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COMMON DETECTOR FOR COMBINED 
RAMAN SPECTROSCOPYOPTICAL 
COHERENCE TOMOGRAPHY 

STATEMENT OF FEDERALLY-SPONSORED 
RESEARCH 

This invention is made with government Support awarded 
by the National Institutes of Health of the United States under 
Contract No. R21 CA133477. The government has certain 
rights to this invention. 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATION 

Some references, which may include patents, patent appli 
cations and various publications, are cited and discussed in 
the description of this invention. The citation and/or discus 
sion of such references is provided merely to clarify the 
description of the present invention and is not an admission 
that any such reference is “prior art” to the invention 
described herein. All references cited and discussed in this 
specification are incorporated herein by reference in their 
entireties and to the same extent as if each reference is indi 
vidually incorporated by reference. In terms of notation, here 
inafter, “In represents the nth reference cited in the refer 
ence list. For example, 13 represents the 13th reference 
cited in the reference list, namely, C. A. Patil, N. Bosschaart, 
M. D. Keller, T. G. van Leeuwen and A. Mahadevan-Jansen, 
"Combined Raman spectroscopy and optical coherence 
tomography device for tissue characterization. Opt Lett 
33(10), 1135-1137 (2008). 

FIELD OF THE INVENTION 

The present invention relates generally to a system for 
biochemical and structural characterization of a target of 
interest of a living Subject, and more particularly to a system 
that integrates Raman spectroscopy (RS) and optical coher 
ence tomography (OCT) with a common detection arm for 
both the RS and OCT, for non-invasive evaluation of the 
biochemical compositions and morphological details of a 
target of interest of a living Subject and applications of the 
SaC. 

BACKGROUND OF THE INVENTION 

Both optical imaging and spectroscopy have been applied 
to the non-invasive characterization of tissues. Imaging tech 
niques, such as optical coherence tomography (OCT) 1. 
excel at relaying images of tissue microstructure while spec 
troscopic methods, such as Raman spectroscopy (RS) 2, are 
capable of probing the molecular composition of tissue with 
excellent specificity. The ability of the OCT to perform real 
time cross-sectional imaging with micrometer-scale resolu 
tion has been utilized for both quantitative and qualitative 
assessment of tissues in a wide range of applications. For 
example, quantitative measurements of retinal nerve fiber 
layer thickness can provide valuable information for glau 
coma assessment 3, while qualitative analysis of the esoph 
ageal epithelium can identify characteristic features of Bar 
rett's dysplasia 4. Although visualization of tissue 
microstructures is often sufficient to characterize tissue type, 
different structural features can often have a fairly similar 
appearance in the OCT despite having different underlying 
molecular makeups 5-7. This limitation results from the fact 
that the OCT images are simply maps of reflectivity and do 
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2 
not directly reveal the molecular composition of the sample. 
The RS, on the other hand, can generate in-elastic scattering 
spectra with sharp spectral features corresponding to the 
vibrational modes of biological molecules intrinsic to the 
sample. The RS has demonstrated the ability to characterize 
the molecular features of pathology in a number of tissues, 
including the cervix 8, skin 9, breast 10, and GI tract 
11. In contrast to the OCT, the primary limitation of the RS 

is that the weak nature of in-elastic scattering precludes rapid 
spectral imaging over a large spatial area. Clearly, character 
ization of both the morphological and biochemical composi 
tion could compensate for the limitations of both the RS and 
OCT and allow for a more complete analysis of tissues. For 
example, the detection of early dental caries has already been 
identified as a potential application where the mutual benefit 
of morphological and biochemical characterization OCT and 
RS can be beneficial 12. The mutually complementary 
strengths and limitations of the RS and OCT are well suited 
for integration into a single instrument for more thorough 
tissue analysis. The realization of Such an instrument allows 
data collected from the two modalities to augment one 
another and could advance the biomedical applications of the 
RS and OCT beyond what is possible with either technique 
independently. 
The most straightforward approach for combination of the 

RS and OCT into a single instrument includes integrating the 
sampling optics while maintaining independent detection 
hardware. To date, the two reports of instruments combining 
the RS and OCT have pursued the common sample arm 
approach. The first system combined a time-domain OCT 
engine using a 1310 nm source and rapid-scanning optical 
delay reference arm with a 785 nm RS system 13. This 
instrument demonstrated the ability of the RS-OCT to per 
form in vivo analysis and evaluated highly scattering tissues 
Such as the breast and skin. Specifically, the instrument dem 
onstrated the benefits of the RS-OCT by utilizing the OCT to 
guide Raman spectral acquisition of small (<500 um) regions 
of irregular tissue, and utilizing the RS to characterize the 
biochemical composition of ambiguous structures within an 
OCT image. A second RS-OCT system combined a Fourier 
domain OCT system with an 855 nm broadband source and a 
spectrometer based detection system (i.e., spectral-domain 
OCT) with a 633 nm RS system 14. The advantage of 
previously reported RS-OCT systems is that the use of inde 
pendent detection arms allows hardware configurations for 
each technique to be optimized independently. The drawback, 
however, is that Such configurations require extensive instru 
mentation that may not be necessary if it are possible to 
further integrate the two modalities. Since both the RS and 
OCT can be performed with systems that incorporate a spec 
trograph and CCD for detection 15, 16, it is possible that a 
streamlined instrument with a common detection arm can be 
realized with the appropriate design considerations. The pri 
mary challenges in the design of a common-detector RS-OCT 
system are selection of the appropriate light sources, spec 
trograph design and selection of appropriate detector archi 
tecture. 

Therefore, a heretofore unaddressed need exists in the art 
to address the aforementioned deficiencies and inadequacies. 

SUMMARY OF THE INVENTION 

One of the objectives of the invention is to provide a com 
bined RS and OCT system with a single detector arm for both 
the RS and OCT, which allows the use of a single spectrom 
eter to detect both modalities. The advantage of a common 
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detector arm is that it significantly reduces the instrumenta 
tional complexity, cost, and size from previously reported 
RS-OCT systems. 

In one aspect, the present invention relates to an apparatus 
of combining RS and OCT for non-invasively evaluating a 
target of interest of a living Subject. In one embodiment, the 
apparatus includes a first light source for generating a broad 
band light characterized with a center wavelength and a spec 
tral bandwidth, and a second light Source for generating a 
monochromatic light at a single wavelength, wherein the first 
and second light Sources are adapted Such that resultant 
Raman scattering spectra and OCT bandwidth have a spectral 
overlap with each other. 
The apparatus also includes a beamsplitter optically 

coupled to the first light source for receiving the broadband 
light and splitting the received broadband light into a refer 
ence light and a sample light, a reference arm optically 
coupled to the beamsplitter for receiving the reference light 
and returning the received reference light into the beamsplit 
ter, and a sample arm optically coupled to the beamsplitter 
and the second light source for combining the sample light 
and the monochromatic light, delivering the combined 
sample and monochromatic light to the target of interest, 
collecting a backscattering light and a Raman scattering light 
that are generated from interaction of the sample light and the 
monochromatic light with the target of interest, respectively, 
returning the backscattering light into the beamsplitter so as 
to generate an interference signal between the returned back 
scattering light and the returned reference light in the beam 
splitter, and directing the Raman scattering light in an output 
optical path. In one embodiment, the beamsplitter comprises 
an OCT 2x2 fiber coupler. 

Further, the apparatus includes a single detector optically 
coupled to the beamsplitter for collecting the interference 
signal to provide an interference pattern of the returned back 
scattering light and the returned reference light, and to the 
sample arm for collecting the Raman scattering light from the 
output optical path to provide a Raman scattering spectrum, 
respectively. 
The interference pattern contains information of morpho 

logical details of the target of interest, and wherein the Raman 
scattering spectrum contains information of biochemical con 
tents of the target of interest. In one embodiment, the inter 
ference pattern of the interference signal is associated with an 
OCT image, and wherein a spectral profile of the Raman 
scattering spectrum includes a plurality of intensity peaks at a 
plurality of wavelengths, each intensity peak associating with 
a specific biochemical content of the target of interest. 

In one embodiment, the apparatus further comprises a con 
troller in communication with the detector and programmed 
to correlate the OCT image with the Raman scattering spec 
trum and determine the structures and biochemical content of 
the target of interest from the correlated OCT image and 
Raman scattering spectrum. The controller is a computer 
having a display for displaying the OCT image and the 
Raman scattering spectrum. 

In one embodiment, the sample arm comprises a collimat 
ing lens (CL) optically coupled to the beamsplitter for receiv 
ing the sample light and collimating the received sample light 
into a first optical path, a mirror (M) positioned for reflecting 
the collimated sample light from the first optical path to a 
second optical path, a translatable mirror (TM) placed at the 
second optical path for transmitting the reflected sample light 
along the second optical path, a dichroic mirror (DM) placed 
at the second optical path for transmitting the sample light 
received from the translatable mirror (TM) along the second 
optical path and reflecting the monochromatic light received 
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4 
from a third optical path into the second optical path, respec 
tively, such that the transmitted sample light and the reflected 
monochromatic light are combined in the second optical path, 
a scanning member placed at the second optical path for 
directing the combined sample and monochromatic light 
received from the dichroic mirror (DM) to a target of interest 
along a fourth optical path, and an objective lens (OL) placed 
at the fourth optical path for focusing the directed sample and 
monochromatic light received from the Scanning member 
onto the target of interest. 

In response, the target of interest backscatters the sample 
light and the monochromatic light in the forms of a backscat 
tering light and a Raman Scattering light, respectively, which 
are collected and focused to the Scanning member by the 
objective lens (OL), directed by the scanning member along 
the second optical path to the dichroic mirror (DM), and 
transmitted by the dichroic mirror (DM) along the second 
optical path to the translatable mirror (TM), from which the 
Raman Scattering light is reflected to a long pass (LP) filter 
along the output optical path, while the backscattering light is 
transmitted along the second optical path to the mirror (M) 
and reflected thereby along the first optical path to the colli 
mating lens (CL). 
The sample arm may also have a dual-band pass filter (BP) 

and a spatial filter (SF) placed at the third optical path 
between the dichroic mirror (DM) and the second light 
source, wherein the dual-band pass filter (BP) is characterized 
with a central bandpass wavelength corresponding to a wave 
length of the monochromatic light. 

Additionally, the sample arm further comprises a coupling 
lens (C) placed at the output optical path for coupling the 
Raman scattering light transmitted from the long pass (LP) 
filter to a multimode fiber that is optically connected to the 
detector. 
The scanning member includes at least one of micro-elec 

tronic mirrors (MEMS), micro-optoelectrical mirrors 
(MOEMS), galvanometer devices, rotation motors, transla 
tional motors, and a combination of them. 

In one embodiment, the apparatus further includes a 
MEMS optical switch (MOS) optically coupled between the 
beamsplitter and the detector. 

In one embodiment, the MEMS optical switch (MOS), the 
translatable mirror (TM) and the Scanning member are con 
figured such that during an OCT mode, the scanning member 
scans the combined sample and monochromatic light across 
the target of interest, the MEMS optical switch (MOS) directs 
the interference signal received from the beamsplitter to the 
detector, while the translatable mirror (TM) is positioned 
Such that the Raman scattering light is not collected. During a 
Raman mode, the scanning member is fixed, the MEMS 
optical switch (MOS) directs the light received from the 
beamsplitter away from the detector, while the translatable 
mirror (TM) reflects the Raman scattering light into the fifth 
optical path that is coupled to the detector. 
The apparatus may also include a multi-function DAQ 

device for controlling the MEMS optical switch (MOS), the 
translatable mirror (TM), and the scanning member. 

In one embodiment, the reference arm is arranged such that 
the length of an optical path of the reference light propagating 
from the beamsplitter through the reference arm and back the 
beamsplitter is adjustable. The sample light transmits from 
the beamsplitter through the sample arm to the target of 
interest, and is backscattered by the target of interest into the 
beamsplitter through the sample arm along a sample path 
having a length that is adjustable depending upon the struc 
ture of the target of interest to be examined. 
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In one embodiment, the apparatus may further have three 
polarization control (PC) paddles optically coupled between 
the first light source and the beamsplitter, between the beam 
splitter and the reference arm, and between the beamsplitter 
and the sample arm, respectively. 

In one embodiment, the first light source comprises light 
emitting diodes (LEDs), femtosecond lasers or broadband 
optical amplifiers, and wherein the second light source com 
prises a laser, wherein the center wavelength is about 855 nm, 
and wherein the spectral bandwidth is about 40 nm, and 
wherein the single wavelength is about 785 nm. 

In one embodiment, the detector comprises back-illumi 
nated, deep-depletion CCD arrays with cooling mechanisms 
and a spectrograph that is configured to cover a wavelength 
range of about 780-920 nm. 

In another aspect, the present invention relates to an appa 
ratus for non-invasively evaluating a target of interest of a 
living Subject. In one embodiment, the apparatus includes an 
OCT system, an RS system, and a single detector for sequen 
tially detecting the OCT images and the Raman spectra. 

The OCT system has a broadband light source for emitting 
a broadband light, a beamsplitter for splitting the broadband 
light into a reference light and a sample light, a reference arm 
optically coupled to the beamsplitter for receiving the refer 
ence light and returning the received reference light into the 
beamsplitter, and a sample arm optically coupled to the beam 
splitter for receiving the sample light and delivering the 
received sample light to the target of interest, collecting a 
backscattering light generated from interaction of the sample 
light with the target of interest, returning the backscattering 
light into the beamsplitter so as to generate an interference 
signal between the returned backscattering light and the 
returned reference light in the beamsplitter. 

In one embodiment, the reference arm is arranged such that 
the length of an optical path of the reference light propagating 
from the beamsplitter through the reference arm and back the 
beamsplitter is adjustable. The sample light transmits from 
the beamsplitter through the sample arm to the target of 
interest, and is backscattered by the target of interest into the 
beamsplitter through the sample arm along a sample path 
having a length that is adjustable depending upon the struc 
ture of the target of interest to be examined. 

The RS system has a monochromatic light Source optically 
coupled to the sample arm for emitting a monochromatic 
light, wherein the monochromatic light is co-aligned with the 
sample light and delivered to the target of interest by the 
sample arm, wherein a Raman scattering light is generated 
from the target of interest interacting with the monochromatic 
light, and the Raman scattering light is collected and directed 
by the sample arm to an output optical path 

In one embodiment, the broadband and monochromatic 
light sources are adapted Such that resultant Raman scattering 
spectra and OCT bandwidth have a spectral overlap with each 
other. In one embodiment, the broadband light is character 
ized with a center wavelength about 855 nm, and a spectral 
bandwidth about 40 nm, and wherein the monochromatic 
light has a single wavelength about 785 nm. 
The single detector is optically coupled to the beamsplitter 

for collecting the interference signal to provide an interfer 
ence pattern of the returned backscattering light and the 
returned reference light, and to the sample arm for collecting 
the Raman scattering light from the output optical path to 
provide a Raman Scattering spectrum, respectively. 
The interference pattern contains information of morpho 

logical details of the target of interest, and wherein the Raman 
scattering spectrum contains information of biochemical con 
tents of the target of interest. In one embodiment, the inter 
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6 
ference pattern of the interference signal is associated with an 
optical coherence tomographic (OCT) image, and wherein a 
spectral profile of the Raman scattering spectrum includes a 
plurality of intensity peaks at a plurality of wavelengths, each 
intensity peak associating with a specific biochemical content 
of the target of interest. 

In one embodiment, the detector comprises back-illumi 
nated, deep-depletion CCD arrays with cooling mechanisms 
and a spectrograph that is configured to cover a wavelength 
range of about 780-920 nm. 

These and other aspects of the present invention will 
become apparent from the following description of the pre 
ferred embodiment taken in conjunction with the following 
drawings, although variations and modifications therein may 
be affected without departing from the spirit and scope of the 
novel concepts of the disclosure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows schematically a combined RS-OCT system 
according to one embodiment of the present invention, PC: 
Polarization Control paddles, ND: Neutral Density filter, 
WC: Waterfilled Cuvette, TM: Translatable Mirror, LP: Long 
Pass filter, DM: Dichroic Mirror, BP: Band Pass filter, SF: 
Spatial Filter, XY: XY galvanometer pair, MOS: MEMS 
Optical Switch, NI-DAQ: National Instruments Multifunc 
tion DAQ. 

FIGS. 2(a) and 20b) show configurations of Sampling 
optics used for collection from retina, and from standard 
samples, respectively. 

FIG. 2(c) illustrates schematically a CCD array illumina 
tion for the RS and OCT, along with the spectral overlap of an 
example Raman spectrum (acetaminophen) and the OCT 
SOUC. 

FIG. 3 shows RS-OCT evaluation of a dissected murine 
calvaria, (a) an OCT image, where arrow 310 indicates dark 
hypo-reflective region likely associated with the suture of the 
left and right parietal skull plates, area 320 indicates the 
region where the corresponding Raman spectrum is acquired, 
and axial scale assumes n, 1.5523), (b) a Raman spec 
trum, normalized to mean spectral intensity, where arrows 
321-324 indicate positions of peaks typically utilized in 
Raman spectral analysis of mineralized tissues, including the 
proline peak at 857 cm1, the phosphate peak at 960 cm, the 
carbonate peak at 1072 cm, the amide I peak at 1667 cm, 
respectively. 

FIG. 4 shows RS-OCT evaluation of the rodent retina, (a) 
OCT image. The layers of the retina visible, from inner layers 
to outer layers, include the thin, bright nerve fiber layer 
(NFL), hypo-reflective ganglion cell layer (GCL), thicker 
hyper-reflective inner plexiform layer (IPL), the hypo-reflec 
tive inner nuclear layer (INL), the thin, bright outer plexiform 
layer (OPL), the hypo-reflective outer nuclear layer (ONL), 
and the photoreceptor layer and choroid (PR & C), which are 
difficult to distinguish and labeled as a single layer. (b) Cor 
responding histology. (c) Mean Raman spectrum acquired 
from 5 axes equally spread across the retina. The set of peaks 
most prominent in the retina are identified, and include amide 
III (1265 cm), CH, (1440 cm), and amide I (1660 cm), 
as well at those from DNA/RNA at 723 cm, 1003 cm, 
1094 cm, which are indicated by arrows 411-416, respec 
tively. 

FIG. 5 shows representative OCT and histology of VO 
14(12) and. RA P26 eyes. Image depicts the ability of RS 
OCT to resolve retinal structure in both the VO and RA rats. 
The layers of the retina visible, from inner layers to outer 
layers, include the thin, bright nerve fiber layer (NFL), hypo 
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reflective ganglion cell layer (GCL), thicker hyper-reflective 
inner plexiform layer (IPL), the hypo-reflective inner nuclear 
layer (INL), the thin, bright outer plexiform layer (OPL), the 
hypo-reflective outer nuclear layer (ONL), and the photore 
ceptor layer and choroid (PR & C), which are difficult to 
distinguish. 

FIG. 6 shows mean VO and RA spectra after scaled sub 
traction of lens features. Differences are seen in peaks attrib 
utable to proteins and amino acids (610-670 cm, and 929 
cm), DNA (1580 cm), and cytochrome-c (1315-1385 
cm). 

FIG. 7 shows RS-OCT evaluation of in vivo human skin on 
the palm of the hand, (a) OCT image, where hyper-reflective 
feature that is likely a Sweat Gland (SG) is seen within the 
stratum corneum (SC), area 710 indicates location of Raman 
spectrum, and axial scale assumes n, 1.3827, (b) Raman 
spectrum of skin, where the prominent skin peaks are identi 
fied at 936 cm (C-C backbone of collagen protein), 1003 
cm (phenylalanine), 1280 cm (amide III), 1335 cm 
(C-H), 1440 cm (CH,), and 1660 cm (amide I), which 
are indicated by arrows 721-726, respectively. 

FIG. 8 shows RS-OCT evaluation of the region surround 
ing the proximal nail fold, (a) OCT image, where nail is 
labeled on the right side of the image, and inserts into the nail 
bed beneath the cuticle, which is located in the transverse 
dimension from 2.5 to 3.0 mm, to the left of the cuticle is the 
skin on the back of the finger, and Raman spectra acquired 
from the regions indicated from the red overlays, (b) Raman 
spectra of the skin and nail, where peaks of interest are indi 
cated with arrows 821-825, and include the sharp 620 cm 
C S peak, the 936 cm. C C protein backbone peak, the 
relative intensity and position of the amide III (1251 cm) 
and C H (1317 cm) peaks, all of which are indicative of 
the B-sheet keratin proteins that make up the nail. In contrast, 
the 1770 cm lipid peak seen in soft tissue and skin is not 
seen in the nail. 

DETAILED DESCRIPTION OF THE INVENTION 

The present disclosure is more particularly described in the 
following examples that are intended as illustrative only since 
numerous modifications and variations therein will be appar 
ent to those skilled in the art. Various embodiments of the 
disclosure are now described in detail. Referring to the draw 
ings, like numbers indicate like components throughout the 
views. As used in the description herein and throughout the 
claims that follow, the meaning of “a”, “an’, and “the 
includes plural reference unless the context clearly dictates 
otherwise. Also, as used in the description herein and 
throughout the claims that follow, the meaning of “in” 
includes “in” and “on” unless the context clearly dictates 
otherwise. 
The terms used in this specification generally have their 

ordinary meanings in the art, within the context of the disclo 
Sure, and in the specific context where each term is used. 
Certain terms that are used to describe the disclosure are 
discussed below, or elsewhere in the specification, to provide 
additional guidance to the practitioner regarding the descrip 
tion of the disclosure. The use of examples anywhere in this 
specification, including examples of any terms discussed 
herein, is illustrative only, and in no way limits the scope and 
meaning of the disclosure or of any exemplified term. Like 
wise, the disclosure is not limited to various embodiments 
given in this specification. 
As used herein, “about' or “approximately shall generally 

mean within 20 percent, preferably within 10 percent, and 
more preferably within 5 percent of a given value or range. 
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8 
Numerical quantities given herein are approximate, meaning 
that the term “about' or “approximately” can be inferred if 
not expressly stated. 
As used herein, the terms “comprising,” “including,” “hav 

ing.” “containing.” “involving,” and the like are to be under 
stood to be open-ended, i.e., to mean including but not limited 
tO. 

As used herein, the term “living subject” refers to a human 
being Such as a patient, or an animal Such as a lab testing 
monkey. 
As used herein, the term “Raman spectroscopy” refers to 

an optical technique that probes the specific molecular con 
tent of a sample by collecting in-elastically scattered light. As 
photons propagate through a medium, they undergo both 
absorptive and scattering events. In absorption, the energy of 
the photons is completely transferred to the material, allow 
ing either heat transfer (internal conversion) or re-emission 
phenomena Such as fluorescence and phosphorescence to 
occur. Scattering, however, is normally an in-elastic process, 
in which the incident photons retain their energy. In Raman 
scattering, the photons either donate or acquire energy from 
the medium, on a molecular level. In contrast to fluorescence, 
where the energy transfers are on the order of the electronic 
bandgaps, the energy transfers associated with Raman scat 
tering are on the order of the vibrational modes of the mol 
ecule. These vibrational modes are molecularly specific, giv 
ing every molecule a unique Raman spectral signature. 
Raman scattering is a very weak phenomena, and therefore 

practical measurement of Raman spectra of a medium 
requires high power excitation laser sources and extremely 
sensitive detection hardware. Even with these components, 
the Raman spectra from tissue are masked by the relatively 
intense tissue auto-fluorescence. After detection, post pro 
cessing techniques are required to subtract the fluorescent 
background and enable accurate visualization of the Raman 
spectra. Raman spectra are plotted as a function of frequency 
shift in units of wavenumber (cm). The region of the Raman 
spectra where most biological molecules have Raman peaks 
is from 500 to 2000 cm. In contrast to fluorescence spectra, 
Raman spectra have sharp spectral features that enable easier 
identification of the constituent sources of spectral peaks in a 
complex sample. In the context of detecting the changes that 
cancerous tissues undergo, differences in the Raman spectral 
features that correlate to the increased nucleic acid content in 
neoplastic cells has observed. 
The term “optical coherence tomography” or its acronym 

“OCT refers to an interferometric, non-invasive optical 
tomographic imaging technique offering millimeter penetra 
tion (approximately 2-3 mm in tissue) with micrometer-scale 
axial and lateral resolution. In principle, the OCT is analo 
gous to an optical version of ultrasound. While ultrasound 
images are formed by a transducer emitting ultrasonic pulses 
and then time gating detection of the tissue echoes, OCT 
images are formed by using an interferometer to correlate 
continuous wave light reflected from a reference mirror at a 
known distance with light reflected from a highly scattering 
tissue sample at an equivalent distance. Both techniques 
essentially time gate a signal backscattered from the tissue, 
only OCT utilizes low-coherence interferometry rather than 
pulse-echo delay measurements due to the extremely high 
speed of light. 
A low-coherence Michelson interferometer forms the 

backbone of an OCT system that includes a broadband laser 
source illuminating a 50/50 beamsplitter. The two arms of the 
interferometer in OCT are referred to as the reference and 
sample arms. In the reference arm, a moving mirror serves to 
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reflect light back towards the beamsplitter for the purpose of 
correlation with the light backscattered from a biological 
specimen in the sample arm. 
The backscattered light from the reference and sample 

arms interferes at the beamsplitter and is detector by a pho 
todiode. The amplitude of the detected signal is essentially 
the reflectivity of the sample as a function of the reference 
mirror position, which is directly related to depth within the 
sample, while the axial point-spread function (PSF) is the 
autocorrelation of the reference electric field, which is 
equivalent to the Fourier transform of the broadband laser 
Source spectrum. Because the point-spread function and laser 
spectrum are Fourier pairs, the broader the bandwidth of the 
laser, the better the axial resolution of the imaging system. 
Two-dimensional OCT images are built up by transverse 
scanning the sample beam across the sample and false-color 
coding the amplitude of the backscattered interference. 
The term “point spread function' or its acronym “PSF 

refers to the response of an imaging system to a point Source 
or point object. The PSF in many contexts can be thought of 
as the extended blob in animage that represents an unresolved 
object. In functional terms it is the spatial domain version of 
the modulation transfer function. The degree of spreading 
(blurring) of the point object is a measure for the quality of an 
imaging system. In incoherent imaging systems such as fluo 
rescent microscopes, telescopes or optical microscopes, the 
image formation process is linear and described by linear 
system theory. This means that when two objects A and B are 
imaged simultaneously, the result is equal to the sum of the 
independently imaged objects. In other words: the imaging of 
A is unaffected by the imaging of Band vice versa. 

Telecentricity is a special property of certain multi-element 
lens designs in which the chief rays for all points across the 
object or image are collimated. For example, telecentricity 
occurs when the chief rays are parallel to the optical axis, in 
object and/or image space. 
The description will be made as to the embodiments of the 

present invention in conjunction with the accompanying 
drawings. In accordance with the purposes of this invention, 
as embodied and broadly described herein, this invention, in 
one aspect, relates to a combined RS-OCT system with a 
common detection arm for both the RS and OCT for non 
invasive biochemical and structural evaluations of a target of 
interest of a living Subject. The detector is a spectrograph that 
is capable of sequential detection of the 855 nm OCT signal 
and the Raman scatter generated by a 785 nm source. The 
target of interest can be skin tissues, organ tissues, retina, or 
any parts of a living Subject. 
The combined RS-OCT system employing common detec 

tion hardware is disclosed and applications of the system for 
morphological and biochemical characterization of ex vivo 
rodent calvaria and retina, along with in vivo analysis of 
human skin are demonstrated. The novel design takes advan 
tage of the fact that spectral domain configurations of the 
OCT utilize a detection platform similar to the RS and inte 
grates the detection arms of both modalities into a single 
spectrograph and CCD. The result is a fully integrated system 
that demonstrates for the first time, to the inventors knowl 
edge, in vivo characterization of both the biochemical com 
position and microstructure of tissues with a common-detec 
tor RS-OCT system. 

Referring to FIG. 1, an integrated RS-OCT system/appa 
ratus 100 is shown according to one embodiment of the 
present invention. The integrated RS-OCT system 100 
includes a first light source 110 for generating a broadband 
light, a second light source 115 for generating a monochro 
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10 
matic light, a beamsplitter 120, a reference arm 130, and a 
sample arm 140 and a common detector 150. 
The beamsplitter 120 is optically coupled to the first light 

source 110 for receiving the broadband light and splitting the 
received broadband light into a reference light and a sample 
light. The reference arm 130 is optically coupled to the beam 
splitter 120 for receiving the reference light and returning the 
received reference light into the beamsplitter 120. The sample 
arm 140 is optically coupled to the beamsplitter 120 and the 
second light source 115 for combining the sample light and 
the monochromatic light, delivering the combined sample 
and monochromatic light to the target of interest 190, collect 
ing a backscattering lightanda Raman scattering light that are 
generated from interaction of the sample light and the mono 
chromatic light with the target of interest 190, respectively, 
returning the backscattering light into the beamsplitter 120 so 
as to generate an interference signal between the returned 
backscattering light and the returned reference light in the 
beamsplitter 120, and directing the Raman scattering light in 
an output optical path. 

In the exemplary embodiment shown in FIG. 1, the sample 
arm 140 includes a collimating lens (CL) optically coupled to 
the beamsplitter 140 for receiving the sample light and colli 
mating the received sample light into a first optical path 141, 
a mirror (M) positioned for reflecting the collimated sample 
light from the first optical path 141 to a second optical path 
142, a translatable mirror (TM) placed at the second optical 
path 142 for transmitting the reflected Sample light along the 
second optical path 142, a dichroic mirror (DM) placed at the 
second optical path 142 for transmitting the sample light 
received from the translatable mirror (TM) along the second 
optical path 142 and reflecting the monochromatic light 
received from a third optical path 143 into the second optical 
path 142, respectively, Such that the transmitted sample light 
and the reflected monochromatic light are combined in the 
second optical path 142, a scanning member 146 placed at the 
second optical path 142 for directing the combined sample 
and monochromatic light received from the dichroic mirror 
(DM) to a target of interest 190 along a fourth optical path 
144, and an objective lens (OL) placed at the fourth optical 
path 144 for focusing the directed sample and monochro 
matic light received from the Scanning member onto the tar 
get of interest 190. Depending upon the target of interest to be 
evaluated, a second objective lens (OL2) may be inserted at 
the fourth optical path 144 between the scanning member 146 
and the objective lens (OL), as shown in FIG. 2(a). FIG. 2(b) 
shows a configuration of sampling optics used for collection 
from standard samples. In one embodiment, the translatable 
mirror (TM) is mounted onto a translation stage. The scan 
ning member 146 includes at least one of micro-electronic 
mirrors (MEMS), micro-optoelectrical mirrors (MOEMS), 
galvanometer devices, rotation motors, translational motors, 
and a combination of them. 

In response, the target of interest 190 backscatters the 
sample light and the monochromatic light in the forms of a 
backscattering light and a Raman Scattering light, respec 
tively, which are collected and focused to the scanning mem 
ber by the objective lens (OL), directed by the scanning 
member 146 along the second optical path 142 to the dichroic 
mirror (DM), and transmitted by the dichroic mirror (DM) 
along the second optical path 142 to the translatable mirror 
(TM), from which the Raman scattering light is reflected to a 
long pass (LP) filter along the output optical path 145, while 
the backscattering light is transmitted along the second opti 
cal path 142 to the mirror (M) and reflected thereby along the 
first optical path to the collimating lens (CL). 
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The sample arm 140 also have a dual-band pass filter (BP) 
and a spatial filter (SF) placed at the third optical path 143 
between the dichroic mirror (DM) and the second light source 
115. The dual-band pass filter (BP) is characterized with a 
central bandpass wavelength corresponding to a wavelength 
of the monochromatic light. 

Additionally, the sample arm 140 further comprises a cou 
pling lens (C) placed at the output optical path 145 for cou 
pling the Raman scattering light transmitted from the long 
pass (LP) filter to a multimode fiber 147 that is optically 
connected to the detector 150. 
The single detector 150 is optically coupled to the beam 

splitter 120 for collecting the interference signal to provide an 
interference pattern of the returned backscattering light and 
the returned reference light, and to the sample arm 140 for 
collecting the Raman scattering light from the output optical 
path to provide a Raman scattering spectrum, respectively. 
The interference pattern contains information of morpho 

logical details of the target of interest, and wherein the Raman 
scattering spectrum contains information of biochemical con 
tents of the target of interest. The interference pattern of the 
interference signal is associated with an optical coherence 
tomographic (OCT) image, and wherein a spectral profile of 
the Raman scattering spectrum includes a plurality of inten 
sity peaks at a plurality of wavelengths, each intensity peak 
associating with a specific biochemical content of the target 
of interest. 

In order to realize the integrated RS-OCT system 100 with 
a common detector, the initial concern is selecting light 
sources 110 and 115 that result in spectral overlap of the 
Raman scatter spectrum and the OCT bandwidth. The RS of 
tissues has been reported at wavelengths from the ultraviolet 
17 to 1064 nm in the infrared 18. Typically, sources in the 
near-infrared are preferred because tissue autofluorescence is 
reduced. However, Raman Scattering intensity and detector 
responsivity also typically decrease with increasing wave 
length. A wavelength stabilized external cavity 785 nm diode 
laser (Sacher Lasertechnik Group, Marburg, Germany) is 
selected as the Raman source 115 because tissue autofluores 
cence is minimized without increasing the wavelength so 
much as to significantly reduce the collected Raman signal 
intensity. The OCT can also be performed over a range of 
wavelengths in the near-infrared. However, it is typically 
performed near wavelengths at 830 or 1310 nm. The addi 
tional benefit of the 785 nm RS source is that the resultant 
"fingerprint” region for organic molecules, which ranges 
from 500 to 2000 cm relative wavenumbers, spans the 
wavelength band from 815-930 nm (500-2000 cm) and 
nicely overlaps a spectral range where OCT sources are 
readily available. The selected OCT source 110 (Exalos, Inc., 
Langhorne, Pa.) is centered at 855 nm with a -3dB band 
width of 40 nm and a full spectral width ranging from 
approximately 800-900 nm, and is thus well suited for inte 
gration with the 785 nm RS source. It should be noted that 
although the RS of tissues is also commonly performed with 
an 830 nm source, the corresponding fingerprint region (866 
995 nm) does not overlap well with any readily available 
broadband light sources suitable for the OCT. In addition, the 
quantum efficiency of silicon detectors in the 830 nm finger 
print region is inferior to that of the 785 nm fingerprint region, 
which is beneficial for both modalities. 

After selection of the appropriate sources 110 and 115, it is 
critical that the design of the detection hardware 150 facilitate 
both the RS and OCT of tissues. Detectors capable of excep 
tionally high sensitivity coupled with a resistance to etaloning 
are necessary to acquire Raman spectra from tissues due to 
the weak nature of Raman scattering and the relatively intense 
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12 
tissue auto-fluorescence background. The detectors are typi 
cally back-illuminated, deep-depletion CCD arrays 152 with 
cooling mechanisms in place to limit the dark noise. Although 
the detectors used in the OCT clearly also benefit from low 
noise, they differ in that they are typically front-illuminated 
CCD arrays with a large dynamic range and high-speed read 
out rates. Due to the stringent detector requirements of the 
RS, a back illuminated, deep-depletion, thermo-electrically 
cooled 1024x256 CCD camera (Newton 920-BRDD, Andor 
Technology, Belfast, Northern Ireland) typically used for RS 
is selected. This detector is capable of 2.5 MHz pixel readout 
rate and 26 umx26 umpixels with a full well capacity at about 
180,600 e/pixel. The read-rate and dynamic range of the 
camera are similar to the specifications of detectors typically 
employed for OCT while it is also sensitive enough for detec 
tion of tissue Raman signals. 
The detector is coupled to an f/1.8 imaging spectrograph 

151 (magnification=1.13) with a 785 nm Raman holographic 
transmission grating (Kaiser Optical Systems, Inc., Ann 
Arbor, Mich.). The spectrograph 151 is configured to cover a 
wavelength range from 780-920 nm, which spans the full 
bandwidth of the OCT source and thus does not adversely 
affect the theoretical axial resolution limit for imaging. The 
spectral range here corresponds to Raman shifts up to 1870 
cm', which is sufficient to nearly cover the entire range of 
spectral features arising from tissue. FIG. 2(c) illustrates the 
detector illumination and the spectral overlap of the Raman 
fingerprint region and the OCT source spectrum. 

In addition to spectral coverage, it is critical that Sufficient 
spectral resolution is achieved for both the RS and OCT. In 
order to identify the sharp spectral features of tissue Raman 
signals, a spectral resolution of at least 10 cm' is necessary. 
In spectral domain OCT, the maximum depth range is 
inversely related to the spectral resolution 16. Therefore, it 
is important that the spectral resolution is sufficiently high to 
allow the depth range to exceed the optical penetration depth 
of the imaging light Source, which is generally 1-2 mm in the 
tissue. The system according to the invention collects light in 
separate 100 um multimode (for the RS) and 6 um single 
mode (for the OCT) fibers, which are coupled to the spec 
trograph with a custom input adapter and illuminate different 
rows of the CCD. The resulting spectral resolution is 0.123 
nm for the OCT, and 7 cm for the RS. For the OCT, the 
spectral resolution is back-calculated after the un-aliased 
axial depth scan range is calibrated by translating a microme 
terthrough the sample arm optical path and determined to be 
1.27 mm in air. The spectral resolution (ÖW) can be calculated 
as, 6-2, 74°n'Z,161, where is the spectrograph 
center wavelength, n is the index of refraction, and Z is the 
maximum un-aliased scan range. Calibration of the spec 
trograph is performed with the atomic emission lines of a 
Neon-Argon lamp. 
As shown in FIG. 1, for such an RS-OCT system 100, the 

Raman illumination includes free space optics integrated into 
the OCT sample arm 140. In one embodiment, the multi 
mode shaped source 115 passes through a spatial filter (SF) 
and a 785 nm bandpass filter (BF) to produce a spectrally and 
spatially clean, collimated beam. A standard 785 nm Raman 
dichroic mirror (DM) (Chroma Technologies Co., Bellows 
Falls, Vt.) allows this beam to be co-aligned with the OCT 
beam and directed towards the sample 190. During Raman 
acquisition, the mirrors in the XY galvanometer pair 146 are 
stationary. Because the galvanometer pair 146 and the objec 
tive lens (OL) are arranged in a telecentric manner, the RS can 
thus be performed along any A-scan in the OCT image. 
Acquisition from the central A-Scan is preferred for maxi 
mum Raman signal, but not essential. Anachromatic doublet 
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lens (f-30 mm, NA=0.42) serves as the objective and focuses 
the light to a 15 um spot. An achromat lens is important to 
achieve relatively consistent collection efficiency of the 
Raman scattered light across the entire “fingerprint” region. 
The axial response of the RS collection is measured by trans 
lating a thin (about 12.5um) polyethylene sheet through the 
focus and measuring the intensity of the 1308 cm peak. The 
FWHM of the axial response function is then calculated to be 
about 425um. The power of the Raman beam at the sample is 
about 40 mW. The Raman scattered light then returns back 
through the sampling optics and dichroic mirror (DM), and is 
redirected towards the Raman collection fiber by a mirror 
mounted to a computer controlled translation stage. Before 
fiber coupling an 818 nm long pass filter further rejects elastic 
scatter. In order to characterize the performance of the RS 
sub-system, spectra are acquired from a silicon wafer (T=1 
sec), and measured the signal-to-noise ratio to about 22.3 dB. 
During OCT imaging, the translation stage is shifted aside to 
allow the OCT beam to freely pass. As such, the system 100 
does not allow for simultaneous RS and OCT. The two data 
sets are acquired sequentially. Registration of the Raman 
collection within the OCT image is performed as described in 
a previously reported RS-OCT system with independent 
detection arms 13. 
The OCT source 110 is coupled to a 50/50 fiber splitter 

120, which directs light to the reference arm 130 and the 
sample and arms 140. Polarization control paddles 121-123 
are placed between the splitter 120 and the OCT source 110. 
the reference arm 130, and the sample arm 140 to fine tune the 
splitting ratio and optimize the detected interference signal. 
The sample arm 140 includes an XY galvanometer pair 146 
for generating the transverse scan dimension in the OCT and 
the achromatic doublet objective lens (OL), which focuses 
the OCT beam to a spot size of about 18 um. The objective 
lens (OL) is selected in order to achieve nearly isotropic 
spatial resolution, which is important for high quality imag 
ing. The reference arm 130 includes a neutral density (ND) 
filter, an achromatic objective lens (L1) matching that of the 
sample, and a mirror (M) for returning the reference light to 
splitter 120. Insertion of the neutral density filter allows the 
appropriate level of reference attenuation to optimize imag 
ing sensitivity while preventing Saturation of the detector 
19. In one embodiment, the reference arm 130 is arranged 
such that the length of an optical path of the reference light 
propagating from the splitter 120 through the reference arm 
and back to the splitter 120 is adjustable. The optimized 
sensitivity of the system is measured to be about -86 dB, at 
which point the corresponding power of the OCT beam at the 
sample is about 14 uW. The OCT sensitivity can be improved 
by averaging multiple images, after tomographic reconstruc 
tion. When about 25 frames are averaged, the system can 
achieve a sensitivity of about -100 dB. Care is taken to match 
the dispersion of the reference arm 130 and the sample arm 
140 in order to minimize degradation of the axial resolution. 
The measured axial resolution is about 11 um in air (about 8 
um in tissue). An optical MEMS switch (MOS) (Thorlabs, 
Inc., Newton, N.J.) is placed in the detection arm of the fiber 
interferometer. During the acquisition of OCT images, the 
interference signal passes through to the spectrograph, how 
ever, during the Raman acquisition, the Switch directs the 
OCT signal returning from the reference arm away from the 
spectrograph so as not to overwhelm the Raman signal. 

In one embodiment, the MEMS optical switch (MOS), the 
translatable mirror (TM) and the scanning member are con 
figured such that during an OCT mode, the scanning member 
scans the combined sample and monochromatic light across 
the target of interest, the MEMS optical switch (MOS) directs 
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the interference signal received from the beamsplitter to the 
detector, while the translatable mirror (TM) is positioned 
Such that the Raman scattering light is not collected. During a 
Raman mode, the scanning member is fixed, the MEMS 
optical switch (MOS) directs the light received from the 
beamsplitter away from the detector, while the translatable 
mirror (TM) reflects the Raman scattering light into the fifth 
optical path that is coupled to the detector. 
The entire system 100 is run off a single notebook com 

puter 155 with a LabVIEW software interface. Other types of 
computers or controllers can be adapted for running the sys 
tem as well. A multi-function DAQ device 153 (National 
Instruments Co., Austin, Tex.) allows software control of the 
optical MEMS switch (MOS), the translation stage mounted 
mirror (TM), and the XY galvanometer pair 146 in the sample 
arm 140. As set forth above, the system 100 operates in either 
the Raman or OCT mode. During the OCT mode, the XY 
mirrors 146 scan the beam across the sample 190, the MEMS 
optical switch (MOS) directs the OCT interference signal to 
the spectrograph 151, and the RS is disabled by positioning 
the mirror (TM) mounted to the translation stage such that the 
Raman scatter is not collected. Furthermore, the detector 150 
reads out a cropped portion of CCD array that includes only 
the bottom 20 rows of the chip, as shown in FIG. 2(c). This 
allows spectra to be collected at the maximum possible line 
rate of about 2.1 kHz. In the Raman mode, the OCT illumi 
nation beam is blocked by the translatable mirror (TM), the 
XY mirrors 146 are fixed, and the optical MEMS switch 
(MOS) directs the light from the OCT reference arm away 
from the spectrograph. The detector 150 then bins the set of 
rows on the top half of the chip that are illuminated by the 
Raman signal. During the RS, the last acquired OCT image is 
retained and the position of the Raman collection is graphi 
cally overlaid onto the display to guide the user positioning of 
the sample 190 and/or XY mirror 146 positioning. 

Data processing to produce OCT images and Raman spec 
tra is performed in real-time. The spectrograph calibration, 
Raman spectra pre-processing and tissue autofluorescence 
subtraction are performed as described by Lieberetal 21. To 
create an OCT image, the reference arm signal is stored 
before each image acquisition, and then subtracted from Sub 
sequent spectra to remove the DC component of the interfer 
ence signal. After the DC subtraction, the spectrum is inflated 
and remapped from wavelength space to linear k-space in 
order to ensure appropriate mapping from the spectral 
domain to the spatial domain 20. Fast Fourier transform 
then produces the depth scan. At this stage, multiple OCT 
images are averaged to improve imaging sensitivity. After 
factoring in data transfer and processing time, the display rate 
of processed OCT images (512x512) is 2 frames/sec. A num 
ber of additional system calibrations are necessary prior to 
processing the Raman spectra. Variations in System through 
put are corrected for using a NIST calibrated quartz-tungsten 
halogen lamp. In order to account for minor day-to-day varia 
tions in the spectral position of the Raman excitation laser 
line, the relative wavenumber axis is calibrated with stan 
dards such as acetaminophen and naphthalene. Laser induced 
fluorescence from the system optics and general background 
signal is removed by Subtracting a background spectra. After 
the sample spectrum is white light corrected and background 
Subtracted, the tissue autofluorescence is removed using a 
modified polynomial fitting algorithm 21. 
The utility of a common detector RS-OCT system in the 

marketplace is broad—any sample whose microstructural 
architecture and biochemical composition is worth evaluating 
can benefit from the RS-OCT system. The applications are for 
biomedical analysis of tissues, both for clinical use on human 
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Subjects, and pre-clinical use on animal models. The applica 
tions in the skin, breast, retina and murine calvaria have been 
demonstrated. Other possible target tissues include, but are 
not limited to, the GI tract, respiratory organs, the vasculature 
including the coronary arteries, cervix, bladder, etc. 

Without intent to limit the scope of the invention, exem 
plary instruments, apparatus, methods and their related 
results according to the embodiments of the present invention 
are given below. The fundamental objective of the following 
examples is to validate the utility of combined biochemical 
and structural analysis of biological tissues with the common 
detector RS-OCT system. To demonstrate the underlying 
concept in practice, ex vivo images and spectra are collected 
from dissected rodent calvaria (skull cap) and the rodent 
retina. In vivo data of human skin is collected from the palm 
of a volunteer. All data is collected under protocols approved 
by the Vanderbilt University institutional review board and 
institutional animal care and use committee. 

Data collection from the rodent retina is performed through 
the intact eye, and therefore, required a modified instrument 
(sample arm) configuration, as shown in FIGS. 1 and 20a), to 
account for the focusing properties of the eye itself. Because 
the physical optics of the eye focuses distant light onto the 
retina, the instrument configuration is modified to illuminate 
the sample (retina) 190 with collimated light. In the sample 
optics 140A, a second objective lens (OL2) is inserted to 
create a 2-f telecentric scan geometry that illuminated the 
pupil of the eye with a collimated beam (d. 2.1 mm. 
de, 2.4 mm). The additional dispersion introduced in the 
sample by the second lens and the eye itself is compensated 
for in the OCT reference arm by adding a matching second 
objective lens (L2) and a 5 mm water-filled cuvette (WC) in 
the OCT reference arm. In one embodiment, one or more 
additional objective lens, such as L3, may be added in the 
optical path of the OCT reference arm. 

In order to demonstrate the capability of the common 
detector RS-OCT system in highly scattering tissues, data 
shown in FIG. 3 is acquired from the dissected calvaria of a 
rat/mouse. The OCT image, as shown in FIG. 3(a), is the 
average of three acquisitions, where arrow 310 indicates dark 
hypo-reflective region likely associated with the suture of the 
left and right parietal skull plates. Area 320 indicates the 
region where the corresponding Raman spectrum is acquired. 
Axial scale assumes n, 1.55 23. The image allows 
clear visualization of the inner and outer surfaces of the 
calvaria, along with fair contrast between the hyper-reflective 
mineralized bone tissue and the less reflective collagenous 
tissue associated with the sutures that hold the plates of the 
skull together. This is most evident in the center of the image 
at the Suture connecting the left and right parietal plates. The 
corresponding Raman spectra, as shown in FIG.3(b) where 
to 30 sec, acquired from the sample is representative of a 
typical Raman signature of the mineralized tissue. Arrows 
321-324 indicate positions of features/peaks typically uti 
lized in Raman spectral analysis 22 of mineralized tissues 
including the subtle proline peak at 857 cm, the prominent 
phosphate peak at 960 cm', the carbonate peak at 1072 cm, 
and the amide I peak at 1667 cm, respectively. 
As discussed above, the OCT performed in the band from 

800-900 nm is best suited for imaging the retina. To demon 
strate the ability of the common-detector RS-OCT system to 
characterize both the morphology and biochemistry of the 
retina, data shown in FIG. 4 is collected from the retina of a 4 
week old rat pup, through the intact eye. The OCT image 
shown in FIG. 4(a) is an average of 20 OCT frames and is 
depicted in the false color scale typically associated with the 
OCT of the retina 24. The layers of the retina visible, from 
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inner layers to outer layers, include the thin, bright nerve fiber 
layer (NFL), hypo-reflective ganglion cell layer (GCL), 
thicker hyper-reflective inner plexiform layer (IPL), the 
hypo-reflective inner nuclear layer (INL), the thin, bright 
outer plexiform layer (OPL), the hypo-reflective outer 
nuclear layer (ONL), and the photoreceptor layer and choroid 
(PR & C), which are difficult to distinguish and labeled as a 
single layer. The image demonstrates the Sufficient resolution 
and imaging range of the system to depict the layers of the 
retina. A set of 5 Raman spectra (t–90 sec) are acquired 
from multiple axis across the image to characterize the gen 
eral Raman signature. In order to achieve Sufficient signal-to 
noise the Raman power at the sample is increased from 40 
mW to 100 mW, which is necessary due to the gradual loss of 
clarity in the eye after the animal is sacrificed and the lack of 
pupil dilation. The mean spectrum is acquired from 5 axes 
equally spread across the retina, and shown in FIG. 4(c). The 
spectral features show similarities to those reported in the 
literature 25, 26, including peaks at 1265 cm (amide III), 
1440 cm (CH), and 1660 cm (amide I), indicated respec 
tively by arrows 411-413, which are commonly seen in most 
Soft tissues. Protein signatures present in Raman spectra 
include those arising from DNA and RNA molecules present 
in the nuclear layers, the most intense of which occur at 723 
cm, 1003 cm, 1094 cm, indicated respectively by 
arrows 414-416, respectively. 

Referring to FIGS. 5 and 6, images and spectra are col 
lected from a rodent model for retinopathy of prematurity 
(ROP), ex vivo to demonstrate the capabilities of the common 
detector RS-OCT system. Rat pups that have undergone a 
variable oxygen treatment are compared to rats raised in room 
air. Images and spectra collected at anage of 26 days postnatal 
demonstrate differences in both the thickness of the inner and 
outer nuclear layers, but also in the biochemical composition. 
In the rodent model, rats are exposed to variable-oxygen (VO) 
environments that alternate between hyperoxic and normoxic 
conditions that simulate the exposure preterm infants are 
subjected to after birth 40. Here, litters of Sprague-Dawley 
rats are randomly separated into groups placed in eitherVO or 
room air (RA) environments. The VO rats are cycled between 
alternating periods of 24 hours at 50% oxygen followed by 24 
hours at 10% oxygen, for 14 days. After the 14-day oxygen 
treatment protocol, the VO rats are moved to room air. Twelve 
days after removal from VO, denoted 14(12), distinct differ 
ences in the retina and retinal vasculature of the VO and age 
matched RA rats (denoted P26) are still persist 41. At this 
point, the rats are sacrificed, and the eyes are enucleated and 
placed in a small vessel atop a heating pad and half-Sub 
merged with phosphate buffered saline (PBS) (pH-7.4. 
T-35). The vessel is placed on a heating pad in order to 
maintain the temperate and mitigate the development of cold 
cataracts in the lens of the eye. The PBS bath and heating pad 
are fixed to 3-axis translation stage that allowed the sample to 
be appropriately positioned under the sampling optics for 
analysis with RS-OCT. All OCT images and Raman spectra 
are acquired within 30 minutes of death. All experiments are 
conducted in the Vanderbilt University Biomedical Optics 
Laboratory with protocols approved by the Institutional Ani 
mal Care and Use Committee at Vanderbilt University. 
The eyes from five 14(12) rats and four P26 are evaluated 

to demonstrated the morphological and biochemical differ 
ences detectable with common detector RS-OCT. 
FIG.5 shows representative OCT from the 14(12) and P26 

rat eyes, along with the corresponding histology sections. 
OCT images for analysis are generated by averaging 20 Suc 
cessive frames. The images demonstrate the Sufficient reso 
lution and imaging range of the system to depict the retinal 
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structure in both the VO and RA rats. The clearest, most 
consistently visible layers include the hyper-reflective inner 
plexiform layer (IPL), a predominantly hypo-reflective band 
consisting of the inner nuclear layer (INL), outer plexiform 
layer (OPL), and outer nuclear layer (ONL), and outermost 
hyper-reflective regions of the eye which include the photo 
receptor layers (PR) and choroid (C). Although less clear and 
consistent across the images, closer examination reveals the 
thin, hyper-reflective layer that corresponds to the nerve fiber 
layer at the innermost surface of the retina (NFL) proximal to 
a hypo-reflective band corresponding to the ganglion cell 
layer (GCL). Between the inner and outer nuclear layers, a 
thin hyper-reflective band can be made out that corresponds to 
the OPL. 

Although the images of the VO and RA retinas appear 
generally similar, the thickness of the hypo-reflective band 
consisting primarily of the nuclear layers (NL) of the retina 
(INL, OPL, and ONL) is measured to determine if any physi 
cal differences could be determined by RS-OCT. The NL 
band is selected because it is clearly defined across all the 
OCT images by the bright boundaries provided by the bottom 
of the IPL and the top of the PR layer. In order to perform 
quantitative analysis, the inner and outer boundaries of the 
NL bands are identified through user interaction. An algo 
rithm then a fit a polynomial to the boundaries and calculated 
the mean thickness, orthogonal to the Surface of the outer 
boundary of the NL bands. The algorithm calculates the 
length of a vector that runs from the top of the PR layer to the 
bottom of the IPL, orthogonal to the surface of the PR layer, 
for 100 points evenly distributed across the retina. Thickness 
measurements are made on n=9 eyes from the VO 14(12) 
group and n=8 eyes from the RAP26 group. Images are not 
collected from one of the 14(12) eyes because temperature 
and corneal hydration conditions could not be maintained 
well enough to allow transmission of the light through to the 
retina. The average NL thickness of the VO 14(12) group is 
119-9 um, compared to 154+15um for the RAP26 group. 

Following imaging, Raman spectra are acquired 
(tr. 90 sec) from 9 positions evenly distributed across 
the surface of the retina for each eye. Spectra are collected 
from the 9 viable eyes from the 14(12) group (n=77 spectra) 
and the 7 viable eyes from the P26 group (n=56 spectra). 
Spectra are averaged across each group to create mean spectra 
for the VO and RA groups, which are shown in FIG. 6. The 
spectral features of the VO and RA retinas generally show 
similarities to those from the reference spectra, as well as 
those reported in the literature 26, 42. The spectra show 
Raman peaks at 1003 cm-1 (phenylalanine), 1265 cm-1 
(amide III), 1440 cm-1 (CHx), 1660 cm-1 (amide I) that are 
typical to most tissues because of their common occurrence in 
biomolecules. Examination of the differences between the 
VO and RA lens subtracted retina spectra show a number of 
bands where differences reside. Differences are seen in peaks 
attributable to proteins and amino acids (610-670 cm, and 
929 cm), DNA (1580 cm), and cytochrome-c (1315-1385 
cm). RA spectral intensity is increased at the 723, 1094, and 
1580 cm peaks, which are attributed to DNA and RNA 
nucleotide groups 43. Increased intensity also is seen in the 
band from 610 to 670 cm, which has been attributed to 
amino acids and proteins 43. The VO spectra exhibit differ 
ences in the peaks at 929 cm, a C-C peak commonly attrib 
uted to protein backbones, and a 965 cm peak attributed to 
collagen molecules. In addition, the triplet of peaks in the 
band from 1315 to 1385 cm shows increased intensity, 
which has been attributed to cytochrome-c content in the 
retina 42. 
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The common detector RS-OCT system is able to both 

image and collect spectra from the retina. The OCT images 
depict the structure of the major layers of the retina typically 
seen in OCT images, while Raman spectra can be collected 
from the intact eye and processed to isolate signal primarily 
originating from the retina. A developmental delay is very 
likely to result from the VO treatment from 14(O) to 14(12), 
which can be measured with the RS-OCT. The Raman signa 
tures provide information that both builds upon the morpho 
logical information seen in the OCT, as well as compliments 
it. The increased intensity of the DNA and amino acid peaks 
seems in line with the increased nuclear layer thickness mea 
sured by OCT. In humans, advanced ROP can be severe 
enough to result in retinal detachment with extreme irregu 
larity in vasculature growth patterns or significant increase 
vascular permeability. In the animals examined here, the 
speed with which the pathological vasculature re-normalizes 
may prevent any detectable detachments with the OCT. The 
inability of the OCT images shown here to clearly distinguish 
between the photoreceptor layers, retinal pigment epithelium, 
and choroid likely would have made this task quite difficult in 
the case of minor detachments. 

Spectral changes that do reflect features of in the OCT 
image can be particularly interesting. The spectral changes 
observed in the 1315 to 1385 cm range imply biochemical 
differences that between the VO and RA retinas that are not 
clearly reflected in OCT. A similar triplet of peaks is seen in 
work utilizing confocal RS to collect spectra from the mito 
chondria rich photoreceptor inner segments and attributed to 
cytochrome-c 42, a protein localized in the mitochondria 
associated with cellular metabolism. In the retina, mitochon 
dria are localized in the photoreceptor layer, where produc 
tion and turnover of the membrane bound visual pigments 
takes place. One possible explanation of the increased cyto 
chrome-c content in the VO rats may be an increased level of 
rhodopsin generation in the developmentally delayed ani 
mals. In the case of the VO rats, a significant portion of the 
pathological retinal vasculature develops as tufts into the 
vitreous. A hypothesis for increased collagen features may be 
related to their necessity to maintain vitreal traction in the VO 
rats. The increased spectral intensity associated with C-C 
backbone at 929 cm' is more difficult to attribute without 
further analysis due to its widespread presence among bio 
molecules. Although no clear conclusions can be drawn at 
this stage from any of the biochemical differences seen in the 
Raman spectra, it is clear that they provide unique informa 
tion that can be expanded upon to better understand the 
molecular differences between the retinas of VO 14(12) and 
RAP26 animals. 
The OCT resolution allows visualization of the retinal 

layers in the rodent model, however the overall speed and 
sensitivity of the instrument are sacrificed at the expense of 
Raman sensitivity. The maximum achievable readout rate for 
high-sensitivity CCD's is purposefully low in order to mini 
mize the noise associated with higher bandwidth amplifier 
electronics. Similarly, CCD full well capacity is typically 
kept at a minimum in order to optimize dark noise perfor 
mance for the benefit of the RS. Despite the fact that the 
detection is optimized for the Raman sensitivity, the high 
illumination power and long integration times necessary for 
the RS remain the limitations of the instrument. These param 
eters would surely need to be reduced for any human appli 
cation; however they do not preclude feasibility in rodent 
models. 
The results shown here demonstrate the instruments capa 

bilities, and provide a set of examples describing potential 
applications. The images and spectra from the calvaria shown 
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in FIG.3 demonstrate the ability of the system to characterize 
highly scattering tissue. In the field of bone biology, histo 
morphometric measurement of calvarial thickness in mouse 
models is a time consuming and destructive assay used to 
characterize bone formation. In addition to structural mea 
Sures, a number of other destructive or time consuming assays 
are performed to characterize compositional properties 
related to mineralization and bone formation 29. The clear 
definition of the inner and outer surfaces of the calvaria in the 
OCT suggests that it would be possible to perform non 
destructive measurement of calvaria thickness, while compo 
sitional properties of the bone Such as mineral-to-collagen 
ratio, mineral crystallinity, and carbonate-substitution can be 
calculated from analysis of the Raman spectrum 22. The 
ability to perform non-destructive high resolution imaging 
and biochemical characterization of murine calvaria in real 
time represents one example of the benefits a common-detec 
tor RS-OCT system can provide in the context of ex-vivo 
analysis of dissected tissues. 

Biochemical and morphological analysis of retinas in ani 
mal models is another promising potential application of the 
common-detector RS-OCT device. Retinal imaging is the 
most prominent clinical application of the OCT, however 
recent studies have demonstrated the utility of the OCT can be 
extended to the evaluation of rodent models of retinal pathol 
ogy as well. For example, the OCT is found to serve as a 
useful tool for monitoring tumor progression in a rat model of 
retinoblastoma 30 and retinal degeneration in a transgenic 
mouse model 31. The ex vivo images of FIGS. 4(a) and 5(a) 
acquired with the common-detector RS-OCT system allow 
visualization of most layers of the retina, as can be confirmed 
by comparison to the corresponding histology cross section, 
as shown in FIGS. 4(b) and 5(b). These images certainly 
allow evaluation of retinal architecture, and could also be 
used to perform quantitative measurements of the thickness 
of specific retinal layers. Such analysis would be well 
complemented by the RS, which is capable of identifying the 
molecular progression of disease. For example, recent work 
has demonstrated the sensitivity of the RS to advanced gly 
cation end products, which are molecules widely believed to 
play an important role in the ill-defined pathogenesis of age 
related macular degeneration 32. The expanding role of the 
OCT in animal studies coupled with the sensitivity of the RS 
to biochemical features invisible to OCT suggests that the 
common-detector RS-OCT system has the potential to 
become a valuable research tool for the study of retinal dis 
ease in animal models. The application of the RS-OCT sys 
tem to human retinal analysis is not possible at this time, 
however, due to the fact that the laser exposure levels required 
to perform the RS are well in excess of the ANSI standards. 

FIG. 7 demonstrates the ability of the integrated RS-OCT 
system to acquire in vivo data from human skin. The OCT 
image shown in FIG. 7(a) is a single un-averaged image 
acquired from the palm of the hand of a volunteer. A hyper 
reflective feature that is likely a Sweat Gland (SG) is seen 
within the stratum corneum (SC). Area 710 indicates location 
of Raman spectrum. Axial scale assumes n, 1.38 27. 
Because the image is not averaged, it depicts the minimum 
sensitivity of the system, which still allows visualization of 
distinct morphological features in the skin. The boundary 
between the stratum corneum and the underlying layers of the 
epidermis can be seen as a dark, band across the length of the 
image. The image also captures the presence of a hyper 
reflective structure in the outer region of the epidermis that is 
likely a Sweat gland. The position where the corresponding 
Raman spectrum is acquired is indicated by the red overlay. 
The Raman spectrum shown in FIG. 7(b) (also a single, 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

20 
un-averaged acquisition, t 30 sec) is representative of 
typical skin signatures 9, with prominent skin peaks at 936 
cm (C-C backbone of collagen), 1003 cm (phenylala 
nine), 1280 cm (amide III), 1335 cm (C-H), 1440 cm 
(CH), and 1660 cm (amide I), which are indicated by 
arrows 721-726, respectively. 

Additionally, RS-OCT data shown in FIG. 8 is acquired 
from the finger of a volunteer, where the base of the fingernail 
inserts into the skin. Similarly, the OCT image shown in FIG. 
8(a) is un-averaged. The nail is seen on the right side of the 
image. The root of the nail inserts into the skin below the 
cuticle, which is located in the transverse dimension from 2.5 
to 3.0 mm and can be seen as the raised region in the center of 
the image. To the left of the cuticle is the skin on the back of 
the finger. Raman spectra shown in FIG. 8(b) are acquired 
from the nail and the skin with an acquisition time of 30 
seconds for each spectrum, where peaks of interest are indi 
cated with arrows 821-825, respectively. The location from 
which the spectra are acquired is indicated by the red overlays 
in FIG. 8(a). The nail spectrum is characterized by features 
that correspond to that of keratin proteins in a B-sheet con 
figuration. This includes the sharp, distinct nature of the 620 
cm peak involved in the disulfide bonds that give keratin 
arrangements their strength, the relative intensity of the 936 
cm' C C peak from the keratin protein backbone, the rela 
tive intensity and position of the amide III peak at 1251 cm 
(indicative of the B-sheet confirmation) and the C–H peak at 
1317 cm (28). All of which are indicative of the B-sheet 
keratin proteins that make up the nail. These features are 
distinct from those of the skin mentioned above. For example, 
the spectral difference between the skin and nail spectra at the 
1770 cm lipid peak indicates of the lack of contribution 
from Soft tissue components in the nail. 
The ability of common detector RS-OCT to perform in 

Vivo characterization of tissue morphology and biochemical 
composition is demonstrated through evaluation of human 
skin, as shown in FIG.7. The OCT images depict the stratified 
nature of the skin, and can even visualize the presence of 
microstructural features within the stratum corneum. Based 
on a previously published report of the OCT in the skin that 
details the appearance of Sweat glands in the stratum corneum 
33, and the fact that the subject’s skin is healthy, clean, and 
debris-free, which this feature is likely a sweat gland. It is 
unlikely the feature is simply an artifact. In spectral domain 
OCT artifacts can be seen as a result of strong reflections 
from the primary surface. Such artifacts can be observed near 
0.9 mm in the transverse dimension of FIG. 7(a), and are seen 
both above and below the primary surface. The feature the 
inventors believe to be a sweat gland has a much different 
appearance and is only seen below the skin Surface. The 
Raman spectrum depicts signal in all the primary molecular 
moieties associated with the skin, including peaks associated 
with the collagen backbone, phenylalanine and amide I and 
III 34). The ultimate strength of RS-OCT arises from its 
ability to utilize OCT imaging to guide positioning of the RS 
probe beam, as well the instruments ability to use the RS 
Subsystem to interrogate the biochemical composition of 
morphological features in an OCT image. The fundamental 
concept that RS-OCT is capable of characterizing both the 
morphological and biochemical properties of tissue is thus 
demonstrated through the analysis of tissues Surrounding the 
proximal nail fold on the finger of a human Volunteer. 

There are a few important experimental considerations that 
enabled acquisition of consistent data sets from the RS-OCT 
system, most importantly during in vivo measurements. 
Namely, the speed of both the RS and OCT subsystems 
required the sample remain fairly stable over the course of the 
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data acquisition times. In the case of the RS. spectral quality 
degraded if motion artifact is not minimized by restraining the 
palm or finger to a sample stage prior to measurement. Sta 
bilization of the sample is also important in order to minimize 
the effect of fringe-washout, which occurs due to sample 
motion over the acquisition time of a single A-scan 35. The 
result is noticeable image fading, which can also arise from 
movements and vibrations transferred to the fiber optic com 
ponents of the OCT system. Thus, all the fibers are affixed to 
the table and instrument is built upon a vibration dampening 
pneumatic table. In order to minimize image distortion in 
OCT due to these motion-related artifacts, the spectra are 
collected at the fastest possible frame rate and are also un 
averaged. Therefore, the images shown in FIGS. 7(a) and 8(a) 
represent the performance limit of the OCT subsystem with 
respect to sensitivity and speed. These limitations are a func 
tion of the deep-depletion, back-illuminated detector array 
chosen to ensure feasibility of the RS. In order to further 
advance potential in vivo applications of the common-detec 
tor RS-OCT system, it will certainly be necessary to incor 
porate an improved detector capable of improving the speed 
of both the RS and OCT. 

Commercially available deep-depletion, back-illuminated 
detectors have limitations in readout rate and dynamic range, 
which in turn limit OCT imaging speed and sensitivity. These 
detectors are typically operated at slow readout rates with a 
premium placed on sensitivity. The corresponding detection 
electronics therefore have a limited bandwidth to ensure low 
read noise. In order to increase the imaging speed, it would be 
necessary to both decrease the exposure time of the detector 
and increase the bandwidth of the detection electronics to 
improve readout rates. The detected spectra in the RS are 
typically shot-noise limited by the relatively intense back 
ground tissue autofluorescence, which indicates that the 
detector speed could be increased to some degree without 
adversely affecting the integrity of RS. Frame transfer cam 
eras with shorter exposure times and a second buffer array are 
available, and offer the potential to moderately improve the 
imaging performance when taking OCT 'snapshots’. 
Decreasing exposure time would reduce the susceptibility of 
OCT to fringe-washout, however such technology would 
only allow rapid acquisition of at most a few image frames 
and would not facilitate a faster continuous OCT frame rate. 
In order to further increase the OCT sensitivity based on the 
current system design, the sample must simply be illuminated 
with increased laser power without saturating the detector. 
Currently, the detector is illuminated very near the saturation 
level, which is typically proportional to the full well capacity 
of the detector elements. A detector with increased pixel full 
well capacity and thus increased saturation levels would alle 
viate this constraint. However, such a detector is not currently 
available from standard commercial manufacturers. Never 
theless, the realization of a detector with the properties 
described above could improve the OCT imaging perfor 
mance and improve the in Vivo imaging potential of the 
device. 

In addition to improving the sensitivity of OCT imaging, 
increasing the achievable imaging depth would also benefit 
the system's ease of use and imaging performance. As previ 
ously described, the OCT spectral resolution limits the 
achievable imaging depth range to about 1.27 mm. Although 
this imaging range exceeds the optical penetration depth of 
the 855 nm source in the samples that is imaged above, an 
expanded range would simplify localization of the sample as 
well as mitigate the depth dependent sensitivity roll-off that 
results from the finite spectrograph spectral resolution 36. 
The OCT spectral resolution in the system is limited by the 
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horizontal size of the individual CCD pixels. Decreasing the 
horizontal pixel size and increasing the number of horizontal 
pixels from 1024 to 2048 would be beneficial. In addition, as 
seen in FIG.2(c), the detectable spectral range begins at about 
780 nm, despite the fact that the OCT source intensity falls 
below the noise floor near 800 nm and the RS filter cutoff 
occurs at about 818 nm. If a CCD with increased pixel density 
is obtained, limiting illumination of the CCD to the 800-920 
nm spectral band with a custom grating would further 
improve the spectral resolution, thereby expanding the 
achievable imaging range, and increasing imaging perfor 
mance as a function of depth. 

Despite the fact that the camera used in the above examples 
can benefit from further optimization, the ability of a com 
mercially available detector commonly used in tissue RS to 
acquire OCT images of microstructural details in tissue is 
demonstrated. The significance of this demonstration lies in 
the implication that a few important modifications to an exist 
ing RS instrument can enable OCT imaging at a fraction of 
the cost of adapting an existing OCT instrument to perform 
the RS. The essential components to perform this modifica 
tion include the OCT light source, a 2x2 fiber coupler, and an 
input adapter for the spectrograph, along with the appropriate 
optics for the reference and sample arms. Two-dimensional 
OCT images can be generated by translating the sample with 
a motorized stage in place Scanning the sampling beam with 
a galvanometer. The system can be further simplified by 
replacing the components that automate the transition 
between the OCT and RS (MEMS optical switch and the 
translation stage mounted mirror in the sample arm) with 
manual flip mirrors. Although these simplifications would 
come at the expense of the system’s ease of use, they provide 
basic design guidelines that would enable current users of the 
RS to complement biochemically specific spectra with OCT 
images of tissue microstructures. Another common wave 
length source for tissue RS is about 830 nm. However, as 
previously stated, there are no OCT sources that overlap the 
830 nm RS “fingerprint” region known to the inventors. If an 
OCT source with a spectral range that is fully detected within 
the range covered by typical 830 nm RS spectrographs (830 
1000 nm), it would certainly be well suited for incorporation 
into the RS-OCT system similar to that described here. Alter 
natively, adaptation of the spectrograph dispersion to cover 
the appropriate spectral ranges of an existing OCT source and 
the 830 nm RS“fingerprint” region is also possible, granted a 
sufficient spectral resolution is achieved. 
The invented RS-OCT system represents a development of 

the dual-modal RS-OCT systems 13, 14. However, alterna 
tive approaches have been reported to combine the biochemi 
cal specificity of vibrational spectroscopy with high resolu 
tion morphological imaging. Techniques utilizing coherent 
anti-stokes Raman spectroscopy (CARS) have been reported 
for in vivo video-rate microscopy 37, as well as CARS 
based interferometric imaging 38. However, the cost of the 
ultrafast laser Sources necessary for Such approaches con 
trasts starkly with the simplicity of the stripped down com 
mon-detector RS-OCT system proposed in the previous para 
graph. 
The benefit of complementing Raman spectral analysis 

with OCT imaging is based on the fact that point-wise RS 
provides no direct spatially relevant information. Accord 
ingly, OCT images can be useful to guide positioning of the 
Raman probe beam as well as provide contextual morpho 
logical and microstructural information to benefit tissue char 
acterization. Similarly, Raman spectra can provide informa 
tion related to the biochemical content of features within an 
OCT image, as well as valuable data related to general com 
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positional properties that are not directly accessible from 
images of tissue reflectivity. The underlying value of the 
RS-OCT system is based on the complementary nature of the 
RS and OCT data sets, and could be applicable to a wide range 
of applications beyond those demonstrated here. Biochemi 
cal and morphological analysis can potentially assist in 
screening and diagnosis of diseases such as cancer, enhance 
the guidance and monitoring of medical therapies, and even 
benefit non-biomedical applications where high-resolution 
cross sectional imaging and high specificity compositional 
analysis are critical. Such as art preservation and restoration. 

In brief, the present invention, among other things, recites 
a combined RS-OCT system with a single detection arm that 
is capable of acquiring both morphological and biochemical 
features of tissues. While previous implementations of the 
RS-OCT simply provided co-aligned sampling beams, the 
invented RS-OCT system uses a common detection arm to 
perform both the RS and OCT. The significance of the com 
mon detector design lies in the fact that it reduces the hard 
ware requirements for RS-OCT and simplifies implementa 
tion. The system uses a single spectrograph to perform 855 
nm OCT in the spectral domain, and RS with a 785 nm source 
whose biological fingerprint spectral range overlaps the OCT 
bandwidth. The two beams are co-aligned in the sample arm, 
allowing the system to perform sequential, co-registered 
acquisition of the complementary data sets. The OCT can be 
performed at 2 frames/sec with a sensitivity of about -86 dB 
and a spatial resolution of about 8 um (axial, in tissue) by 
about 18 um (transverse). Averaging consecutive frames 
allows the imaging sensitivity to improved to better than 
about -100 dB. Tissue Raman spectra corresponding to spe 
cific A-scans in the OCT image are acquired in about 30 sec 
with about 40 mW of laser power. The capabilities of the 
instrument are demonstrated ex vivo in the calvaria and retina 
of rodents, and in vivo in human skin. 
The foregoing description of the exemplary embodiments 

of the invention has been presented only for the purposes of 
illustration and description and is not intended to be exhaus 
tive or to limit the invention to the precise forms disclosed. 
Many modifications and variations are possible in light of the 
above teaching. 
The embodiments are chosen and described in order to 

explain the principles of the invention and their practical 
application so as to enable others skilled in the art to utilize 
the invention and various embodiments and with various 
modifications as are Suited to the particular use contemplated. 
Alternative embodiments will become apparent to those 
skilled in the art to which the present invention pertains with 
out departing from its spirit and scope. Accordingly, the scope 
of the present invention is defined by the appended claims 
rather than the foregoing description and the exemplary 
embodiments described therein. 
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What is claimed is: 
1. An apparatus of combining Raman spectroscopy (RS) 

and optical coherence tomography (OCT) for non-invasively 
evaluating a target of interest of a living Subject, comprising: 

(a) a first light source for generating a broadband light 
characterized with a center wavelength and a spectral 
bandwidth: 

(b) a second light source for generating a monochromatic 
light at a single wavelength, wherein the first and second 
light sources are adapted Such that resultant Raman scat 
tering spectrum and OCT bandwidth have a spectral 
overlap with each other; 

(c) a beamsplitter optically coupled to the first light source 
for receiving the broadband light and splitting the 
received broadband light into a reference light and a 
sample light; 

(d) a reference arm optically coupled to the beamsplitter 
for receiving the reference light and returning the 
received reference light into the beamsplitter; 

(e) a sample arm optically coupled to the beamsplitter and 
the second light source for combining the sample light 
and the monochromatic light, delivering the combined 
sample and monochromatic light to the target of interest, 
collecting a backscattering light and a Raman scattering 
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light that are generated from interaction of the sample 
light and the monochromatic light with the target of 
interest, respectively, returning the backscattering light 
into the beamsplitter so as to generate an interference 
signal between the returned backscattering light and the 
returned reference light in the beamsplitter, and direct 
ing the Raman scattering light in an output optical path; 
and 

(f) a single detector optically coupled to the beamsplitter 
for collecting the interference signal to provide an inter 
ference pattern of the returned backscattering light and 
the returned reference light, and to the sample arm for 
collecting the Raman scattering light from the output 
optical path to provide the Raman scattering spectrum, 
respectively. 

2. The apparatus of claim 1, wherein the sample arm com 
prises: 

(a) a collimating lens (CL) optically coupled to the beam 
splitter for receiving the sample light and collimating the 
received sample light into a first optical path; 

(b) a mirror (M) positioned for reflecting the collimated 
sample light from the first optical path to a second opti 
cal path; 

(c) a translatable mirror (TM) placed at the second optical 
path for transmitting the reflected sample light along the 
second optical path; 

(d) a dichroic mirror (DM) placed at the second optical path 
for transmitting the sample light received from the trans 
latable mirror (TM) along the second optical path and 
reflecting the monochromatic light received from a third 
optical path into the second optical path, respectively, 
such that the transmitted sample light and the reflected 
monochromatic light are combined in the second optical 
path; 

(e)a scanning member placed at the second optical path for 
directing the combined sample and monochromatic 
light received from the dichroic mirror (DM) to a target 
of interest along a fourth optical path; and 

(f) an objective lens (OL) placed at the fourth optical path 
for focusing the directed sample and monochromatic 
light received from the Scanning member onto the target 
of interest, 

wherein in response, the target of interest backscatters the 
sample light and the monochromatic light in the forms of a 
backscattering light and a Raman Scattering light, respec 
tively, which are collected and focused to the scanning mem 
ber by the objective lens (OL), directed by the scanning 
member along the second optical path to the dichroic mirror 
(DM), and transmitted by the dichroic mirror (DM) along the 
second optical path to the translatable mirror (TM), from 
which the Raman scattering light is reflected to a long pass 
(LP) filter along the output optical path, while the backscat 
tering light is transmitted along the second optical path to the 
mirror (M) and reflected thereby along the first optical path to 
the collimating lens (CL). 

3. The apparatus of claim 2, wherein the sample arm further 
comprises a dual-band pass filter (BP) and a spatial filter (SF) 
placed at the third optical path between the dichroic mirror 
(DM) and the second light source. 

4. The apparatus of claim 3, wherein the dual-band pass 
filter (BP) is characterized with a central bandpass wave 
length corresponding to a wavelength of the monochromatic 
light. 

5. The apparatus of claim 2, wherein the sample arm further 
comprises a coupling lens (C) placed at the output optical path 
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for coupling the Raman Scattering light transmitted from the 
long pass (LP) filter to a multimode fiber that is optically 
connected to the detector. 

6. The apparatus of claim 2, wherein the scanning member 
comprises at least one of micro-electronic mirrors (MEMS), 
micro-optoelectrical mirrors (MOEMS), galvanometer 
devices, rotation motors, and translational motors. 

7. The apparatus of claim 2, further comprising an MEMS 
optical switch (MOS) optically coupled between the beam 
splitter and the detector. 

8. The apparatus of claim 7, wherein the MEMS optical 
switch (MOS), the translatable mirror (TM) and the scanning 
member are configured such that during an OCT mode, the 
scanning member scans the combined sample and monochro 
matic light across the target of interest, the MEMS optical 
switch (MOS) directs the interference signal received from 
the beamsplitter to the detector, while the translatable mirror 
(TM) is positioned Such that the Raman scattering light is not 
collected. 

9. The apparatus of claim8, wherein during a Raman mode, 
the scanning member is fixed, the MEMS optical switch 
(MOS) directs the light received from the beamsplitter away 
from the detector, while the translatable mirror (TM) reflects 
the Raman scattering light into the fifth optical path that is 
coupled to the detector. 

10. The apparatus of claim 9, further comprising a multi 
function DAQ device for controlling the MEMS optical 
switch (MOS), the translatable mirror (TM), and the scanning 
member. 

11. The apparatus of claim 1, wherein the reference arm is 
arranged such that the length of an optical path of the refer 
ence light propagating from the beamsplitter through the 
reference arm and back to the beamsplitter is adjustable. 

12. The apparatus of claim 11, wherein the sample light 
transmits from the beamsplitter through the sample arm to the 
target of interest, and is backscattered by the target of interest 
into the beamsplitter through the sample arm along a sample 
path having a length that is adjustable depending upon the 
structure of the target of interest to be examined. 

13. The apparatus of claim 12, further comprising three 
polarization control (PC) paddles optically coupled between 
the first light source and the beamsplitter, between the beam 
splitter and the reference arm, and between the beamsplitter 
and the sample arm, respectively. 

14. The apparatus of claim 1, wherein the first light source 
comprises light emitting diodes (LEDs), femtosecond lasers 
or broadband optical amplifiers, and wherein the second light 
Source comprises a laser. 

15. The apparatus of claim 14, wherein the broadband light 
is characterized with a center wavelength is about 855 nm, 
and a spectral bandwidth is about 40 nm, and wherein the 
monochromatic light has a single wavelength is 785 nm. 

16. The apparatus of claim 15, wherein the detector com 
prises back-illuminated, deep-depletion CCD arrays with 
cooling mechanisms and a spectrograph that is configured to 
cover a wavelength range of about 780-920 nm. 

17. The apparatus of claim 1, wherein the beamsplitter 
comprises an OCT 2x2 fiber coupler. 

18. The apparatus of claim 1, wherein the interference 
pattern contains information of morphological details of the 
target of interest, and wherein the frequency spectrum con 
tains information of biochemical contents of the target of 
interest. 

19. The apparatus of claim 18, wherein the interference 
pattern of the interference signal is associated with an optical 
coherence tomographic (OCT) image, and wherein a spectral 
profile of the Raman scattering spectrum includes a plurality 
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of intensity peaks at a plurality of wavelengths, each intensity 
peak associating with a specific biochemical content of the 
target of interest. 

20. The apparatus of claim 19, further comprising a con 
troller in communication with the detector and programmed 
to correlate the OCT image with the Raman scattering spec 
trum and determine the structures and biochemical content of 
the target of interest from the correlated OCT image and 
Raman scattering spectrum. 

21. The apparatus of claim 20, wherein the controller is a 
computer having a display for displaying the OCT image and 
the Raman scattering spectrum. 

22. An apparatus for non-invasively evaluating a target of 
interest of a living Subject, comprising: 

(a) an optical coherence tomography (OCT) system, com 
prising: 
abroadband light Source for emitting a broadband light; 
a beamsplitter for splitting the broadband light into a 

reference light and a sample light; 
a reference arm optically coupled to the beamsplitter for 

receiving the reference light and returning the 
received reference light into the beamsplitter; and 

a sample arm optically coupled to the beamsplitter for 
receiving the sample light and delivering the received 
sample light to the target of interest, collecting a back 
scattering light generated from interaction of the 
sample light with the target of interest, returning the 
backscattering light into the beamsplitter so as togen 
erate an interference signal between the returned 
backscattering light and the returned reference light in 
the beamsplitter; 

(b) a Raman spectroscopy (RS) system, comprising a 
monochromatic light source optically coupled to the 
sample arm for emitting a monochromatic light, wherein 
the monochromatic light is co-aligned with the sample 
light and delivered to the target of interest by the sample 
arm, whereina Raman scattering light is generated from 
the target of interest interacting with the monochromatic 
light, and wherein the Raman scattering light is collected 
and directed by the sample arm to an output optical path; 
and 

(c) a single detector optically coupled to the beamsplitter 
for collecting the interference signal to provide an inter 
ference pattern of the returned backscattering light and 
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the returned reference light, and to the sample arm for 
collecting the Raman scattering light from the output 
optical path to provide a Raman scattering spectrum, 
respectively. 

23. The apparatus of claim 22, wherein an OCT image and 
the Raman scattering spectrum are sequentially acquired. 

24. The apparatus of claim 22, wherein the reference arm is 
arranged such that the length of an optical path of the refer 
ence light propagating from the beamsplitter through the 
reference arm and back to the beamsplitter is adjustable. 

25. The apparatus of claim 24, wherein the sample light 
transmits from the beamsplitter through the sample arm to the 
target of interest, and is backscattered by the target of interest 
into the beamsplitter through the sample arm along a sample 
path having a length that is adjustable depending upon the 
structure of the target of interest to be examined. 

26. The apparatus of claim 22, wherein the broadband and 
monochromatic light sources are adapted Such that resultant 
Raman scattering spectra and OCT bandwidth have a spectral 
overlap with each other. 

27. The apparatus of claim 26, wherein the broadband light 
is characterized with a center wavelength about 855 nm, and 
a spectral bandwidth about 40 nm, and wherein the mono 
chromatic light has a single wavelength about 785 nm. 

28. The apparatus of claim 27, wherein the detector com 
prises back-illuminated, deep-depletion CCD arrays with 
cooling mechanisms and a spectrograph that is configured to 
cover a wavelength range of about 780-920 nm. 

29. The apparatus of claim 22, wherein the interference 
pattern contains information of morphological details of the 
target of interest, and wherein the Raman scattering spectrum 
contains information of biochemical contents of the target of 
interest. 

30. The apparatus of claim 29, wherein the interference 
pattern of the interference signal is associated with an optical 
coherence tomographic (OCT) image, and wherein a spectral 
profile of the Raman scattering spectrum includes a plurality 
of intensity peaks at a plurality of wavelengths, each intensity 
peak associating with a specific biochemical content of the 
target of interest. 


