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Abstract: Measuring oxygen saturation in capillary vessels could provide valuable 
information on oxygen transport and tissue viability. Most spectroscopic measurement 
techniques, however, lack the spatial resolution to account for the small vessel dimensions 
within a scattering tissue and the steep gradients of oxygen saturation levels. Here, we 
developed a noninvasive technique for image-guided confocal measurement of the optical 
absorption spectrum from a small region that is comparable in size to the cross section of a 
single capillary vessel. A wide range of oxygen saturation levels were measured in a single 
capillary in a human volunteer, with blood deoxygenation rates of 7.1% per hundred microns. 
The technique could help in studying oxygen exchange dynamics in tissues and could play a 
key role in future clinical diagnosis and therapeutic applications that require localized 
functional tissue inspection. 
©2017 Optical Society of America 
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1. Introduction 
The process of oxygen delivery to the tissue occurs primarily at capillary vessels, where 
oxygen molecules detach from the hemoglobin in the red blood cells and diffuse through the 
vessel walls into the tissue. Over relatively short flow paths, blood oxygen saturation drops 
from the typically high (>90%) arterial oxygenation levels to the low (<60%) oxygen levels, 
typical to venous blood [1]. In arteries, abnormal blood oxygenation levels are often 
associated with severe medical conditions, including hypoxia, chronic obstructive pulmonary 
disease [2] and obstructive sleep apnea [3]. Techniques for measuring arterial oxygen 
saturation levels in humans include gas analysis of extracted blood [4] or, more frequently, 
noninvasive measurement of the optical absorption by hemoglobin [5], a technique commonly 
referred to as pulse oximetry [6]. In veins, blood oxygen levels depend mainly on the 
consumption of oxygen by the tissue. Venous oxygen saturation is commonly measured using 
invasive catheterization [7] or by noninvasive methods using the photoplethysmograph 
waveform [8] or Fourier-domain analysis of light absorption in large veins [9]. While arterial 
and venous oxygenation levels could provide diagnostic information on the oxygen supplied 
to and consumed by large tissue regions and end organs, efforts were made to estimate local 
oxygen exchange for measuring tissue viability on smaller scales, using intravital microscopy 
[10, 11] and photoacoustic tomography [12, 13]. In the retina, where arterial and venous 
vessels can be easily imaged, local blood oxygenation was measured via spectroscopy of 
individual vessels [14, 15]. High spatial and temporal resolution measurement of oxygen 
saturation in thick scattering tissue was also reported in exposed brain tissue [16] and using 
phosphorescent probes [17]. In the human lips, average tissue oxygenation was estimated by 
measuring the relative optical absorption by hemoglobin and oxy-hemoglobin [18]. 

Measuring the oxygenation levels along a single capillary vessel within a scattering tissue 
is challenging not only because of the small dimensions of these vessels, but also because in 
contrast with arterial and venous blood, the continuous oxygen exchange between the vessel 
and the tissue yields saturation levels that vary considerably along relatively short paths 
within a single vessel. In this work, we present a novel, non-invasive and label-free technique, 
termed spatially incoherent confocal spectroscopy (SICS), for measuring the absorption 
spectrum at specific locations within individual capillary vessels in the human lip. By 
measuring the absorption spectra from small, well-defined tissue regions we estimate blood 
oxygenation within a capillary vessel and measure the rapid oxygen exchange between a 
capillary vessel and the surrounding tissue. 
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2. Experiment 
The optical system for measuring oxygen saturation at small regions within blood vessels 
employs (Fig. 1) single-point confocal measurement with a point-spread function tailored to 
the typical diameter of a capillary vessel. Incoherent light from a broadband laser-driven light 
source (Energetiq EQ.-99, 320-2200 nm) was guided by a multimode fiber (F1) with a 50 μm 
core diameter, collimated by a 15.4-mm-focal length aspheric lens (L1), bandpass filtered 
(BP, 500-680 nm), and focused by an objective lens (L2, NA = 0.75, × 20, Nikon) onto a 
small region in the inner lower lip of a healthy volunteer. The illuminated area, illustrated as a 
large oval in Fig. 1(a) (inset), covered an approximately 33 μm diameter spot (calculated 
assuming × 0.66 demagnification) inside the tissue, resulting in maximum irradiance of 
approximately 1.6 W/cm2 at the focal plane. For controlling the exact measurement location, 
the volunteer's lip was positioned in contact with a 170-μm-thick cover glass glued to an 
aluminum cup that was mounted on a three-axis manual translation stage. Maneuvering the 
aluminum cap (and hence the tissue in contact) by the translation stage allowed adjustment of 
the field of view with respect to the (static) objective lens. Backscattered light from the tissue 
was deflected by a non-polarizing beam-splitter (BS), coupled by an achromatic lens (L3, 50 
mm focal length) into an optical fiber with 11 μm core diameter, and analyzed by a custom-
built spectrometer comprised of a collimating lens (50 mm focal length), a transmission 
diffraction grating (1700 lines/mm), a focusing lens (50 mm focal length) and an electron-
multiplying CCD camera (Andor, Newton DU970N-BV). The collection core diameter (11 
μm) and the × 0.2 demagnification collection optics resulted in an effective collection region 
(small oval in Fig. 1(a) inset) with a diameter of approximately 2.2 μm. The resulting 
confocal point-spread function (Fig. 1(b)) was approximately 30 μm wide (FWHM) and 42 
µm deep (FWHM), measured by translating a mirror and a reflective edge across the focal 
volume. Spectral acquisition rate and resolution were 10 spectra/s and 0.17 nm, respectively. 

The measurement area within the lip was illuminated using a narrow-band blue LED 
(Thorlabs M455-F1, 455 nm central wavelength), a 20-mm focal length collimating lens (L4) 
and a long-pass dichroic mirror (DM1, 490 nm cutoff wavelength), and imaged by a similar 
dichroic mirror (DM2), an achromatic lens (L5) and a monochrome CCD camera (IDS UI-
2220SE, 25 Hz). Due to the high absorption of the blue wavelength by hemoglobin, blood 
vessels appeared dark in the widefield image, with a bright diffusive background light 
emanating from the tissue. A pair of crossed linear polarizers (LP) was used to reduce glare 
and surface reflections. Data from the spectrometer and from the camera was sampled and 
displayed in real-time using custom-built software (Labview, National Instruments), and 
stored on the computer hard-drive. 

 

Fig. 1. (a) Schematic illustration of the optical setup for spatially incoherent confocal point 
spectroscopy. L1..L4 – Achromatic lenses. BP – bandpass filter. LP – linear polarizer. DM1, 
DM2 – dichroic mirrors. (b) Lateral and axial cross-sections of the measured point-spread 
function (PSF). Circles – total reflection measurement. Dashed curve – best fit to a Gaussian 
function. 
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For in vivo measurement of local blood oxygen saturation in capillary vessels, a healthy 
volunteer (male, age 29) placed his chin on a padded chin rest and positioned his lower lip 
against the cover glass. Due to the typically thin epidermis and absence of melanin in the oral 
mucosa, capillary vessels at the inner lower lip were easily visible on the widefield camera 
image (Fig. 2(a)). A 20-μm-thick vessel identified approximately 100 μm below the tissue 
surface was maneuvered using the three-axis translation stage into the measurement point 
located at the center of the field of view. Reflection spectra measured from points 1-6 marked 
in Fig. 2(a) revealed (Fig. 2(b)) the characteristic absorption of hemoglobin [19] with minima 
at approximately 542 nm and 576 nm. Each spectrum (100 ms exposure time) was smoothed 
using a moving average filter (0.85 nm, 5 pixels). Note that the reflection spectrum from point 
4 (Fig. 2(a), bold curve) located on the vessel was considerably lower compared to spectra 
from points more distant from the vessel, and exhibits the most pronounced hemoglobin 
spectral features. Using the spectrum I4 captured from point 4 on the vessel, the absorption of 
each wavelength λ (Fig. 2(c), solid line) was estimated using: 
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where I1 denotes the spectrum from the remote point 1 that was used here as reference. Note 
that for a bias-free measurement, an ideal reference spectrum should not include hemoglobin 
absorption. Using linear regression for the wavelength range between 536 nm and 586 nm, 
the absorption vector a(λ) was then fitted (Fig. 2(c), dashed red line) to a linear summation of 
three different principal vectors according to: 
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where 
2HbOμ  and Hb Rμ − denote the molar extinction of fully (100%) oxygenated and 

deoxygenated hemoglobin, respectively, the term 1.47Dλ −  denotes an approximate scattering 
coefficient of a tissue (obtained from Ref [20]), and A-D are positive fit parameters. Blood 
oxygen saturation for each spectrum was estimated as the ratio between oxygenated and total 
hemoglobin using: 
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Fig. 2. (a) Widefield image of a target vessel (marked by an arrow) with six measurement 
locations marked by white circles. (b) Reflection spectra from the six points. Bold curve 
corresponds to location #4 on the vessel. (c) Absorption spectrum (black solid line) calculated 
using spectrum #4 with spectrum #1 as reference. Curve fit (red dashed line) resulted in 
estimated saturation value of 0.70 with r-squared value of 0.97. 
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As oxygen concentration varies rapidly in small capillaries, measuring blood oxygenation 
at a single point would have little meaning outside the context of the entire vessel. In order to 
demonstrate the variability in oxygen saturation along a capillary vessel, four measurements 
were conducted at four different locations (Fig. 3, I-IV) along a capillary loop approximately 
80 μm below the surface. Over 600 spectra were acquired from each location during four 
minutes total measurement time. The spectra were smoothed using a running average of ten 
consecutive spectra. To reduce the effect of corrupted data due to motion artifacts, spectra 
with integrated intensities (area under the curve) that deviate significantly from the mean 
value (acquired from the specific location) were excluded from the calculations, resulting in a 
total of 100 usable spectra from location I and 400 spectra from each of the locations II-IV. 
The absorption spectra were calculated from each spectrum Eq. (1) using a reference 
spectrum that was obtained by averaging over 20 spectra captured from randomly distributed 
points distant (more than 60 μm) from the blood vessels. The absorption spectral curves were 
then fitted to Eq. (2) and the corresponding oxygen saturation (SO2) values for each of the 
points I-IV were calculated using Eq. (3). The mean oxygen saturation at each measurement 
point (shown at the lower-right of each plot) was calculated using only saturation values 
(black dots) that exhibited r-squared fit values (blue dots) within one standard deviation from 
the average r-squared value, or higher (threshold marked by dashed lines). Oxygen saturation 
values of 0.847, 0.863, 0.876 and 0.916 were measured for locations I, II, III and IV, 
respectively, with typical standard deviations between 0.013 and 0.04. 

Fig. 3. Oxygen saturation measurements using SICS at four locations on a capillary loop. Top-
left inset: widefield image of the target vessel. I-IV: approximate measurement locations. Plots 
I-IV: calculated oxygen saturation values (black dots) and the corresponding r-squared values
(blue dots) for the spectra captured from each location. Dashed line in the r-squared plots
denote the threshold values below which the corresponding oxygen saturation values (red dots)
were excluded from the calculations.

In order to demonstrate and visualize the gradual oxygen loss from a blood vessel, oxygen 
saturation levels were measured along a capillary loop at seven different points uniformly 
distributed at approximately 40 μm intervals (Fig. 4(a)). Excluding a single measurement 
point (SO2 = 0.75, bottom-right), whose location near a vessel intersection may result in 
averaging over multiple oxygenation levels, the saturation values, represented by a red-blue 
color palette, were linearly interpolated between the measured points to illustrate the gradual 
depletion of blood oxygen. The drop in oxygen saturation along the capillary loop agrees with 
the observed counterclockwise direction of the blood flow, which is shown in Visualization 1. 
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The measured oxygen saturation levels are plotted (Fig. 4(b)) as a function of the flow path 
length (estimated from Fig. 4(a)), revealing significant oxygen depletion of 16% at a rate of 
approximately 7.1% per 100 μm. Assuming an average flow velocity of 500 μm/s [21, 22] 
and a typical adult hemoglobin concentration of 150 g/L, these rates correspond to 
approximately 1.4 × 1011 oxygen molecules transferred to the tissue every second from a 100 
μm segment of the vessel. 

 

Fig. 4. Blood oxygen loss from a capillary loop. (a) Oxygen saturation values interpolated 
between six measurement points. (b) Measured saturation level as function of blood flow path 
length. Error bars represent standard deviations. Linear curve fit (dashed line) indicate average 
oxygen saturation loss of 7.1% per 100 μm. 

3. Discussion 
Measuring oxygen saturation in capillary vessels with high spatial resolution is valuable for 
studying oxygen transport from the blood to the tissue on small scales and for assessing local 
tissue viability, for example within damaged or transplanted/engineered tissue. The rapid 
blood flow through the complex network of small vessels embedded within a highly 
scattering tissue, however, presents numerous challenges for optical sensing techniques, 
including high scattering by the blood cells, low absorption coefficients in the near-infrared 
range, and the characteristic strong spatial gradients of oxygen saturation levels within the 
blood. Advanced high-resolution spectral imaging approaches including intravital microscopy 
[11] and photoacoustic tomography [12] are suitable for measuring blood oxygenation is large 
networks of small vessels; in comparison, SICS is considerably simpler and is suitable for 
measurement at small regions of interest in a highly-scattering tissue. Our approach for 
addressing these challenges combined several techniques for optical point-spread function 
design, data acquisition and data analysis. First, instead of the near-infrared light commonly 
used for diffused optical sensing, we used light at the visible range of the spectrum due to its 
high absorption by blood; the hemoglobin absorption coefficients at 530 nm is approximately 
21.4 mm−1 [19, 23], resulting in over 20% of the light absorbed within a 10-μm-thick vessel. 
For comparison, less than 1% of 800 nm light (0.4 mm−1 hemoglobin absorption coefficient) 
would be absorbed in similar size vessels. Second, SICS uses large fiber cores for light 
delivery in order to maintain low speckle noise (approximately 1%) and to improve signal-to-
noise ratio in the recorded reflection spectra; using a smaller core fiber (5 μm, single-mode) 
instead of the current collection fiber (11 μm core diameter) improved the resolution by 1.5-
fold, but resulted in approximately 6-fold increase in speckle noise and 4-fold decrease in 
signal. Using large illuminated volumes also allowed SICS to achieve low irradiance levels 
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for avoiding tissue damage; this configuration is particularly suitable for spatially incoherent 
illumination sources (such as the laser-driven light source used for this work). Third, 
capturing an entire spectrum is known to be advantageous over measurements at discrete 
wavelength [5], as curve-fitting algorithms rely on a considerably larger sample size that 
results in lower error-of-estimate of the fit parameters. Fourth, a widefield real-time imaging 
channel was used for keeping the measurement point on the target vessel. Such visual 
guidance was necessary for triggering data collection and discarding spectra captured away 
from the target vessel. Finally, in order to avoid washout of spectral features under the 
constant motion, exposure time was kept short (100 ms) while averaging was performed over 
individual SO2 values that were calculated from each spectrum. The r-squared values 
calculated for each curve fit was used to exclude SO2 values that resulted from unphysical 
spectra, i.e. spectra that deviate from the linear combination presented in Eq. (2). 

Some challenges remain before SICS could be used effectively for measuring capillary 
oxygen levels in research and clinical applications. The high spatial resolution of the 
measurement requires fixed positioning of the optical system with respect to the tissue, with 
micron-scale adjustments of the field of view. A possible solution to this challenge may 
involve a soft mechanical fixture that maintains stable contact between the optics and the 
tissue while avoiding tissue compression that could reduce blood flow. Another difficulty 
encountered during our experiments was acquiring a hemoglobin-free reference spectrum for 
computing oxygen saturation levels without bias. Because the measurement point-spread 
function extends somewhat beyond its central oval region, absolute spectral measurement 
could be difficult in the vicinity of large blood vessels. Our approach for acquiring a reference 
spectrum by averaging over spectra near the target vessel may involve bias and thus be 
limited only to relative blood oxygenation measurements. Other approaches for obtaining a 
hemoglobin-free reference spectrum include using calibrated tissue phantoms and simulations 
of light propagation in numerical tissue models. 

In summary, an optical system that allows non-invasive, label-free measurement of 
oxygen saturation in small capillary vessels has been demonstrated using image-guided 
confocal measurement of small tissue volumes. Variable oxygen saturation levels were 
demonstrated in single capillary vessels, and a significant oxygen loss rate of 7.1% per 100 
μm was measured in a single capillary loop. The presented technique could be used to study 
oxygen exchange dynamics in tissues and could be useful for clinical applications that require 
localized tissue inspection. 
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