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Abstract

Molecular imaging holds a pivotal role in medicine due to its ability to provide invaluable insight
into disease mechanisms at molecular and cellular levels. To this end, various techniques have
been developed for molecular imaging, each with its own advantages and disadvantages—. For
example, fluorescence imaging achieves micrometre-scale resolution, but has low penetration
depths and is mostly limited to exogenous agents. Here, we demonstrate molecular imaging of
endogenous and exogenous chromophores using a novel form of spectroscopic optical coherence
tomography. Our approach consists of using a wide spectral bandwidth laser source centred in the
visible spectrum, thereby allowing facile assessment of haemoglobin oxygen levels, providing
contrast from readily available absorbers, and enabling true-colour representation of samples. This
approach provides high spectral fidelity while imaging at the micrometre scale in three
dimensions. Molecular imaging true-colour spectroscopic optical coherence tomography
(METRICS OCT) has significant implications for many biomedical applications including
ophthalmology, early cancer detection, and understanding fundamental disease mechanisms such
as hypoxia and angiogenesis.

Spectroscopic optical coherence tomography (SOCT) combines the non-invasive, three-
dimensional, high-resolution imaging capabilities of optical coherence tomography (OCT)?
with the rich source of knowledge available from spectroscopy by leveraging the wide
spectral bandwidth of low-coherent light sources required for depth sectioning via the
coherence gating process®. In fact, SOCT uses the same data acquired for conventional OCT
imaging, but provides spectral information at each voxel of the sampled volume, revealing
the wavelength-dependent attenuation of light traversing through the biological medium. To
date, SOCT has shown the most utility when combined with the use of micro-spheres and
nanoparticles in tissue phantoms’8 and in excised breast tissue® to provide contrast
enhancement. Also, assessment of haemoglobin absorption, which is a compelling target for
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any biomedical imaging technique, has been investigated using SOCT with varying degrees
of success10-12,

In this Letter, we present a new method for SOCT that includes two significant changes that
provide unique advantages. First, the light source is chosen to occupy the visible spectrum.
With a centre wavelength of 575 nm and a bandwidth of 240 nm, this light source enables
molecular imaging of a wide range of absorbers, including haemoglobin and commercially
available contrast agents (for example, nanoparticles, methylene blue and fluorescein). In
addition, by using the visible region of the spectrum, much higher degrees of absorption
from haemoglobin are observed than when using the spectral regions more commonly used
in OCT and SOCT (typically ~800 nm and above). Consequently, our approach benefits
from having high sensitivity to low concentrations and small changes of haemoglobin.

The second significant difference is in the signal processing approach used to obtain
spatially resolved spectroscopic information. The main challenge when using SOCT is that a
signal sampled in a single domain (in this case the frequency domain) has to be decomposed
to a distribution that simultaneously contains information from both the original domain and
the conjugate domain (temporal or spatial domain). To overcome this challenge, both linear
and bilinear approaches have been used. In the linear approach, short-time Fourier-
transforms (STFT) have been widely implemented. However, these suffer from a well-
known trade-off in resolution between the spectral and spatial domains that significantly
limits quantification”-13.14. On the other hand, bilinear distributions, including Cohen’s class
functions such as the Wigner distribution, do not suffer from a resolution trade-off, but can
cause significant artefacts in the processed signal that impair their use in SOCT14-16, Here, a
novel bilinear approach is used, which we have termed the dual window (DW) processing
method. In this approach, two STFTs are computed, one using a wide window (A &, = 0.907
pwm™1) and another using a narrow window (A A, = 0.061 um™1), which are then multiplied
on a point-by-point basis'6. Mathematically, this approach has been shown to be equivalent
to probing the Wigner distribution of the scattered field of the sample using two orthogonal
windows that can independently tune the spectral and spatial resolution, as set by the
window sizes. As a result, the DW distribution has high spatial resolution while providing
superior spectral fidelity compared to the linear approach, yet avoids the artefacts associated
with other bilinear approaches8. Note that the choice of window sizes is important; for
example, if the narrow window is chosen to be a single pixel, and the wide window is
chosen to span the entire sampled spectrum, then artefacts associated with the Margenau—
Hill bilinear distribution (known as reflections in time) will pollute the information.

Here, we introduce molecular imaging true-colour spectroscopic optical coherence
tomography (METRICS OCT; Fig. 1) using data from a parallel Fourier domain OCT
system (pfdOCT)1":18 and a super continuum laser (Fianium SC-450) as a light source. The
parallel data acquisition allows sampling of up to 400 interferograms per acquisition (limited
by the charge coupled device (CCD) and beam diameter), each with a lateral resolution of 6
pm (x-dimension). As with conventional spectral domain OCT processing, the data for each
interferogram are recorded as a function of wavelength, resampled to a linear wavenumber
array, and Fourier transformed to obtain a depth-resolved profile (zdimension) of the
scattered light with a depth resolution of 1.2 um. The high depth resolution is achieved by
using a broad spectral bandwidth, which also results in coarse spectral sampling due to the
finite number of available pixels in the detector, setting the maximum penetration depth to
500 wm in air (360 wm in tissue). Three-dimensional data sets are acquired by translating
the sample along the y~dimension using a motorized translational stage (resolution, 6 pm).
The DW signal processing method is applied to each interferogram to compute the depth-
resolved spectra. For image display of the spectroscopic data, the spectrum is divided into
red, green and blue channels using the Commission Internationale d’Eclairage (CIE) colour
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functions, thereby providing a true-colour representation of the samples. For quantitative
analysis, the full detailed spectrum is available for each voxel in the image.

To demonstrate the capabilities of METRICS OCT, images were acquired from an in vivo
CD1 nu/nu normal mouse dorsal skin-fold window chamber model®. All animal
experimental protocols were approved by the Institutional Animal Care and Use Committee
of Duke University. For imaging of endogenous contrast, the mouse was anaesthetized and
the window chamber was removed.

Conventional OCT imaging of the data revealed tissue structures as shown in Fig. 2a. In the
case of the dorsal window?0, several histological structures are evident, including the muscle
layer, the lumen of blood vessels (including small capillaries) and the subcutaneous layer.
However, functional information regarding the sample is not available in this format. With
METRICS OCT (Fig. 2b and Supplementary Video 1), the same structures are visualized
with the addition of true-colour contrast, which provides access to a wealth of spectroscopic
information that was previously unattainable. As expected, we observe that the muscle layer
at the surface appears relatively colourless due to low concentrations of haemoglobin;
however, once light traverses through the vasculature network beneath, a redshift is clearly
observed due to the higher concentrations of haemoglobin there. Note that small colour
variations are observed on the top layer due to scattering from muscle and fibrous structures.
Also, with large blood vessels (>100 m), most of the light is attenuated, thereby preventing
detection of signals from below and thus creating a ‘shadow’ effect. However, in regions
without apparent blood vessels, signals are obtained throughout the full penetration depth
enabled by the system. To our knowledge, this is the first tomographic image to present
micrometre-scale tomographic data from live tissues in true colour.

The full potential impact of this imaging method can be seen in the en face image presented
in Fig. 3a. Here, several x-y planes are summed to incorporate vessels found at different
depths. This image shows two major vessels, with the larger one on the right corresponding
to a vein and the other to an artery. Several branching vessels can also be observed, together
with the capillary plexus, which is more readily appreciable in the three-dimensional volume
(Supplementary Video 1).

An important feature of METRICS OCT is the ability to quantitatively analyse spatially
resolved spectra from voxels within the three-dimensional volume. Here, we select four
points of interest to analyse; these points are found along a branching vessel from the vein
(Fig. 3b), two from the artery (Fig. 3c,d) and from the capillary network (Fig. 3e). From
these spectra, the oxygen saturation (SO5) can be determined using a simple linear analysis
that restricts the bandwidth to a region where the oxy- and deoxy-haemoglobin extinction
coefficients have zero correlation (520-585 nm)2L, This allows for the measured spectral
data to be inverted using an orthogonal linear system containing the known coefficients. As
Fig. 3b—e shows, the measured spectra are well fit by this model and correspond to expected
values for these tissue locations22. Further analysis also reveals relatively small variations of
only a few percent in saturation from nearby points along individual vessels (Supplementary
Fig. 1).

As a further demonstration of the utility of METRICS OCT, we now present imaging using
an exogenous contrast agent, an area that has seen limited success in OCT to date.
Accordingly, 100 pl of sodium fluorescein (NaFS), diluted in sterile saline to 1% by weight,
was introduced via a retro-orbital injection, an intravenous injection that serves as an
alternative to a tail vein injection, with the agent introduced into the retrobulbar sinus
(behind the globe of the eye). The resulting images (Figs 4 and 5) clearly indicate the
presence of NaFS by a severe redshift in hue, which arises from stronger absorption at the
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lower wavelengths compared to that observed with endogenous contrast. Note that the
injection results in the agent remaining confined to the vessels as it does not leak out
appreciably. Surprisingly, the agent also shows a weak increase in scattering. As a result,
vessels are now characterized by the red hue of NaFS in the en face image, but large vessels
still exhibit a strong ‘shadow’. Next, spectra from four points of interest are selected (Fig.
5b—e). Here the contributions of the three absorbing species affect the shape of the localized
spectra to varying degrees. Figure 5h—e shows that the presence of NaFS only contributes to
the attenuation spectra in the lower wavelengths, so assessment of SO, may still be
accomplished as described above. Furthermore, the relative amount of absorption due to
NaFS with respect to total haemoglobin (e = NaFS/Hb) is also computed. The results show
that this ratio is relatively constant (~1), which is expected as both NaFS and haemoglobin
are contained within the vessels and their relative contributions with respect to one another
should not vary appreciably.

As a final observation regarding these data, we comment on the apparent effects of detector
saturation due to fluorescent light from the NaFS. This phenomenon is seen in the green
areas of the en face image, and in the green streaks in the three-dimensional volume (Fig. 5
and Supplementary Video 2). The contrast agent (NaFS) absorbs light with maximum
efficiency around 494 nm, producing the red hue of the vessels in the METRiICS OCT
images. However, it also emits incoherent fluorescent light at a peak wavelength of 521 nm
(green light). When this signal is particularly strong, green spots/streaks are seen due to
detector saturation, which prohibits separation of the green incoherent signal.

Molecular imaging techniques are important to medicine for their ability to non-invasively
monitor cellular morphology and functional processes. Here we have demonstrated true-
colour, quantitative, tomographic, /7 vivoimages of endogenous and exogenous contrast
agents with micrometre-scale spatial resolution in three dimensions. The unique ability of
METRICS OCT to access the full visible spectrum from selected points within a sample
volume not only enables quantitative analysis over a large bandwidth, but also provides an
intuitive form of display by using the true colours of the samples. With further developments
targeting applications that diagnose specific diseases, we expect that METRICS OCT will
have a significant impact on our understanding of tumour development (for example,
angiogenesis and hypoxia), ophthalmologic pathologies (retinal microvasculature perfusion
and oxygenation), early cancer detection, and delivery and monitoring of therapeutic agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Imaging system and processing for METRICSOCT

a, Light from a supercontinuum laser source is filtered and sent to a pfdOCT system. A
cylindrical lens is used to deliver a line of illumination onto the sample. The scattered light
from the sample and the reflected light from the reference arm are imaged onto the entrance
slit of an imaging spectrograph. b, Processing method schematic. A one-dimensional Fourier
transform of the resampled data (from wavelength to wavenumber) yields an OCT image
(conventional processing). The DW method is applied to each interferogram, thus providing
a spectrum for each point of the corresponding A-scan. The processed spectral information
may be analysed quantitatively or used to assign red, green and blue channels for a true-
colour representation of the samples. The procedure is repeated for each interferogram to
obtain spatially resolved spectroscopic information throughout the sampled volume.
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Figure 2. Tomographic (x-z) images with endogenous contr ast
a,b, Conventional OCT (a) and METRICS OCT (b) images, located below point (d) in the
en face (x-y) image in Fig. 3a. White xand zscale bars, 100 pm.
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determine SO, levels. All spectra were selected from depths immediately below each
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Figure4. Tomographic (x—z) images with exogenous contrast
a,b, Conventional OCT (a) and METRICS OCT (b) images, located above point (e) in the
en face (x-y) image in Fig. 5a. White xand zscale bars, 100 m.
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a, En face METRICS OCT image with arrows indicating points where the spectra are
extracted. White xand yscale bars, 100 um. b—e, Spectral profiles from points (b)—(e) in a.
Measured spectral profiles (black) are superposed with the theoretical oxy- (dashed red) and
deoxy- (dashed blue) haemoglobin normalized extinction coefficients, and normalized
absorption of NaFS (dashed green). Also shown are the SO5 levels and the relative
absorption of NaFS with respect to total haemoglobin (¢ = NaFS/Hb). All spectra were
selected from depths immediately below each corresponding vessel.
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