1 ± 2.8 crossings per mm line, p < 0.01). Median categorial capillary blood flow velocity was higher in 
bulbar as compared with limbal recordings (CC: 3 (1–3) versus 1 (0–3), p < 0.01). Conjunctival microvascular 
oxygen saturation was 88 ± 5.9% in OUH versus 94 ± 7.5% in CC piglets. 

Non-invasive digital video microscopy and diffuse reflectance spectroscopy can be used to obtain data from 
conjunctival microcirculation in piglets. Limbal conjunctival microcirculation has a larger capacity for oxygen 
delivery as compared with bulbar conjunctiva.   

1. Introduction 

August Krogh, the Nobel prize laureate in Physiology or Medicine in 
1920, postulated that metabolically active cells must be located within a 
given distance of a perfused capillary (the Krogh diameter) to get suf
ficient oxygen supply (Krogh, 1919). He stated that within the tissue 
cylinder served by one capillary, the oxygen availability decreases 
exponentially at increasing distances from the center of the vessel. Cells 
outside such a cylinder will suffer from hypoxia, independent of the 

blood flow in the capillary. 
The main functions of conjunctival vessels are to transport and 

deliver oxygen and nutrients for metabolic needs, serve thermoregula
tion of the eye and serve a “watch out” function in case of infection or 
inflammation. In the limbal region, self-renewing epithelial stem cells 
are more numerous than other areas of conjunctiva (Ramos et al., 2015). 
Studies imply that limbal stem cells are crucial for maintaining the 
physiological border between the conjunctiva and the avascular cornea 
(Notara et al., 2018), and also provide corneal epithelial homeostasis. In 
a healthy bulbar conjunctiva, the metabolic demand can be postulated 
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to be lower than the limbal region as the main function is to sustain an 
intact translucent epithelial surface and supply nutrition to the under
lying sclera. 

Several techniques have been used for measurements of different 
aspects of conjunctival microcirculation, like conjunctival vessel density 
and blood flow velocities. In addition, sensors have been used for 
measuring oxygen tension (Fenton et al., 1979; Iguchi et al., 2005; Kwan 
and Fatt, 1971; Li et al., 2015; Shi et al., 2019; Shoemaker and Lawner, 
1983; van Zijderveld et al., 2014; Xu et al., 2015). These technologies 
have, however, not been used for estimating the oxygen delivery from 
the capillaries to the cells, which is the most important function of the 
circulatory system. 

Oxygen Delivery INdex (ODIN) is a non-invasive concept, for 
assessment of oxygen delivery from the microcirculation to tissue cells in 
measuring volumes of approximately 0.1 mm3. In vivo digital micro
scopy and spectroscopy, mounted in a mobile microvascular laboratory 
(mLab), are used for data file acquisition. Three parameters; Functional 
capillary density (FCD), capillary flow velocities (CFV) and microvas
cular oxygen saturation (SmvO2) are quantified during analysis. Results 
provide reproducible values for skin measurements (Fredly et al., 2015) 
and have a high sensitivity for detecting reduced oxygen delivery during 
systemic circulatory failure in both animal models and in healthy and 
sick humans (Awan et al., 2011; Fredly et al., 2016; Wester et al., 2011, 
2014). 

In piglets, our main aim was to test applicability of the ODIN concept 
for conjunctival microvascular measurements. As cell division and 
accordingly the metabolic rate and oxygen demand can be postulated to 
be higher at the limbus as compared to the bulbar conjunctiva, we also 
aimed to examine and validate sensitivity of the ODIN concept by 
comparing microvascular physiology in limbal and bulbar conjunctiva. 

2. Material and methods 

2.1. Study population 

Experiments were performed in two laboratories with common 
research interests: Oslo University Hospital (OUH), Norway and Cleve
land Clinic (CC), USA. The conjunctival microcirculation of five Nor
wegian landrace piglets of both sexes (30 ± 3 kg) (OUH) and eight 
female Yorkshire piglets (44 ± 4 kg) (CC) was recorded. The study at 
OUH was approved by the Norwegian Food Safety Authority (FOTS, id: 
6689). At CC, the study protocols were approved by Institutional Animal 
Care and Use Committee (study number 2016-1659). The animals 
received humane care in compliance with the Guide for the Care and Use 
of Laboratory Animals and institutional guidelines. 

2.2. Equipment for microvascular examinations 

Both study sites used a mobile microvascular laboratory (mLab, 
version α1, ODI Medical AS, Oslo, Norway), containing a digital video 
microscope, a spectroscope and a computer with custom made software. 

2.2.1. Digital microscopy 
A digital hand-held video-microscope (Optilia, D1, Instruments AB, 

Sollentuna, Sweden) with a 300 × magnification lens, image resolution 
of 1920 × 1080 pixels, field of view of 1.13 mm × 0.7 mm and frame rate 
of seven frames per second was used to obtain conjunctival recordings of 
20 seconds duration. 

One operator (AKK) conducted analyses off-line using a custom- 
made software (EyeSoft version 1.0, ODI). Adjustments of light in
tensity, contrast and tint optimized the image quality. In limbal re
cordings, a line touching the edge of the cornea was created by the 
operator. An additional five parallel lines separated by 100 μm were 
created by the software at increasing distances from the cornea (Fig. 1a). 
In films from the bulbar conjunctiva, six horizontal lines separated by 
100 μm were drawn (Fig. 1b). 

Capillaries (blood vessels < 20 μm) containing erythrocytes crossing 
the lines were identified and marked manually. Empty capillaries are not 
seen by the microscope. FCD was expressed as capillary crossings/mm 
line (c/mm). 

In the CC series, CFV at each capillary crossing was determined ac
cording to a six-category velocity scale (Table 1). If the velocity fluc
tuated during a film sequence, the average velocity throughout the film 
was used. Data were expressed as the fraction of capillaries in each blood 
flow category. Malfunctioning software compressed recorded OUH films 
upon storage, and velocity profiles could not be assessed. 

2.2.2. Spectroscopy 
The Diffuse Reflectance Spectroscopy (DRS) system used in this study 

has a measuring volume in the range of 0.1 mm3 (Sundheim et al., 
2017). A halogen light source (AvaLight-HAL, Avantes, Apeldoorn, The 
Netherlands) with spectral range 450–800 nm, and a measuring probe 
(FCR-7uv400-2.3-bx, Avantes) with six emitting and one receiving 400 
μm fibers were connected to a spectrometer (AvaSpec-2048-2, Avantes). 
Calibration was performed before and after each set of measurements by 
holding the probe against a white polytetrafluorethylene tile (WS-2, 
Avantes). 

The DRS spectra analyses were carried out with the help of a 
simplified tissue model, that calculates light propagation in the tissue, 
using the approach from Farrell (Farrell et al., 1992) and Jacques 
(2013). Starting with a set of initial propagation parameters for the 
tissue, the model implemented in Python/MATLAB, produced a spec
trum that is compared to the acquired DRS to calculate the optimal 
propagation parameters that reproduce the best fit to the data. Finally, 
the oxyhemoglobin and deoxyhemoglobin concentrations were 
calculated. 

2.2.3. Pulse oximetry 
The arterial oxygen saturation was monitored by a pulse oximeter 

attached to the tail (OUH: Capnostream 20p, Oridion Medical, Israel) or 
the ear (CC: Aisys CS2, GE healthcare, Illinoi U.S.). 

2.3. Laboratory procedure 

Different definitions of “limbus” exist (Van Buskirk, 1989). In the 
present study, the limbus is referred to as the surface of the eye where 
the transparent corneal and the opaque vascularized conjunctival tissue 
fuse (Fig. 2). The bulbar conjunctiva was defined as the conjunctival 
tissue located at least 2 mm away from the limbus. 

At both study sites, conjunctival microvascular baseline data were 
collected from the left eye following general anesthesia and prior to 
other planned experiments. 

At OUH, the piglets acclimatized in a cubicle with free access to 
water and food three to six days prior to the study. The piglets were 
sedated by injecting narketan/ketamine (11/33 mg/kg) intramuscularly 
in the neck. Fentanyl (30–100 μg/kg/h) and propofol (12–20 mg/kg/h) 
injections induced general anesthesia. The piglets were fixed in a supine 
position and orotracheally intubated. When stable in general anesthesia, 
a tracheostomy was performed, and an endotracheal tube inserted. 
Venous access for infusions and blood samples were secured by a 

Abbreviations 

CC Cleveland Clinic 
CFV capillary flow velocity 
FCD functional capillary density 
ODIN Oxygen delivery index 
OUH Oslo University Hospital 
SmvO2 microvascular oxygen saturation  
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catheter in the jugular vein. A catheter in the common carotid artery was 
used for monitoring blood pressure and sampling for blood gas analyses. 
A surgically inserted catheter in the urinary bladder measured urinary 
output and body temperature. Following surgery, the animals were 
placed on the right side before data acquisition. Finishing all experi
ments, the animals were euthanized by IV injection of potassium 

chloride. 
At CC, the animals were quarantined and monitored for at least three 

days prior to the study. Each piglet fasted for 12 h prior to surgery. As 
pre-medication, xylazine (2 mg/kg, IM) and ketamine (20 mg/kg, IM) 
were administered. Propofol (1 mg/kg, IV) or buprenorphine (0.05 mg/ 
kg, IV) induced general anesthesia. The piglets had an endotracheal tube 
installed, and anesthesia was maintained by isoflurane gas (1.0–3.0%). 
The temperature was monitored by a rectal thermometer (Aisys CS2 GE 
healthcare, Illinoi, U.S.). The animal was placed in a supine position, 
and then given lidocaine (up to 2 mg/kg/h IV) to prevent ventricular 
arrhythmia. At the end of the studies, the animal was heparinized (500 
U/mg) and sacrificed by administration of potassium chloride (2.5–3.5 
mEq/kg, IV) under deep anesthesia with isoflurane (5%). 

2.4. Conjunctival microvascular measurements 

The same protocol was used for data acquisition at the two study 
sites. Microscopy films were recorded from two locations: The limbus 
(<1 mm from the cornea, i.e. cornea seen in part of the frames) and the 
bulbar conjunctiva (>2 mm away from the cornea). Isotone saline was 

Fig. 1. Photo taken during analysis. Yellow boxes identify capillaries crossing six parallel lines. The number besides each box represents capillary flow velocity 
category. Vessels larger than 20 μm are not included in the analyses. Black dots (*) seen in both frames are melanin aggregates. A: Frame from limbus. Avascular 
cornea seen in the upper left corner. B: Frame from bulbar conjunctiva. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Table 1 
Categories of capillary flow velocities.  

Blood flow 
category 

Description of blood flow 

0 No flow: Visible erythrocytes, no movement 
1 Sluggish flow: Intermittent slow flow 
2 Slow flow: Continuous slow flow or Intermittent “no flow” and 

rapid flow 
3 Continuous flow 
4 Rapid flow: Continuous rapid flow or Intermittent slow and 

brisk flow 
5 Brisk flow: Continuous brisk flow 
6 Uncertain: Velocity impossible to determinate  
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applied to the eye prior to recordings. At least four film sequences were 
recorded from both locations. DRS spectra were collected from the 
conjunctiva, but we did not reach sufficient precision of the probe po
sition to differentiate between limbal and bulbar recordings. 

2.5. Statistics 

Functional capillary density and SmvO2 results are presented as 
mean ± standard deviation and displayed as box-whisker plots. 
Comparing FCD from the limbus and the bulbar conjunctiva, an inde
pendent samples t-test, with a significance level of 5% was used. CFV 
data are presented as median with interquartile range and displayed in a 
histogram. Mann Whitney U test was applied to compare CFV data from 
limbus and bulbus. The statistical analysis was performed by SPSS 
version 25 (SPSS Inc, Chicago, Illinois, USA). 

3. Results 

It was possible to obtain microscopy films and DRS spectra from all 
piglets both at OUH and CC. No adverse events were recorded during 
data collection. 

3.1. Functional capillary density (FCD) 

We recorded 119 films, of which 47 were of inferior image quality 
and excluded from analyses. We analyzed 3422 capillaries (Table 2). At 
both study sites, the FCD was higher at limbus as compared with the 
bulbar conjunctiva (OUH: 18.1 ± 2.9 versus 12.2 ± 2.9 c/mm, p < 0.01, 
CC: 11.3 ± 3.0 versus 7.1 ± 2.8 c/mm, p < 0.01) (Fig. 3). 

3.2. Capillary flow velocity (CFV) 

The most prominent flow categories were 0 (no flow) in limbus and 3 
(continuous flow) in bulbar conjunctiva (Fig. 4). Median categorial CFV 
was higher in bulbar recordings as compared with limbal recordings 
(CC: 3 (1–3) versus 1 (0–3), p < 0.01). 

3.3. Microvascular oxygen saturation (SmvO2) 

All piglets at both study sites had pulse-oximetry assessed arterial 
oxygen saturation ≥ 95%. Twenty-nine DRS spectra from Oslo and 91 
from Cleveland were analyzed (Fig. 5). The remaining spectra were 
excluded due to heavy conjunctival melanosis or that the DRS algorithm 
failed to calculate saturation values in recordings with tissue hematocrit 
values below 0.01%. Mean microvascular oxygen saturation was high at 
both study sites (OUH: 88 ± 5.9%, CC: 94 ± 7.5%). 

4. Discussion 

The present study indicates that non-invasive digital video micro
scopy and diffuse reflectance spectroscopy can be used to obtain data 
from conjunctival microcirculation. In a piglet model, two independent 
sites found that limbal conjunctival microcirculation had a larger ca
pacity for oxygen delivery as compared with bulbar conjunctiva 
measured by the ODIN concept. 

August Krogh recognized that limited diffusion capacity of oxygen in 
vertebrate tissues has been the main determinant for the evolution of 
microvascular morphology and physiology. One hundred years later, 
technologies measuring microvascular oxygen delivery in routine clin
ical medicine is still absent. Conjunctival vessels have previously been 
studied by microscopy and oxygen tensions have been estimated by 
different sensors. This study was designed to test the conjunctival 
applicability of the ODIN concept in two similar settings, using in vivo 
microscopy and spectroscopy for assessing oxygen delivery. 

The ODIN concept includes standardized technologies, a data 
acquisition protocol and analyses quantifying FCD, CFV and SmvO2. 
This is a new diagnostic tool, that has been applied both in animal and 
human studies. Published and ongoing research has focused on papillary 
capillary circulation of the skin in healthy and severely sick neonates, 
patients with acute and chronic heart failure and early warning of sys
temic inflammatory syndrome in acute pancreatitis, sepsis and covid-19 
infected (Awan et al., 2011; Fredly et al., 2015, 2016; Sundheim et al., 

Fig. 2. Anatomy at the limbus and the bulbar conjunctiva. Brown dots represent stem cells embedded in the basement membrane. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Number of microscopy films and analyzed capillaries. Capillary blood flow ve
locity is only scored in data from Cleveland Clinic and not in the Oslo University 
Hospital series due to quality of the films.   

OUH CC 

Total number of recorded films 49 70 
Number of analyzed films Limbus 19 24 

Bulbar conjunctiva 17 12 
Number of analyzed capillaries Limbus 1533 526 

Bulbar conjunctiva 1135 228  
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2017; Wester et al., 2011, 2014). 
The conjunctiva adds a new window of examination in patients with 

systemic or local eye circulatory failure (e.g. glaucoma, diabetes and 
ischemia). In ophthalmology, one could potentially use the ODIN 
concept to quantify ocular surface injuries, in guiding treatment options 
and predict healing potential. Given that the retina and bulbar con
junctiva share the same embryological ectodermal origin (Swamyna
than, 2013) and vascular supply, the microcirculation of the conjunctiva 
may also mirror the microcirculation of the central nervous system in 
patients with both systemic circulatory failure and brain pathology (e.g. 
ischemic stroke or high intracranial pressure). 

Main determinants for oxygen delivery are capillary density, capil
lary blood flow velocities and oxygen saturation. Studies of cancer cell 
growth have shown that the maximal oxygen diffusion distance from a 
perfused vessel before chronic hypoxia develops ranges between 40 and 
140 μm (Forster et al., 2017). Cell necrosis is seen at distances from 80 to 
300 μm from a perfused vessel. In this study there was higher FCD in 
limbal recordings as compared with bulbar recordings. The bulbar FCD 
in the OUH piglets of 12.2 ± 2.9 c/mm was comparable to reported 
findings in the groin skin of piglets of the same breed 10.4 and 13.2 
c/mm (Awan et al., 2011). The FCD results reported in this study are also 
within the same range as results from skin of the hand (12.4 ± 1.6 

c/mm) and chest (10.7 ± 1.6 c/mm) of newborns (Fredly et al., 2015). 
The similar FCD results among different species and different tissues 
indicate that the oxygen diffusion capacity in vertebrae tissue is a 
common denominator for the evolutional development of microvascular 
densities. Furthermore, the differences in limbal and bulbar densities 
indicate higher metabolic activity in limbus. 

Capillaries specialize in gas-equilibration, while larger vessels hav
ing a thicker diffusion barrier is of minor importance for oxygen delivery 
to cells (Akons et al., 2017). Still some degree of oxygen delivery will 
take place from arterioles. Since this factor is of minor importance for 
oxygen delivery in the current setting, we have excluded arterioles from 
the data presentation. If we had included the arterioles, the differences 
between bulbar and limbal densities would have been less, but still be 
present. 

In capillaries, low blood flow velocities (category 0 and 1) prolong 
the erythrocyte’s transit time, facilitating oxygen delivery. High blood 
flow velocities (categories 4 and 5) transform capillaries into physio
logical shunt vessels with insufficient transit time for oxygen equili
bration. Continuous flow (category 3) is seen in more than 70% of 
capillaries in healthy human skin (Fredly et al., 2015; Sundheim et al., 
2017; Wester et al., 2014). Presumably, category 3 flow is the optimal 
physiological velocity with respect to the number of erythrocytes 

Fig. 3. Functional capillary density at limbus and bulbar conjunctiva in Oslo University Hospital (A) and Cleveland Clinic (B).  

Fig. 4. Capillary flow velocity distribution at the limbus and bulbar conjunctiva (Cleveland Clinic recordings).  
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passing through a capillary and available time for oxygen delivery. In 
our study, median categorical CFV was higher in bulbar conjunctiva 
than limbus (CC: 3 (1–3) versus 1 (0–3)), and in both locations fewer 
capillaries had velocity category 3 flow as compared with previous re
ports from healthy human skin. The large spread in velocities in the 
present study is also seen in other piglet studies, and may be caused by 
anesthesia and supine positioning during measurements (Wester et al., 
2011). The lower velocities in limbus give longer transit time for the 
erythrocytes and more time for oxygen delivery. 

The spectroscope probe in this study covers approximately the same 
area as the microscopy frames: ≈1 mm2. In comparison, the limbus has a 
width of less than 1 mm. The DRS equipment used in this study did not 
allow for sufficient precision of probe positioning to differentiate be
tween limbal and bulbar DRS recordings, and DRS data can accordingly 
not be compared between limbus and bulbar conjunctiva. The 
conjunctival SmvO2 values (OUH: 88 ± 5.9% and CC: 94 ± 7.5%) were 
higher in the CC than OUH piglets, but this difference may be due to lack 
of precision in probe positions during recordings. The SmvO2 values 
were also considerably higher than what is reported from skin of piglets 
and humans (Awan et al., 2011; Fredly et al., 2015; Sundheim et al., 
2017), indicating a high physiological reserve capacity of oxygen de
livery. Since the partial pressure of oxygen in air is higher than in the 
lung alveoli (≈160 mm Hg versus 104 mm Hg), it is also possible that 
oxygen diffuses directly from the air into conjunctival capillary 
erythrocytes. 

There are some study limitations. The microscopes film sampling 
frequency of 7 frames/s, reduces the precision of velocity assessments. 
Secondly, due to software problems, velocity profiles could not be 
determined in OUH films. In addition, the positioning of the DRS probe 
was too inaccurate to distinguish between the anatomical locations of 
the recorded spectra. For future studies, technological improvements 
and trained personnel for data acquisition can contribute to optimized 
image quality and precision during recordings. Software that is currently 
in development, will detect capillary density and velocity scores auto
matically in the future. Finally, comparative studies of the current 
technology compared to novel anterior optical coherence tomography 
angiography (OCTA) of ocular surface microcirculation are needed. 

5. Conclusions 

This study shows that the microscopy and spectroscopy techniques 
can safely be applied to the conjunctiva and have sufficient resolution 

for analyses of the three ODIN variables essential for oxygen delivery. 
Differences between the two conjunctival regions were found at both 
study sites, supporting that the ODIN concept is able to detect a higher 
metabolic rate in limbus as compared to bulbus. With further refine
ment, this technology may be a supplement to standardized ocular ex
aminations in humans, offering detailed understanding of microvascular 
pathology in patients with local eye circulatory conditions and/or sys
temic circulatory failure. 
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