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ABSTRACT

This article reviews the current state of research on the use of
molecular contrast agents in optical coherence tomography
(OCT) imaging techniques. After a brief discussion of the
basic principle of OCT and the importance of incorporating
molecular contrast agent usage into this imaging modality, we
shall present an overview of the different molecular contrast
OCT (MCOCT) methods that have been developed thus far.
We will then discuss several important practical issues that
define the possible range of contrast agent choice, the design
criteria for engineered molecular contrast agent and the
implementability of a given MCOCT method for clinical or
biological applications. We will conclude by outlining a few
areas of pursuit that deserve a greater degree of research and
development.

INTRODUCTION

Imaging methods that have the ability to detect specific molecular
contrast agents, such as positron emission tomography (1), metallic
ion-based magnetic resonance imaging (2) and fluorescence
contrast microscopy, are vital imaging tools for a wide spectrum
of biological research. The capability to map out contrast agent
distribution within a biological sample provides a very important
dimension of information beyond the tissue morphology—a bio-
chemical map of the sample in question.

Of these imaging techniques, fluorescence contrast microscopy
(3-7) stands out in terms of its ease of use, low cost and, most
importantly, its wide applicability. For example, techniques based
on Forster resonance energy transfer (8,9) can be used to study the
interaction dynamics of molecules within a cell. Fluorescence
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correlation spectroscopy is an excellent approach for studying the
energy states and their associated transition lifetimes of bio-
chemicals (10,11). Alternatively, it can be used to study the
diffusion dynamics of molecules in a medium. Evanescent wave
fluorescence microscopy technique (12,13), which excites fluo-
rophore in a very narrow (~100 nm) two-dimensional plane, is
very useful for studying biochemical binding, chemical or object
transfer dynamics on cell membranes. With the invention of
antibody-conjugated fluorescence dye molecules (14), biologists
have been able to tag specific protein type and study the protein
function, protein transport and gene expression and regulation
within a cell or an organ. The development of methods for
expressing fluorescent protein, such as green fluorescent protein
(GFP) (15-18) and Discosoma species red (19), endogenously by
genetic manipulation solidly cements the role of fluorescence
contrast microscopy in biological research. The applications of
fluorescent contrast agents extend beyond basic research in
biomedicine. Food and Drug Administration (FDA)-approved
fluorescent dyes, such as indocyanine green (ICG) (20,21) and
fluorescein (22), have all found important applications in the
clinical environment.

Fluorescence is not the only light-matter interaction mechanism
that can be exploited for extracting biochemical information. The
range of possible light—matter interaction mechanism, that includes
spectrally dependent absorption, Raman scattering (23,24) and
second (and higher) harmonic generation (SHG) (25-27), can all
be used to obtain specific biochemical information in a biomedical
context. These optical phenomena form the basis for near-IR pulse
oximeters, SHG microscopes (25,27) and coherent Anti-Stokes
Raman Scattering (CARS) microscopes (28-30). The richness of
the possible light-matter interaction mechanisms and the low
relative cost of the optical sources and detection systems imply that
optically based techniques are well suited for performing molecular
contrast—based imaging in a biomedical context.

One major disadvantage associated with optical bioimaging
techniques is that they tend to have fairly shallow imaging
penetration depth. This is attributed to the fact that biological
tissues are highly scattering in the optical regime. For example, in
the case of fluorescence microscopy, the emitted fluorescence pho-
tons from a specific location within tissue will undergo a
significant amount of scattering events that randomize their
direction of propagation as they make their way to the tissue
surface. This makes it difficult to distinguish the fluorescence
contribution from a specific volume within the tissue from the
contribution from the neighboring volumes and thus degrades the
image quality.
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Figure 1. Experimental scheme of a time domain OCT system.

Two-photon fluorescence microscopy techniques (3), which
enhance fluorescence within a specific scan volume, can do a much
better job of profiling the fluorophore distribution within a tissue
sample. However, the depth penetration of two-photon fluores-
cence techniques is still fairly limited. The penetration depth varies
based on the turbidity (scattering property) of the targeted tissue;
a typical maximum depth penetration of about 300400 pm can be
expected for images that still preserves an axial resolution that is
largely defined by the confocal parameter.

In this respect, optical coherence tomography (OCT) (31-36)
compares very favorably with fluorescence-based or any other
optically based imaging techniques; imaging depth of millimeters
with spatial resolution of a couple of microns are relatively easily
achieved with OCT at light fluence levels that do not exceed
American National Standard (ANSI)-recommended limits (37).
OCT’s superior depth penetration and high axial spatial resolution
is attributable to its ability to selectively detect only the ballistically
propagating components (38) of the backscattered light originating
from a specific selectable depth within the sample. These com-
ponents are the fraction of the light that are not scattered or
deflected to any extent by the tissue.

OCT can be thought of as the optical equivalent of ultrasound
tomography; both techniques generate reflectivity-based images of
the target sample by measuring the returning echo response to
a specific input pulse or spectral signal. The ability of OCT to render
high-quality three-dimensional structural images of biological
targets noninvasively has propelled its rapid adaptation for clinical
applications, most notably in imaging the anterior and posterior
segments of the eye (39—43), vascular tissues (44,45) and gastro-
intestinal tracts (46-48).

A hybrid optical imaging approach that can combine OCT’s
ability to perform high-resolution and excellent penetration depth
imaging with fluorescence contrast microscopy’s ability to elicit
molecular contrast from the sample can dramatically enhance the
capability of clinicians and biomedical researchers to track
biochemical distribution and changes within patients and experi-
mental subjects.

However, the recognition of the fact that a hybrid approach can
dramatically change the landscape of biomedical imaging has
recently prompted several research groups to implement various
modified OCT schemes that have the capability to detect molecular
contrast agents or contrast agents that can potentially bind to a
specific chemical or protein.

There are two ways in which molecular contrast-based OCT
(MCOCT) techniques can potentially be used to image a specific
chemical or protein distribution within a target. The first approach
is to simply have the MCOCT method directly detect the chemical
or protein. This does require the chemical or protein to perform
well as a contrast agent. The second approach for contrast imaging
is more generally applicable; a contrast agent that is easily detected
by the MCOCT method can be functionalized so that it binds to the
specific chemical or protein of interest. In the case where the target
of interest is a protein type, such functionalization can be
accomplished by conjugating the contrast agent to an appropriate
antibody (49). This approach has a very significant advantage in
that chemical or protein that is otherwise undetectable directly by
optical means can still be detected and mapped in the target, as
long as it is possible to design a contrast agent that can bind to it.

The scope of this review will be confined to the discussion of
MCOCT methods and the contrast agents that the methods are
designed to detect. MCOCT research is at an early stage of
development; consequently, there are no reported researches into
the functionalizing of MCOCT contrast agents yet.

We begin the review with a brief introduction to some key
concepts in OCT. We will then discuss the three major classes of
approaches that researchers have taken to implement MCOCT
techniques. Next, we will summarize the various reported tech-
niques that have been implemented thus far. We will then discuss
several important considerations that define the possible range of
contrast agent choice, the design criteria for MCOCT methods and
the implementability of a given MCOCT method for clinical or
biological applications. Finally, we will conclude by outlining
a few areas of pursuit that deserve a greater degree of research and
development.

BACKGROUND

A basic OCT (31-36) scheme is shown in Fig. 1. In such a scheme,
a broadband light source is coupled into an interferometer and the
light is split into two components at the coupler. One component
(reference beam) is reflected from a reference mirror, whereas the
other (probe beam) is focused on the target sample. The back-
scattered light from various depths within the sample is collected
and recombined with the reference reflection, and the resulting
interference signal is monitored with a photodetector.

The amount of spatially coherent light that is backscattered and
collected from a given depth in the sample, z, can be expressed as:

Ps(h2,) = Psoe S0 b Oz i (121 ROuz) (1)

where Pg, is the input probe beam power, p,(A,z}) is the absorption
extinction coefficient of the sample at depth zi, p(A,zy) is the
scattering extinction coefficient of the sample at depth z; and
R(\,zy) is the fractional reflectivity of the sample at depth z, and
wavelength A. In general, there is an additional multiplicative
factor that accounts for the light collection geometry of the imaging
system. This factor is strongly dependent on the optical system
design involved and is not relevant to our discussion of MCOCT
methods. For simplicity, we shall assume the factor to be unity for
the rest of this review.

The interference signal, Pjyerference(As2), at a center wavelength,
A, as a function of the scanning reference arm’s displacement z, can
be expressed as:
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where Pg, is the collected reference arm power, Pg(\,z) is the
collected signal arm power from the sample at a depth of z, Ps, is
the collected signal arm power if the sample is fully reflective,
R(\,zy) is the sample reflectivity at depth z, the additional ex-
ponential term accounts for the additional loss of collected light
because of absorption (modeled by the extinction coefficient
Ha(Mzs)) and scattering (modeled by the scattering extinction
coefficient L (A,z,)) during the passage into and out of the sample. /..
is the source coherence length and is a function of the source’s
bandwidth: I. = In(2)((2/m)(A*/AL)) (50), where A is the center
wavelength and A is the bandwidth of the light source. The second
part of Eq. (2) shows that the detected signal can be written as the
convolution of the sample’s reflectivity profile with the coherence
envelop as expressed by the last term of the convolution.

By translating the reference mirror at a uniform speed and
filtering the acquired signal at the induced Doppler shift frequency
associated with the translation of the reference mirror, we can
generate a depth-resolved profile (termed an A-scan) of the sam-
ple’s reflectivity with an axial resolution equal to the source’s
coherence length:

Pimcrfcrcncc(}% Z) ~9 /PROPSne* f(, [Mg (Mz5) g (Moz5) ] dzg /R(}L7 Z). (3)

The dropping of the convolution kernel, cos((4m/A)z) e In@P2/2

from Eq. (2) to get Eq. (3) is valid only if we restrict ourselves to
axial length considerations that is no finer than the coherence length.

By laterally translating the probe beam and sequentially acquir-
ing a series of A-scans, a two-dimensional depth-resolved image
(B-scan) of the sample can be generated. The axial resolution of an
OCT imaging system is defined by the source coherence length, and
the lateral resolution is defined by probe beam size diameter.
Interested readers are encouraged to refer to Ref. (35) for a more
detailed explanation of OCT’s operating principle.

At this point, we would like to highlight the distinction between
the scattering extinction coefficient, p(A,z;), and the reduced
scattering extinction coefficient, py(A,z;) (51,52) (see Fig. 2). For
simplicity, consider a purely scattering and nonabsorptive medium.
The scattering extinction coefficient characterizes the fraction of a
plane wave that remains after passage through a scattering medium,
whereas the reduced scattering extinction coefficient characterizes
the fraction of transmitted optical power through a scattering
medium. An oversimplified but intuitive way to draw the distinction
is to equate the fractional remain of a propagating plane wave
through a scattering medium to the fraction of ballistically propa-
gating photons that did not experience any scattering during the
passage, and to equate the fractional remain of the optical power
transmission through the same scattering medium as the fraction of
photons that make their way through the scattering medium. The
second fractional remain is inclusive of the first and will also include
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Figure 2. A cartoon illustration of a simple photonic interpretation of
scattering in a random medium. Photons, in relation to a given sample
depth, can be categorized into three groups. The first group comprises
ballistically propagating photons that do not experience any scattering
during the propagation process; Trajectory b is representative of the
trajectories of such photons. Trajectories a and ¢ are representatives of
trajectories of photons that are scattered multiple times but which will still
reach the given depth of interest. The last group of photons experience
scattering in the medium and never make it to the depth of interest;
Trajectory d is representative of the trajectories of such photons.

photons that have been deviated in their propagation direction to
some extent but are still traveling in a more or less forward direction.
The distinction is important because light that has been scattered
during the transmission process loses its spatial coherence (the light
field wavefront is no longer planar) and will not interfere with the
reference beam, even if it is collected by the detector. As such, the
relevant scattering extinction coefficient for use with OCT cal-
culation is p(A,z5). The reduced scattering extinction coefficient is
used to calculate the total power transmission to a specific depth in
the sample. For situations where the spatial coherence is irrelevant,
such as experimental conditions where we are simply using a light
field to excite a dye, pi(A,zy)is the appropriate scattering extinction
coefficient for use. Generally, light scattering within biological
samples is highly forward directed, as such p(A,z}) is typically much
smaller than pg(A,z;) (typically 10X smaller) (51,52). The above
statements may be generalized for a scattering and absorptive
medium by replacing the scattering coefficient with the attenuation
coefficient, given by the sum of py(A,zy) and p,(A,zg), and by
replacing the reduced scattering coefficient with the effective
attenuation coefficient, given by the sum of pj(A,z;) and p,(A,z).

Interferometric methods, such as OCT, can achieve shot noise
limited detection sensitivity (50). This implies that the sensitivity
of the method to detect a weak Pg approaches the fundamental limit
as set by the ideal situation where we directly measure Pg with
a perfectly noiseless detector. The interferometric signal-to-noise
ratio (SNR) can be expressed as:

SNR= {<%Pm.erfereme(X,Z)T/hV) / J(?’Ef/h“v)] 2

ePs(h,z)T
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where ¢ is the detection efficiency and hv is the energy quantum of
the OCT light source. Equation 4 is derived by squaring the ratio of
the number of interference signal photons detected over a given
measurement time 7' (numerator of the first line of the equation) to



218 Changhuei Yang

the number of shot noise photons detected within the same time
frame (denominator of the first line of the equation). The
measurement time is equal to the length of the timebase that is
invested in the acquisition of a single spatial image pixel. The shot
noise strength is simply proportional to the standard deviation of
the total signal present, which in this case is dominated by the
reference arm power Pg,. This SNR value is the same magnitude
as that associated with the direct detection of Pg with a noiseless
detector:

SNRyjec = [ (6P 2) /1) /&, 0 T )|

ePy(A,2)T
= (5)
The shot noise term is larger in the interferometric method, but that
is compensated by the amplification of the detected signal because
of interference.

Making light field measurements using interferometry rather
than direct detection has its advantages. First, interferometry
methods allow for shot noise limited detection even when the
detectors used have high dark current noise; Pg, simply needs to be
sufficiently large, such that the shot noise term dominates over the
dark current term. The tolerance to noisy detectors is especially
relevant in IR or near-IR regime imaging applications where low-
noise photomultiplier tubes are simply not available. Second,
interferometry methods are extremely well suited to the task of
detecting a specific light component out of many. If a given light
component is not coherent with the reference component, it simply
will not interfere and contribute a detectable signal. This implies
that stray light is almost always rejected in interferometry
detection; in the case of OCT, the broad bandwidth of the input
light source implies that light components from the original light
source will also be rejected if they did not travel the same optical
distance as the reference component.

The shot noise limited detection achieved by OCT implies that it
is well suited for detecting the weak backscattered light from
tissues. A typical OCT system can achieve an SNR of more than
100 dB, which implies that the system is sensitive enough to detect
a single backscattered photon from an incident input light field to
the sample that consists of 10'C photons. In addition to the
sensitivity, OCT’s superior axial gating can efficiently eliminate
noisy contribution by backscattered light from above or below the
targeted gated region. The combination of these two advantages
enables OCT to achieve an imaging depth of millimeters in
biological targets.

Recently, a different OCT imaging approach, Fourier domain
OCT (FDOCT), has been developed and demonstrated to be even
more sensitive than the traditional time domain OCT methods
(such as the one depicted above in Fig. 1). FDOCT (53) has also
been termed spectral radar (54) and spectral-domain OCT (21,55).
FDOCT differs from time domain OCT in that the detected light
is spectrally resolved. One form of FDOCT spectrally disperses
the light within a spectrometer and detects the spectrally resolved
components using N different detectors or channels. N can range
from ~100 to ~1000 depending on the spectrometer used.
Unlike in time domain OCT, the reference arm length is kept
unchanged during the image acquisition process. The Fourier
transform of the measured spectral profile is a depth-resolved
profile of the sample. This A-scan is similar to that measured by
time domain OCT, except that the SNR is improved by a factor

equal to N/2 (56-58). Another form of FDOCT uses a mono-
chromatic laser source that is swept in its wavelength during the
signal acquisition process (21,56,59); the method leads to an
equivalent SNR improvement. The improvement in the SNR for
FDOCT is attributable to the much longer time window during
which the signal associated with a single spatial pixel is acquired.
In the case of time domain OCT, this time window is equal to the
short time duration when the reference arm is transiently matched
to the particular sample depth of interest during the scan. In
comparison, this time window is equal to the entire duration of
the scan acquisition for FDOCT.

Thus far, the reported implementations of MCOCT methods
have all been based on time domain OCT systems. However, the
adaptations of the MCOCT methods, which have been reported so
far, into FDOCT formats are fairly straightforward. All the
methods can benefit dramatically in terms of contrast agent
sensitivity through such an adaptation. Although the concepts in
this article do not require a detailed understanding of FDOCT,
interested readers are encouraged to read Refs. (56-58) to better
understand FDOCT.

The rapid pace of research development in OCT technology has
consistently improved on the quality, speed and sensitivity of OCT
imaging systems. At present, the highest resolution reported is
0.5 pum, and it was achieved with the use of a 325 nm wide optical
spectrum at 725 nm (60). The fastest reported scan rate to date is 31
frames per second for a frame size of 1024 X 512 pixels (61).

It is clear from the expression for the OCT signal (Eq. 2) that
OCT primarily measures the reflectivity profile of the sample, and
therefore, its image information is structural in nature. Methods for
eliciting molecular contrast distribution information with an OCT
imaging system are constrained by the detection boundary of
interferometry. As an example, let us consider fluorescence.
Fluorescence is an incoherent optical process, which implies that
it has no optical phase relationship with its excitation light field,
and as such it cannot be detected in any realizable OCT detection
scheme. Therefore, it is impossible to design an MCOCT method
that is capable of detecting fluorescence signal directly.

MCOCT schemes, that have been reported to date, can be broadly
categorized into three major groups. The first group uses the
absorption properties of the contrast agents to elicit contrast. This
group can be further divided into two subcategories. The first
subcategory maps out the contrast agent distribution by changing the
absorption spectrum of a specific molecular contrast agent that has
been introduced into the biological target and acquiring a pair of OCT
scans before and after the change. The difference of the two OCT
scans can then be processed to reveal the distribution of the contrast
agent. The second subcategory passively interrogates and maps out
the contrast agent’s distribution by making use of the contrast agent’s
absorption spectral profile. The second major group of MCOCT
schemes is based on the use of molecular contrast agent, which can
efficiently and coherently convert an illumination light field into an
emission light field that is amendable to interferometry detection.
The third group makes use of the unique scattering properties of
specially designed contrast agent to profile the contrast agent’s
distribution in the target. The next three sections will look at
examples of each group in greater detail.

ABSORPTION-BASED MCOCT METHODS

There are four reported MCOCT methods that fall within this
category: pump—probe MCOCT (62), pump-suppression MCOCT
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(63), spectroscopic OCT (64,65) and spectral triangulation
MCOCT (66). All these techniques rely on introducing a molecular
contrast agent with a specific optically excitable transition or
a well-identified absorption spectrum into the target sample.

Optically excitable transition MCOCT methods

The general concept for extracting the contrast agent distribution
within the sample with the first two methods is straightforward (see
Fig. 3). In both cases, a baseline OCT scan of the sample
containing the contrast agent is first acquired. Next, the contrast
agent is optically altered so that its absorption spectrum is changed.
A second OCT scan is then acquired. The two OCT scans will
appear slightly different; specifically, the extinction coefficient
Hta(A,z) will be different because the contrast agent contributes
significantly to it. Mathematically, the extinction coefficient, in this
context, can be written as:

ua ()\‘7 Z) = “a,imrinsic (7\‘7 Z) + Ma,conlrasl,agent,baseline (7\'7 Z)
+ A“’a,comrasl,agem O"v 2)7 (6)

where [ inminsic(Mz) is  the intrinsic absorption extinction
coefficient of the sample at location z and wavelength A,
M contrast_agent_baseline(M2) is the localized corresponding absorp-
tion extinction coefficient of the sample that is attributable to
the contrast agent for the first OCT scan (baseline), and
Aply contrast_agent(A-2) is the corresponding change in the absorption
extinction coefficient of the sample between the two OCT scans.
The last two terms can, in turn, be reexpressed as a function of the
baseline absorption cross-section of the molecule (Gpascline(Ms2)),
the change in absorption cross-section on alteration (Ac(A,z)), the
localized number concentration of the molecules (n(z)) and the
localized number concentration of the molecules altered by the
optical excitation (An(z)):

“’a.cunuast_agem_baseline (7\’7 Z) =n (Z) Ohbaseline ()\” Z) (73)
A“a.contras!_agem(x7 Z) = A}’l(Z)AG(}\,) (7b)

The procedure for extracting the contrast agent distribution in
the sample simply involves calculating An(z) from the two OCT
scans. Note that the actual concentration of the contrast agent
cannot be found; instead, the measurable quantity is the number
concentration of molecules that are optically altered. An in-
termediary quantity U(z), which is the number concentration
integral to the depth of z can be found with minimal processing of
the two scans:
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Figure 3. (a) A cartoon illustration of
optically excitable transition MCOCT
scheme. OCT images acquired before
and after a pump excitation that changed
the absorption spectrum of the contrast
agent can be processed to reveal the
contrast agent’s distribution. (b) and (c)
show the absorption spectrum change
induced in bactriorhodopsin by a 630 nm
pump excitation.
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where  Piyerference,baseline(A»Z) is the baseline OCT scan signal
and  Piperference.excited(Mz) is the OCT scan signal after the
contrast agent is optically altered. In this situation, R(A,2),
Ha,conlrast_agem_baselineO‘sZ;)s MS(X,ZQ) are assumed to be unChanged
between the two scans. To obtain the localized distribution An(z),
we differentiate U(z) with respect to z:

An(z) = . )

There are several approaches for creating the necessary
absorption cross-section change in the contrast agent by optical
excitation. In the subsequent subsections, we shall see two
examples of such approaches and one example in which the
molecules are not optically excited but we can nevertheless elicit
an absorption cross-section difference by modifying the imaging
method.

Pump-probe OCT. Pump—probe OCT (PPOCT) (62) was the
first reported approach for performing MCOCT imaging. The dye
used in the initial demonstration was methylene blue, a dye that
was used in stain bacteriology (67) and as a contrast agent in
chromoendoscopy (68). The strategy used in PPOCT (see Fig. 4) is
simple and direct, an optical excitation field changes the absorption
cross-section of the dye at the OCT probe wavelength by shelving
the molecules into a relatively long-lived triplet state.

More specifically, methylene blue (62), like numerous other dye
species, has an associated set of triplet states that are relatively long
lived (relaxation time of ~2 ps). By using a pump light field at the
molecules’ singlet absorption wavelength (~650 nm in the case of
methylene blue), the molecule can be forced to cycle between its
ground and higher singlet states. There is a probability that the
molecule will transit into one of the triplet states when it relaxes from
the singlet state. The triplet—triplet absorption occurs in the 830 nm
region, a suitable wavelength regime for an OCT probe choice.



220 Changhuei Yang

—— Ground-State Absorption
Translent Absorption

0.75 T

singlet states Fobe
= higher triplet states 5 (b) I
P N probe 8
pump| s il5 : §
ions i wer triplet states € ;. ]
i 3bs E
ground state 0.0 , ‘ . ‘
400 500 800 700 800 900

(@)

Figure 4. (a) Energy level scheme of
methylene blue. (b) The absorption
spectrum of the ground state and the

Wavelength (nm)

1

/-!- Dye

lower triplet state. The wavelengths of
the pump and probe beams are indicated

| ke i 1
=

|
F

Ummw

as well. (c) and (d) Linear plots of 50

averaged OCT and PPOCT A-scans in
a two-level well phantom containing
water and 500 pM methylene blue dye
in water in alternate locations. Differen-

I

tial PPOCT signals appear at phantom
interfaces below the level of the dye. (e)

0 ¢

Log M-scans of OCT and PPOCT in
a scattering medium (500 pM methylene
blue dye in 0.5% Liposyn) with the pump
laser alternatively blocked and un-
blocked. (f) Log OCT and PPOCT
cross-sectional images of a capillary
tube containing 500 pM methylene blue
dye in 0.5% Liposyn, partially immersed
in 0.5% Liposyn without dye.

I

[4

100dd 120
—~ (ww)ydea (ww)ydag

O
S

In the limit where the pump intensity is weak, the total number
concentration of molecules that are shelved into the triplet state
under a steady state excitation field can be found to be:

Lpump (2)
Isat ’

An(z) = (1 = q)no(2) (10)

where n,(z) is the total number concentration of the molecules at
depth z, g is the quantum efficiency of the fluorescence process,
Toump(2) is the pump intensity at depth z and I, is the saturation
intensity of the molecules. [, is given by I = hv, /Gy Teinglets
where hv,_; is the energy quanta of the pump light source, o, is
the absorption cross-section associated with the ground to singlet
state transition and Tging1er 1S the decay time constant for the singlet
to ground state transition. The derivation of Eq. (10) can be found
in Appendix 1.

The reported implementation of the method used a Q-switched
Nd:YAG laser to provide the necessary excitation field. Its pulsed
nature and high energy per pulse ensured that the instantaneous
excitation field intensity was high. On the basis of the numbers
provided in the report, the calculated maximum instantaneous
intensity was 16 MW/cm? at the sample’s surface. This intensity
can be expected to drop as a function of depth into the sample. In
the limit where the drop off is insignificant, the MCOCT signal as
calculated based on Eq. (10) will be a fairly good measure of the
contrast agent’s distribution profile within the sample because the
fraction of shelved molecules will be a constant fraction of the total
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molecules. This is a fairly reasonable assumption because the
transmission intensity drop off is proportional to the effective
attenuation coefficient of the sample (typically 10 times smaller
than the scattering extinction coefficient for biological samples). In
the event that the drop off is deemed to be significant, the contrast
map is nevertheless a good indication of the contrast agent
distribution that can be rescaled appropriately if the reduced
scattering extinction coefficient is known.

Figure 4 shows the MCOCT images acquired with this particular
implementation approach. An OCT probe at center wavelength of
800 nm and bandwidth of 90 nm was used to acquire the OCT
image before and after the pump field excitation. The contrast agent
concentration used in the experiment was about 500 pM, and the
researchers were able to detect its presence to a depth of about
0.5-0.7 mm in a scattering medium consisting of 0.5% Liposyn
solution.

The major challenge with this technique lies in creating a
sufficiently fast OCT imaging system to acquire the OCT signal
with the dye molecules in their shelved states. Although the triplet
state lifetime of 2 ps is long in the context of molecular state
transitions, it is, nevertheless, a short time duration in the context
of pump—probe—based imaging techniques. With such a short time
duration, the researchers had only a sufficient time window to
acquire a single OCT image pixel per pump—probe cycle. The
efficiency of the system can presumably be dramatically improved
by sustaining the excitation field during the entire later half of the
acquisition cycle. However, that can be expected to lead to a high
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light fluence onto the sample. This matter is compounded by the
fact that a small Tgge leads to a high [, value, which implies
that the pump intensity has to be fairly high to achieve
a reasonably efficient shelving of molecules into the triplet state
(see Eq. 10).

Pump-suppression MCOCT. This next class of MCOCT seeks
to address the above issues associated with the short transition
duration of the molecular contrast agents by choosing a slightly
different molecular transition mechanics—conformational change
of molecules.

Two examples of such molecular candidates are bacterio-
rhodopsin (bR) (69) and phytochrome A (PhyA) (70-72). Both
molecules undergo a conformational change on excitation by a
light field of the appropriate wavelength. These two molecular
candidates are very attractive MCOCT contrast agent candidates
because they are proteins. In principle, it should be possible to
genetically engineer animal models to express these proteins for
biomedical research applications; they can fulfill the roles in
MCOCT that the various fluorescent proteins are serving for
fluorescence microscopy applications.

Of the two candidate protein types, phyA proved to be the more
appropriate contrast agent for OCT application. It has a strong
absorption peak in the near-IR regime for one of its molecular
states, and the absorption peak shifts significantly when the
molecules undergo a conformational change. The absorption peak
is close to the operating wavelength range of OCT imaging
systems. Reference (63) is a report on an MCOCT demonstration
with phyA.

The basic mechanics of the molecules that is useful for this
MCOCT method can be summarized as follows (see Fig. 5). Each
molecule has two possible states (State A and B); State A is more
stable than State B, and molecules in State B will revert into State
A with a long time constant tg_,. State A has an absorption
maximum at a wavelength of A, and State B has the
corresponding peak at a wavelength of Ag. Upon excitation with
light field at or near A, the molecules will transit to state B and
vice versa. In the case of phyA, the molecules have the following
parameters: Tg_,5 ~ S, State A = Pfr state, State B = Pr state, Ay =
740 nm, and State B’s at a wavelength of Az = 670 nm. The
wavelength regime around the absorption maximum of Pfr state is
appropriate for situating the probe OCT spectral band.

The strategy for MCOCT imaging in this situation is quite
different from the case for PPOCT. First of all, the shifting of
molecular population from one state to another no longer requires
the use of a high-intensity light field. Because the relaxation time

MCOCT
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unwrapped MCOCT Figure 5. (a) Absorption spectra of the

two states of PhyA. (b) The 750 nm
OCT B-scan with PhyA in Pr state (1.5
mm wide X 2 mm deep); the OCT B-
scan with PhyA in Pfr state appears
very similar (not shown). (c) MCOCT
differential scan derived based on the
operations described in Eq. (8). (d)
Unwrapped MCOCT scan derived

I based on the operations described in
" J Eq. (9). (¢) A-scans with PhyA in Pr

Pfrf i and Pfr state extracted from the loca-
ratio - tions indicated by the arrows in b. (f)
W o A-scans with PhyA in Pr and Pfr state
- - . extracted from the locations indicated

2{mm) in b.

Tg—aA 18 at least six orders of magnitude larger than Tg,ge, the
equivalent /g, is correspondingly lower by at least six orders of
magnitude. The corresponding absorption state dye molecule
concentration change when the molecules are illuminated with
a light field at wavelength of A, can be expressed as:

An(z) = Anpg(2)
1
= (o) W

where npg(z) is the number concentration of molecules in the
Pfr state at a depth z in the sample, n(z) is the total number
concentration of the contrast agent at depth z and I,ump(2) is the
pump intensity at depth z. I, is the saturation intensity and is given
by Isa = hv/otp,_pg, Where hv is the energy quanta associated
with the pump beam and o is the corresponding absorption cross-
section. For this contrast agent, /g, is so low that a pump intensity
of about 1 W/cm2 is observed to be sufficient to drive the
transition. The advantage of using low-intensity light to actuate
state population changes is especially relevant in the context of
clinical imaging where the ANSI guidelines (37) for the amount of
laser light exposure have to be adhered to.

For the pump-suppression MCOCT demonstration with phyA,
the imaging strategy used is as follows. A 750 nm OCT probe
beam on the sample during the entire imaging process; in the
absence of other illumination, phyA would be forced into its Pr
state by the OCT probe beam (intensity of about 260 W/cm?). The
image acquisition process involved the following steps: (1) the
660 nm illumination that was about an order of magnitude more in-
tense than the OCT probe beam was switched on; (2) after a pause
of 500 ms to allow time for phyA to transit into its Pfr state, an
averaged OCT scan was acquired; (3) the 660 nm light was turned
off; and (4) after a pause of 500 ms to allow phyA to transit into its
Pr state, an averaged Pr OCT scan was acquired. In effect, the 660
nm illumination in Step (A) served as a suppression pump that
opposes the shifting of molecules into the Pr state by the OCT
probe beam.

Figure 5 shows the MCOCT images acquired with this experi-
mental scheme. The contrast agent concentration used in the experi-
ment was 83 nM, and the researchers were able to detect its presence
to adepth of about 1.5 mm in a scattering medium consisting of 0.2%
Intralipid solution. The experiment is notable for the low light
intensities used. The OCT probe light intensity and the suppression
pump intensity are 260 W/cm? and 1.1 kW/cm?, respectively.
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Figure 6. Spectrum of the dye’s absorption and the OCT probe laser used.
(a) Spectroscopic OCT image of a celery stalk with dye present within the
vascular bundle. The color bar shows the correspondence between
pseudocolor labeling and the spectral centroid shift in the image. (b)
Spectroscopic OCT image of the same area without dye. (c) Fluorescence
microscopy and (d) light microscopy images showing the vascular bundle
and the surrounding collenchyma tissue.

The advantage of this method in terms of the required probe and
pump light intensity levels is significant. However, unlike in the
case for the previous method, the choice of molecular contrast
candidates for this method is limited. The development or
discovery of more contrast agent choices deserves the attention
of biochemists and chemists.

Spectrum-based MCOCT

OCT-based measurements can be processed to reveal spectroscop-
ic tissue information at the cost of resolution degradation (73).

Given that the spectroscopic information can reveal specific tissue
properties, such as the scattering or absorption spectrum character-
istics, image resolution compromise is often acceptable. An
intuitive way to understand the tradeoff is by noting that OCT’s
axial resolution, as characterized by the coherence length /. =
In2)(2/m)(AHAN)), is directly proportional to the input light’s
spectrum bandwidth that we are willing to dedicate to the task of
image resolution. Simplistically, we can obtain an N point tissue
spectrum image set by segmenting the input light source spectrum
into N parts and performing OCT imaging with each individual
segment of the spectrum; the reduced spectrum of each segment
that we are dedicating to OCT resolution implies that the
resolution will be N times worse than if we had dedicated the
entire spectrum for resolution.

Early spectroscopic OCT research demonstrated that such
spectrum segmentation, through a more sophisticated approach of
wavelet transformation, was indeed capable of providing additional
tissue information. However, the spectral variation of absorption
and scattering cannot be separated in such measurements because
both terms contribute to the exponential attenuation of the
measured OCT signal (see Eq. 2). This implies that it is difficult
to uniquely identify the distribution of intrinsic biochemical
distribution through their absorption spectral signature; the
presence of morphological micron-sized structural variations in
tissues can create significant scattering spectral variation in the
optical regime.

This issue can be overcome to some extent by introducing
appropriately chosen molecular contrast agents into the target
sample; this approach forms the basis for spectrum-based
MCOCT methods. In general, if the absorption contribution of
the introduced contrast agent dominates over those attributable to
the sample’s intrinsic absorption and scattering, the acquired
spectrum-based MCOCT measurements can be processed to
reveal the distribution profile of the contrast agent within the
sample.

There are several clear advantages associated with this type of
MCOCT imaging methods. First, the methods interrogate for the
presence of the molecules in a passive manner; there is no need
to induce state changes in the molecules by optical excitation. The
absence of a need for an excitation light field simplifies the imaging
scheme and eliminates concerns of excessive incident light field
intensity for clinical imaging applications. Second, as the methods
will work for any molecular species with a well-defined absorption
peak, the choices of possible molecular contrast candidates are
significantly broader.

Spectroscopic OCT for contrast imaging. The first reported
adaptation of a spectrum-based OCT approach for MCOCT
imaging can be found in Ref. (64). In this particular implementa-
tion, the OCT light source had a center wavelength of 780 nm,
and the contrast agent used is a near-IR dye (ADS7460, H. W.
Sands Inc., Jupiter, FL) that has an absorption spectrum peak of
740 nm (see Fig. 6). The backreflected light from the sample was
coherence gated, and the centroid of the backreflected light
spectrum was calculated for each specific depth. Because the
absorption peak of the dye is off-centered from the center
wavelength of the OCT light source, the presence of the dye in
the tissue will tend to skew the spectrum of the backscattered light
component by absorbing part of the input light spectrum. The
presence and concentration of the contrast agent above a given
depth is indicated by the extent of the centriod’s shift from the
light source’s center wavelength.
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Figure 7. (a) Absorption spectrum of
ICG. (b) Cross-section of target sample;
arrows indicate probe light direction,
green represents location of ICG and
scattering medium, and shade represents
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scattering medium. (c) OCT image at 795
nm; arrows locate line traces from which
Fig. 7(f)-(i) are obtained. (d) Contrast
image based on processing described in
Eq. (12). (e) Unwrapped contrast image
based on processing described in Eq. (9).
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In the reported experiment, the imaging target was a celery stalk
that was allowed to uptake a dye solution (concentration of 75 pM).
The target was imaged and processed to reveal the presence of the
contrast agent within the vascular bundle of the celery stalk (see
Fig. 6). The simplicity of the method is a big advantage. Although
Xu et al. (64) reported that the spectrum centroid did not appear to
be significantly shifted for the celery samples used in which no
contrast agents were administered, Morgner et al. (73) reported
a significant spectral centroid shift in the case of imaging through
a Xenopus laevis tadpole. This can be attributed the spectral
variation of the intrinsic scattering and absorption property of the
sample. As mentioned earlier, it is a source of systematic error for
spectrum-based MCOCT imaging methods and can potentially
prevent the detection of the introduced contrast agent at low
concentration.

Spectral triangulation MCOCT. In an effort to compensate for the
intrinsic scattering and absorption variation in the target sample,
a different spectroscopic MCOCT method was recently developed
(Ref. [66]) (see Fig. 7). This method is capable of compensating for
the intrinsic first-order spectral variation in the target sample. Given
that the average intrinsic scattering and absorption extinction
coefficient of biological samples are dominantly monotonic
functions of wavelength, we can expect the elimination of the
intrinsic first-order spectral variation to significantly improve the
quality of the MCOCT image thus collected.

The basic strategy of the method is as follows. The effective
OCT probe spectrum is divided into three equal parts centered at
evenly spaced wavelengths A, A, and A;. The center wavelength of
the second segment, A,, is chosen to match with the absorption
maximum peak of the contrast agent. OCT scans are then acquired
for all three components of the spectrum—~>P;yerference(A152),
Pinlcrfcrcncc(xbz) and Pintcrfcrcncc()"fhz)' A Corresponding intermedi-
ary quantity Ugpeca(z), the number concentration of the contrast
agent as a function of scan depth z can be found from the three
scans (66):

MCOCT signal Max

(g) and (i) OCT A-scans at the different
wavelengths (green, 760 nm; red, 795
nm; blue, 830 nm). (h) and (j) Processed
scans corresponding to the numerator
(blue) and denominator (red) of the
fraction within the logarithm in first line
of Eq. (12). (j) Posterior view of a stage
54 X. laevis tadpole; red line indicates
location where images are acquired. (k)
OCT image; (i) parabranchial cavity, (ii)
gill arches and (iii) opercular fold. (I)
Composite image of the illuminated
regions; the dye contrast is clearly visible
within the gill arches and the parabran-
chial cavity.
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where Ac = 6(h,) — (1/2)c(A;) — (1/2)o(r3). The approximation
in Eq. (12) is arrived by assuming that W inginsic(M25), Hs(A,z5) and
R(\,z) are either constant or linearizable with respect to wave-
length. The method operates best when the dye molecule has a well
define and sharp absorption maximum so the}t the contrast change
[(1/2)Ha,connast_agent0"1 925, )+ (1/2)ua,wnuast_agent0"3szs )_ “a,conuast_agmt(kz,zs )]

As reported in Ref. (66), the researchers were able to detect the
presence of an IR dye, ICG, at a concentration of 200 uM in a
scattering medium consisting of 0.25% volume concentration
suspension of 0.1 um microspheres to a depth of about 1.2 mm
(see Fig. 7). The dye used has an absorption maximum at 790 nm,
and Ay, A, and A3 are chosen to be 760, 795 and 830 nm,
respectively. The image acquisition process involved acquiring
three sets of OCT images at the three wavelengths and tuning the
center wavelength of the source laser to the appropriate
wavelength between each acquisition.
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The researchers also reported the ability to detect the contrast
agent within a X. laevis tadpole in which the contrast agent at
a concentration of 400 pM was injected into its gill structures.

COHERENT EMISSION-BASED
MCOCT METHODS

At present, there are two reported MCOCT methods that fall within
this category: second harmonic OCT (SH-OCT) (74-76) and
CARS-based contrast OCT (named nonlinear interferometric
vibrational imaging [NIVI] by its developers) (77). Both methods
rely on using a molecular contrast agent within a target sample that
can efficiently and coherently convert the incoming OCT probe
light field into an emission that is detectable using interferometric
approaches.

The detection method common to both methods involves
interferometrically mixing the emission with a reference field that
is generated from a reference generator. The input light to the
sample and the reference generator must originate from the same
light source. In the case of NIVI, the reference generator can be
a cuvette of a highly concentrated solution of the same contrast
agent; in the case of SH-OCT, the reference generator can simply
be a second harmonic crystal. Because the emission from the sample
and the reference generator are coherent and preserve a definite
phase relationship with the original light source, they will be locked
in phase with respect to each other. This implies that the mixing of
the two light fields will interfere under the right conditions.

These methods generally require the use of ultra short pulse light
sources for two reasons. First, the nonlinear generation processes
employed in the methods generally require high instantaneous light
field intensities for efficient light conversion. Second, the
associated broad spectral bandwidths of such light sources enable
coherence-gated detection of the emission through OCT schemes
for spatial resolution.

A distinct advantage of the methods in comparison with
absorption-based MCOCT methods lies in the fact that the signal
processing involved for coherent emission—-based MCOCT meth-
ods is much simplified. The detected OCT image at the emission
wavelength is a scattering attenuated distribution map of the
contrast agents within the target sample. The paired baseline
change image acquisition and processing approach required for
absorption-based MCOCT methods are not required in this
situation. A generalized expression for the coherent emission—
based MCOCT signal can be expressed as:

Pinterference(kemisﬁion72) ~ 2 PR()PS()\'emissiumz) ~ 2 V PRO
X \/C(PSO (}\'pump‘l 72)/A(7\'pump‘l 72)7PS()(7"pump.2;Z) /A(Xpump.Z -,Z) 9o )B(Z)

X n(z)A (xemission ; Z)l( e,%j;' [y (Remission 125+ ks (Remission 25 )z (13)

where Pg(Aemission-Z) 18 the collected emission from depth z and
Aemission 1S the emission wavelength. The last equation is an
approximation in which we further simply the expression
Ps(Remission,z) into its  basic components.  C(Pso(Apump,1,2)/
A pump, 1:2):PsoApump,2:2)/A(Apump 2,2), - - -) is the conversion ef-
ficiency of each molecule in changing the input optical powers into
the emission optical power. It is to be expected to have
a dependency on the localized incident pump intensities given by
Pso(Apump,i»2)/A(Apump,»2) (the intensities are, hereby, expressed on
the basis of a simple top hat light field mode profile with an

effective illumination area of A(Apymp,,»z); more realistic models
can be applied in a straightforward manner). B(z) is the fraction of
the emitted photons from depth z that fall within the collection
numerical aperture of the OCT system, the exponential factor
accounts for attenuation of the emitted light field on its passage out
of the target sample. n(z) is the number concentration of the
contrast agent at location of interest, A(Aemission,z) 1S the effective
area at sample depth z from which the emission signal is collected
and /. is the coherence length of the emission and represents the
axial extent of the sample that will contribute to a single image
voxel. As a whole, n(2)A(Aemission2)- Tepresents the total number
of contrast agent molecules that will contribute to the signal
corresponding to a single image voxel. The interference signal is
a measure of the optical field strength associated with the emitted
light field. Given that the coherent emission process is proportion-
ally additive in optical field strength, we can expect Ps(AemissionsZ)
to be proportional to the square of the total number of signal
contributing contrast agent molecule, 71(2)A(AemissionsZ)e- Of
course, the emission optical field strength depends to some extent
on the spatial arrangement of the contrast agents as well. As such,
the above approximation of modeling Ps(Aemissionsz) as a linear
function of n(z) is a fair model, but it can be expected to fail in very
specific conditions.

In comparison with the basic OCT signal equation (Eq. 2), we
can see another important difference—the localized reflectivity of
the sample, R(\,z), is no longer a necessary component of the
signal consideration. In other words, as long as some components
of the coherently generated emission are emitted in the backward
direction, a positive MCOCT signal will be generated and detected,
even if the medium does not scatter light at all. The localized
reflectivity can potentially be a factor in the scenario where the
nonlinear emission generation is forward directed and the sample’s
reflectivity has to be relied on to backscatter the light back into the
collection aperture of the OCT system.

Second harmonic OCT

The successful implementation of SH-OCT and the demonstration
of the method’s ability to acquire OCT type images was first
reported in Ref. (74). Since then, several more implementations by
other groups were reported (75-77).

Noninterferometric SHG microscopy (25-27), based on the
concept of illuminating the target sample with a well focused
pulsed light field and detecting the second harmonic emission from
the focal spot with a PMT, has been applied in a biomedical
context for examining tissue structures, interfaces, and molecular
orientation. Because optical SHG generation process derives its
emission based on the lowest nonlinear optical susceptibility, it is
generally the most accessible and efficient nonlinear light
generation process given the incident light intensity considerations.

SHG microscopy is especially useful for imaging collagen
matrices and their orientation within biological samples. In
principle, big and asymmetrical molecules with high nonlinear
polarizability, such as bR (78,79), are also possible molecular
contrast candidates for SH microscopy—based imaging.

An SH-OCT imaging method can be expected to match the
performance of SHG microscopy and surpass it in certain areas.
Given that OCT-based detection schemes when implemented
correctly can achieve shot noise detection limit, we can expect SH-
OCT’s signal to noise sensitivity to match that of SHG microscopy.
In other words, for a given amount of SHG photons generated and
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collected, the ability of SH-OCT and SHG microscopy to detect
them is comparable. With respect to the two method’s ability to
depth resolve the SH contribution, we can expect SH-OCT to
outperform SH microscopy. In SHG microscopy, the depth
discrimination derives from the fact that the SHG process is
proportional to the square of the intensity, so most of the SHG light
is generate at or near the focal spot. The extent of SHG generation
falls off as a polynomial function as we move away from the focal
point. In SH-OCT, the coherence gating ability of OCT can be
exploited to dramatically sharpen the resolution. For the case where
the OCT light source has a Gaussian spectral profile, the coherence
detection envelop will also be Gaussian in profile—a much sharper
gating function than a polynomial function (80).

In the first reported implementation of SH-OCT, a B-barium
borate second harmonic crystal was used to generate a reference
second harmonic reference beam from an input 800 nm, 110-fs
pulse duration, 76 MHz repetition rate Ti:Sapphire laser (see Fig.
8). The 50 mW of the laser light was focused on the sample to
achieve a peak dower density of ~3.2 GW/cm? at the beam waist.
The backscattered SHG was collected and interfered with the
reference beam. The researchers were able to image and localize the
collagen layers from their target sample consisting of collagen
layers sandwiched between glass slides (see Fig. 8). Three other
SH-OCT implementations were reported by other research groups,
one of which was of particular interest in that the published result
reported on the imaging of the SHG generation from a biological
target—salmon fish scales (see Fig. 8). Ref. (76) was also the first to
report on the an SH-OCT measurement of the SHG’s polarization as
a way to discern the collagen matrix orientation in the target.

The expression for the conversion efficiency term in Eq. (13) for
the SH-OCT case is given by:

C(Pso(Mpump; 7)) = CSHGPSO()‘pumpvZ)Z/Apump(z)z (14)

where Cgyg is the conversion efficiency of each molecule in
changing the input fundamental light into second harmonic light.

Delay (um) structure is shown at the top (from Ref.
[74]). (d) Overlay of the SH-OCT image
(green-red) onto the fundamental OCT
image acquired simultaneously from
a fish scale. The scale bar in the upper
right corner is 250 X 250 um (from Ref.
[76D).

Csug is proportional to the square of the second-order susceptibil-
ity, xz(m) (81). This method has the potential of achieving excellent
SNR as the efficiency of the SHG process improves as a square
function of the input light intensity. The signal strength is critically
dependent on the relative orientation of the molecules involved.
Although the emission of similarly aligned molecules will emit in
a constructive manner, emission from oppositely oriented mole-
cules will actually interference destructively and reduce the
effective emission. The equational form for the MCOCT signal is
only valid for similarly aligned molecules.

Nonlinear interferometric vibrational imaging

NIVI makes use of the third-order nonlinear optical susceptibility of
the target molecular contrast agent in a CARS scheme for contrast.
The method was first reported in Ref. (82). A subsequent article on
a different implementation of NIVI was published in Ref. (77).

The second implementation method is conceptually very similar
to the demonstrated SH-OCT scheme reported above. For clarity,
we shall first explain this second implementation method before we
describe the first implementation method.

The method reported in Ref. (82) operates by combining two
high-intensity light fields, Stokes (S) and pump (P), at wavelengths
As and Ap on the targeted focal region (see Fig. 9). The method uses
the third-order nonlinear optical susceptibility in a four-wave
mixing process to generate an emission field, the Anti-Stokes (AS)
field, at the optical frequency Aas. The process is enhanced by the
presence of a molecular contrast agent that has a vibrational mode in
resonance with the Stokes field. The AS field will have a definite
phase relationship with the A and P fields. By generating a similar
AS field through a similar process within a cuvette filled with a high
concentration of the same molecules, the sample’s emission and this
reference AS field can then be combined interferometrically to
measure the distribution of the contrast agent within the sample.

The reported implementation used a modelock Ti:Sapphire,
aregenerative amplifier, and an OPO to generate 250 kHz repetition
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BS2
Figure 9. (a) Setup of the interfero- M frcasnnagfocns

metric CARS measurement system. .
DM, dichroic mirror; BS, beamsplitter; &
M, mirror; HPF, high pass filter; PH, pin-  Sample Arm =
hole; PMT photomultiplier tube; PC,
personal computer. (b) CARS interfero-
gram detected at the beamsplitter BS2 of
the setup shown in (a). In the inset is
shown a detail of the interference pattern
and its fit by the real part of the degree of
coherence function (open circles: exper-
imental data; solid line: fit). /. is the
coherence length of the pulse. A,g is the
wavelength of the CARS signal.

rate, 70 fs light pulse train at 807 and 1072 nm. Part of the two light
beams was combined on a cuvette of benzene to generate an AS
field at 647 nm; this generated beam served as the reference beam.
A similar cuvette of benzene served as the sample, and the
combination of the Stokes and pump beam created a transmitted AS
beam. The interference of the two beams constituted the demon-
stration that NIVI-based MCOCT is, in principle, possible.

The expression for the conversion efficiency term in Eq. (13) for
NIVI is given by:

C(PSO(kstokesy Z): PSOO"pum}n Z))
= CNIVIPSO(;\'StOkeMZ)Péo(kpumwz)
= CNIVI(Z)PSOO\'Slokem O)PSOO"pumpv 0)2

5 ¢ Jy sk 0+ s =2 Oy 0+, Crpump 515

where Cnpvi(z) is the conversion efficiency of each molecule in
changing the input optical powers into the CARS emission.
Cnivi(2) is proportional to the square of the third-order suscepti-
bility, ().

The method has an interesting feature—the wavelengths of the
S, P and AS field can be arranged to be fairly close to each other by
the judicious selection of S and P’s wavelengths and an appropriate
molecular vibrational mode. In the specific case of OCT-based
imaging, this can be a significant advantage because it is highly
desirable for all light fields involved to fall within the red or IR
regime where tissue scattering tends to be low.

The first reported NIVI implementation method cleverly exploits
this feature for another purpose—the elimination of the reference
sample for generating a suitable AS reference field. In this particular
method, the spectrum from a broadband pulsed light source (83) or
a supercontinuum source (84) is segmented into P, S and AS com-
ponents. Despite the fact that they are at different wavelengths,
there is a deterministic phase relationship between the three compo-
nents because they originate from the same phase-locked source.

In the reported experiment, the separation of the AS reference
component from the other two components was achieved by splitting
the input light with an appropriate dichroic mirror. The P and S light
fields were used to probe and excite the target, and the generated
AS field was then interferometrically mixed with the AS reference
light field. This implementation method has the added advantage that
by appropriately pulse shaping the input P and S fields, and time
delaying the AS reference field, it is possible to measure the spectral
variations in %‘®(w). This, in turn, implies that it is possible to iden-
tify specific chemical agents by their specific x®’() spectral variation.
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In terms of the sensitivity of the two coherent emission—based
MCOCT methods we have discussed thus far, NIVI can be ex-
pected to generate weaker signals because it is a third-order optical
susceptibility—based generation process.

Because CARS generation is enhanced by the presence of
resonant vibrational modes, NIVI is more generally applicable in
that it is possible to use it to obtain contrast distribution mapping of
a far wider range of molecular species. In addition, the CARS
signature of each molecular species is highly specific, which
implies that NIVI has the potential capability to simultaneously
image multiple molecular species within the sample.

There are significant challenges that will have to be overcome
before NIVI-based MCOCT becomes practical. The light in-
tensities levels used in the demonstration are too high to be
acceptable for in vivo applications. In addition, the reported
demonstration was performed in the transmission mode, pre-
sumably because the amount of CARS generated under the
experimental conditions is low and it would be a more challenging
task to detect the generally weaker, backward-propagating emis-
sion as opposed to the forward-propagating component. Given that
epidetection of CARS signal has been recently reported in the
context of CARS microscopy (Ref. [28]), researchers working on
NIVI have expressed optimism that NIVI-based MCOCT will
eventually be experimentally realized.

SCATTERING-BASED MCOCT METHODS

Thus far, there are two reported research efforts that can be
categorized as scattering-based MCOCT methods. The contrast
agents used in the methods are engineered microspheres (85) and
magnetic particles (86).

Both methods rely on creating a sizable sample reflectivity,
R()\,z), with the presence of the contrast agent and correlating the
size of the measured reflectivity signal to the contrast agent’s
concentration. The presence of the scattering contrast agent above
the specific depth of interest can potentially reduce the effective
signal because the scatterers will contribute to the p(A,z,") term as
well. An optimal contrast agent for this application should therefore
have a large backscatter signal component so that R(,z) is maxi-
mized for a given p(A,z,") associated with the contrast agent.

The use of scattering contrast agent has its associated advantages
and disadvantages. One major advantage of the method is that the
contrast signal will be significant because changing the reflectivity
of the sample will lead to a very observable OCT signal change. A
major disadvantage associated with the method is that the contrast
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Figure 10. Scanning- (a) and transmis-
sion- (b) electron micrographs of an oil-
filled microsphere contrast agent, showing
scattering silica nanoparticles in the shell.
OCT images of mouse liver (c) without
and (d) with gold-shelled, oil-filled micro-

agent must be functionalized to bind to the targeted chemical and
biochemical species of interest to elicit contrast. Whereas all of the
MCOCT methods that have been discussed, thus far, may poten-
tially be applied to directly use the chemical species of interest as
the contrast agent, such is not the case for this class of MCOCT
methods—in general, a single molecule will not have a sufficiently
large scattering cross-section to be directly detectable via this type
of MCOCT methods.

Engineered scatterer MCOCT

Lee et al. (85) reported the first implementation of an MCOCT
method on the basis of the use of an externally introduced scattering
contrast agent. In this implementation, the contrast agent consisted of
microspheres with an approximately 50 nm thick protein shell (see
Fig. 10). These microspheres can range from 0.2 to 15 pm in
diameter, and nanoparticles and molecules can be incorporated into
their cores or shells. The protein shells may also be directly
functionalized to target the scatterers to specific regions of interest.

The researchers demonstrated the technique by fabricating gold-
shelled, oil-filled microspheres with diameter of about 2 pm and
injecting the contrast agent into mice. The livers of the mice were
then examined with OCT, and it was found that OCT images of
livers from the treated mice are strongly scattering in comparison
with those from a control. The localization of the microspheres in
the liver was attributed to the phagocytosis of the microspheres by
Kupfter cells in the liver.

The researchers reported that gold, melanin, carbon and oil can
be incorporated into the microspheres to enhance the scattering. In
the case where gold is used, the average scattering cross-section of
the microspheres is about 0.56 times the physical cross-section.

The MCOCT signal associated with this method can be
expressed as:
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where R(A,z) can be expressed as a summation of the target’s
intrinsic reflectivity Rinuinsic(A,z) and the contrast agent—contributed
reflectivity Reontrast_agent(A,2). The scattering extinction coefficient
Wy(A,z,") can also be expressed as a summation of the target’s
intrinsic scattering coefficient W inminsic(A,zs') and the contrast
agent—contributed scattering coefficient Ly contrast_agent(AsZs')-

sphere contrast agents.

The equation can be simplified in two different limits. In the case
where Rinyinsic(A,z) is much greater than Reongrast_agent(M2), Eq. (16)
reduces to (weak contrast scattering limit):
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where Rcommstﬁagem(x’z) can be expressed as n(z)lccbackscaner(x)- I’l(Z)
is the concentration of the scatterers at depth z, /. is the coherence
length of the OCT system and it defines the axial extent of the target’s
volume that will contribute to a single OCT image voxel and
Obackscatter(A) 1S the backscattering cross-section of a scatterer. This
equation is an approximation because it ignores the possible speckle
character of the net reflectivity from the depth of interest. In the case
where Ringinsic(A,z) is much smaller than Reongrast_agent(h>2), EQ. (16)
can be simplified as (strong contrast scattering limit):
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The reported experiments were performed in the later limit.
However, the weak contrast scattering limit is of relevance in
determining the ultimate sensitivity limit of the method. The topic
will be discussed in Signal strength.

One possible disadvantage of the above method is that the
scattering change due to the contrast agent is indistinguishable
from the intrinsic scattering contribution from the target. In order
for the scattering profile to be a direct map of the contrast agent
distribution, the scattering contribution from the contrast agent
must be sufficiently large to make the intrinsic scattering con-
tribution negligible.
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Figure 11. (a) Cartoon illustration of
the imaging scheme in magnetically

modulated MCOCT. (b) Selective OCT
imaging of macrophage cells (300 mm
tall, 200 mm wide) using magnetic
contrast. The image in (c) was acquired
with the solenoid power supply on only
for portions of the image indicated.
This clearly indicates improved con-
trast in the presence of the magnetic
field.
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Magnetically modulated MCOCT

This second method of scattering-based MCOCT relies instead on
a scattering contribution from the contrast agent that is distinguish-
able from the intrinsic target scattering. The contrast agent used is
composed of ferromagnetic hematite particles.

In a recent reported demonstration of this MCOCT method (86),
the contrast agent was taken up by a cell culture of macrophages
via phagocytosis (see Fig. 11). The cell culture was then imaged
with an OCT system in the presence of an oscillating magnetic field
(about 300 G and at a frequency of 1 kHz). By locking into the
image signal change that was occurring at the oscillation frequency
of the magnetic field, the distribution of the magnetic particles
within the sample can be found.

There are two possible mechanisms by which the motion of the
magnetic particles in the changing magnetic field can create the
scattering signal change. The magnetic particles can simply be
shifting in and out of the OCT probe beam path. In the case where the
magnetic particles are nonuniform in shape, it is also possible to
create a scattering signal change if the particles simply rotate in place
and present a varying scattering cross-section during their rotation.

An expression for the OCT signal in this case is given by:
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The definitions of most of the terms are the same as those from Eq.
(16). The perturbative term AR onase_agent(A.2)cos(€2f) is given by
the reflectivity changes that occur at the oscillating magnetic field’s
frequency Q. There may be higher order perturbative terms, but
they can be expected to be smaller in magnitude. As with the
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previous equation, this equation is an approximation because it
ignores the possible speckle character of the net reflectivity from
the depth of interest. ARcontrast_agent(A,2) can in turn be expressed as
Rcomrastfagemo(g) or n(Z)[L‘Gbackscatter(k)O(Q)v where O(Q) is the
fractional reflectivity that is modulating at frequency €.

The contrast signal can be obtained by finding the frequency
component of the OCT interference signal at the oscillating
magnetic field’s frequency Q:
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We can simplify the above equation in two different limits. If the
intrinsic reflectivity contribution is much larger than that associated
with the contrast agent, the above equation reduces to (weak
contrast scattering limit):
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On the other hand, if the opposite is true, the equation reduces to
(strong contrast scattering limit):
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In summary, this MCOCT method is particularly promising
because the measured contrast signal profile is a direct map of the
contrast agent distribution in the sample. Furthermore, the method
introduces another possible avenue of information extraction
through the magnetic field used in the method. For example, it is
possible to interrogate the stiffness of the medium that the particles
are embedded in by altering the strength of the magnetic field.

DISCUSSION

Having discussed the various MCOCT methods that have been
reported thus far, we shall now compare the existing and



anticipated performance of the methods. Of primary concern to the
eventual adaptation of the methods for biomedical applications are
the following issues: contrast agent choice and range, contrast
agent toxicity, the required light fluence level and signal
sensitivity.

Contrast agent choice and range

An ideal MCOCT imaging modality should be able to image a wide
range of contrast agents and be able to identify each contrast agent
uniquely. The second ability is extremely helpful when the
simultaneous tracking of two or more chemical species within the
sample is desired; it will then be possible to functionalize different
contrast agents to bind to each chemical species and provide
distinguishable contrast signals. Alternatively, if the chemical
species of interest are good contrast agents themselves, it is very
desirable for an MCOCT method to be able to distinguish them.

Of the methods that we have discussed, NIVI has the greatest
potential of approaching this twin ideal. As mentioned earlier, the
associated CARS signal from different molecular species can be
highly specific. The uniqueness can potentially allow NIVI to track
the presence of different contrast agents within the same sample
simultaneously. Moreover, the range of molecules with accessible
vibrational modes is extensive; NIVI-based imaging can be ex-
pected to find a host of suitable molecular contrast agents for its
applications. The use of NIVI-based imaging offers another in-
triguing possibility—the opportunity to track different populations
of the same molecular species. CARS-based microscopy experi-
ments have demonstrated that, by using different atomic isotopes in
the synthesis of specific chemical compounds, it is possible to
obtain molecules of the same chemical species that are differen-
tiated on the basis of the isotope-induced CARS spectral shifts (87—
89). For example, benzene that contains deuterium in place of
normal hydrogen atoms should exhibit a shifted and distinct CARS
signature. NIVI can potentially exploit this advantage to track the
dynamics of the same contrast agent introduced into an organism at
two or more spatially distinct locations.

Spectrum-based MCOCT methods offer the next widest possible
molecular contrast agent choices. The simplicity of the technique
and the fact that they do not require any specific optically induced
state changes in the molecule for their operation imply that any
molecular species that has a distinct absorption peak in the OCT
imaging wavelength range is a suitable contrast agent candidate. Of
the possible dye choices, ICG is a particularly favorable contrast
agent choice because it is FDA approved for human use and its
absorption peak is in the near-IR regime. The range of clinically
suitable contrast agent choices can be expected to increase as
the techniques mature in their implementations.

PPOCT can be expected to have a fairly wide range of molecular
contrast agent choices. Finding molecular species that have
a suitable triplet—triplet absorption in the OCT imaging wavelength
range is fairly straightforward. The contrast agent choice used in
the first PPOCT demonstration, methylene blue, is a particularly
suitable one because it is an FDA-approved dye. A good molecular
contrast agent for PPOCT should have a longer triplet relaxation
lifetime so that the pump light intensity requirement is lower and
the time window in which the molecules can be imaged in their
shelved triplet state is longer.

Pump-suppression MCOCT has a more restrictive range of
possible molecular contrast agent choices. The optochemical
interaction involved, an optical switching of the molecules from
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one stable state to another stable state with a different absorption
spectrum, is a fairly exotic interaction. Aside from the two possible
candidates already mentioned, bR and phyA, the wild-type and
a mutant strain (S65T) of GFP (90-92) can potentially serve in the
role of the contrast agent. The possible application of the tech-
nique with GFP is especially intriguing because GFP is already
extensively used as an endogenously expressed fluorescent marker
in biomedical research. However, it is to be noted that GFP has
only been demonstrated to have two alternate optically switchable
stable states with distinct fluorescence emission capability. To our
knowledge, it has not been shown that the two states have
distinguishable absorption spectra. Optically switchable chemical
species have been studied for a myriad range of other applications.
For example, there is extensive research into photochromism—the
light-induced reversible transformation of chemical species
between two isomers having different absorption spectra (93-95).
Given the specific advantages that pump-suppression MCOCT
possess, research into the development of new chemical species
that can function as contrast agents for this method is highly
desired.

SH-OCT’s contrast agent species have to possess high intrinsic
Cspg coefficients. In formal terms, this implies that the agents must
have strong hyperpolarizablity characteristics; interested readers
are encouraged to refer to Ref. (81) for a deeper understanding of
the topic. Some of the potential contrast agent candidates are
structured collagen matrix, bR (69), and transmembrane-bindable
contrast agents, such as styrl dye (96-99). The unique sensitivity of
SH-OCT, in comparison with the other MCOCT methods, to the
orientation of the molecules with respect to each other, is both
a disadvantage and an advantage. It is a disadvantage because the
introduction of a molecular contrast agent into the target sample for
imaging is unlikely to yield a significant SHG signal, unless the
molecules have a way to automatically align themselves within the
target itself. It is potentially an advantage because the possible
interaction of the chosen molecules with specific tissue types that
leads to the self-alignment of the molecules will enhance the SHG
generation and allows for selective imaging of tissue regions in
which such self-alignment may have occurred. This can potentially
be a unique MCOCT approach for interrogating tissue structure
and chemical interaction. A related SH microscopy example of
such a means for imaging structures can be found in the use of styrl
(96-99) for SH imaging of cell membrane and profiling membrane
dynamics, whereby the attachment of styrl onto the cell membrane
in a self-aligned manner leads to a large SHG signal in comparison
with free-floating styrl in a solution.

The scattering-based MCOCT methods are restricted in their
contrast agent choices. Although, the engineered scatterer MCOCT
method demonstration showed that different scatterer types can be
fabricated by varying the material used. It is quite possible to
engineer scatterer types to have different spectral scattering
variation from each other. In such a manner, it may be possible
to distinguish different scatterer types within a target by performing
a spectral analysis of the acquired MCOCT images.

Toxicity considerations

The toxicity issue associated with the MCOCT imaging has to be
assessed on two fronts: (1) the intrinsic toxicity of the contrast
agents involved and (2) the toxicity of the side products that
are generated by the optochemical interactions involved in the
imaging process.
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The intrinsic toxicity of the contrast agents involved in NIVI
MCOCT imaging can be expected to be low. Because the range of
potential CARS contrast agent is very wide, it should be possible to
find numerous chemical species that are nontoxic to function as
contrast agents. Biochemicals, such as various lipid types, can
serve as nontoxic contrast agents for NIVI. Toxicity of the
chemical agents involved should also be a nonissue for pump-
probe-based and spectrum-based MCOCT by reason of the
relatively large range of contrast agents that they can use. The
dyes that have already been used in the methods, methylene blue
for pump—probe MCOCT and ICG for spectral triangulation
MCOCT, are FDA approved for clinical applications. More
nontoxic dye species can be expected to be found suitable for
use with both techniques as research progresses. SH-OCT is an
indeterminate case for this consideration because the sort of
externally introducible chemical contrast agent suitable for use
with the method is still unclear. The intrinsic toxicity of the con-
trast agents is expected to be a major issue for pump-suppression
MCOCT. The contrast agent candidates that have been uncovered
thus far are both proteins. The introduction of foreign proteins into
an animal or human will generally elicit antigenic responses; these
responses can potentially disrupt normal biological functions and
skew any chemical distribution mapping that MCOCT aims to
acquire. One possible way to overcome this problem is to
genetically alter the animal to express these proteins endogenously.
In such a situation, the toxicity of the contrast agent will be
minimal. The contrast agent used in the engineered scatterer
MCOCT method is relatively nontoxic. The use of gold particles
in human subjects has been approved by FDA as a dietary
supplement. Likewise, the magnetic hematite particles used in the
magnetically modulated MCOCT method is presumed harmless at
low dosage.

In addition to our consideration of the intrinsic toxicity of the
contrast agent, we need to be mindful of the toxicity of the various
chemical by-products that result from the optochemical interactions
between the contrast agents and the excitation or probe light field.
Of primary concern in this respect is the possibility that the light
fluence level used in the schemes will result in the excessive
formation of singlet oxygen (100) and free radicals that are
destructive to the tissue involved. Singlet oxygen and the
associated free radicals can be formed when molecules are forced
into the triplet states, which necessitate a spin-forbidden relaxation
back into the ground state. This relaxation is often facilitated by
a spin exchange with oxygen and the creation of singlet oxygen.

The method for pump PPOCT as reported in Ref. (62)
specifically shelves molecules into the triplet states. As such,
PPOCT can be expected to generate a significant amount of singlet
oxygen during the imaging process. NIVI and SH-OCT, by reason
of their high instantaneous light intensity requirement, can also be
expected to generate a significant amount of singlet oxygen. The
generation is simply because of the incidental excitation of
molecules into the triplet state under the intense light field.
Pump-suppression MCOCT, spectrum-based MCOCT and the
scattering-based MCOCT should not generate any significant
amount of singlet oxygen because their probe light intensity
requirements are very low.

Light fluence considerations

In addition to the toxicity issues addressed in the above section, we
will also need to address the issue of possible direct photoinduced
damage to the target before any of the MCOCT methods can be

applied for biomedical research or clinical use. Generally, there are
three intensity limits that we need to consider. The first limit is set
by the threshold of irreversible cell damage and is applicable in the
context of biomedical research that do not involve human sub-
jects. The other two limits are set by the clinical safety guidelines
issued by ANSI for the use of lasers on human subjects (37). In
comparison with the photodamage limit, the ANSI limits are more
stringent.

This section will discuss in brief the three light intensity limits,
evaluate the maximum light intensities that were used in the various
reported applications of the MCOCT methods and compare them
with the three limits.

Damage threshold. The issue of photodamage by high-intensity
illumination has been extensively studied in the context of two-
photon fluorescence microscopy (101,102). The damage mecha-
nism associated with high instantaneous intensity light illumination
has been conjectured to be due to the destructive intracellular
plasma formation or the destructive singlet oxygen formation (or
both) and indirect DNA damage. A convenient assessment
benchmark for cell damage is the loss of the ability to reproduce.

One report (101) on the issue of photodamage in biological
targets measured the threshold for photodamage to be at an
instantaneous intensity of 690 GW/cm? for light of wavelength 780
nm and pulse duration of 240 fs. The same report also established
that the photodamage threshold is dependant on the pulse duration.
For a shorter pulse of the same energy and wavelength, the damage
threshold intensity increases as the inverse square root function of
the pulse duration.

ANSI limits. The ANSI suggested guidelines for the use of lasers
on human subjects can be found in Ref. (37). The imposed limits
are generally given in terms of the maximum permissible exposure
fluence (dimension of J/cm?).

The first limit sets a maximum permissible fluence that a given
location can be exposed to a continuous wave or pulse light field.
The input fluence, as given by the product of the average light
intensity with the dwell time, must be less than the limit. The dwell
time, or exposure time, is simply defined as the duration for which
a given target location is exposed to the light field. In a typical
OCT imaging system that is capable of 10 kHz A-scan rate, the
dwell time will be equal to 0.1 ms.

The second limit applies only to pulsed light sources. This limit
sets a maximum fluence that a given location can be exposed to
a single light pulse. In other words, the fluence of a single light
pulse incident on the target, as given approximately by the product
of the maximum instantaneous pulse intensity and the pulse
duration, must be less than the limit.

Light exposure analysis of existing implementations of MCOCT
methods. The following analysis estimates the maximum in-
stantaneous and average intensities involved in the various MCOCT
schemes that have so far been reported. We have taken the liberty of
providing reasonable estimates of the experimental parameters
when such are missing from the references. We can reasonably
expect the calculated values to be within an order of magnitude of
the actual values. We note that the maximum intensity involved in
an experiment might not be that of the probe beam but may instead
be that of the pump beam involved. We take only the highest
intensity involved into consideration in this analysis.

Unlike in the NIVI and SH-OCT schemes, the contrast signal
for the PPOCT experiment is not a direct function of the pump
pulse duration. The experiment can be expected to give
approximately the same contrast signal with the same energy per
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Table 1. Summary of the parameters associated with the various reported MCOCT methods
Max.
Contrast agent Pulse instantaneous Photodamage ANSI Average
concentration duration intensit; threshold (per pulse) intensit
Method (uM) (s) (W/em?) (W/em?) (W/em?) (W/em?)
Pump—probe 500 2% 107° 4 x10° 2 % 10° 8 X 107 8 X 10°
Pump suppression 83 Cw 1 X 10° — — 1 X 10°
Spectroscopic 75 CW 1 X 10% (est) — — 1 X 10® (est)
Spectral triangulation 200 CwW 400 — — 400
SH-OCT Agent only 1x 1071 3 X 10° 5 x 101 — 3 x 10*
NIVI Agent only 7 X 107 5 X 10" (est) 4 x 10" — 9 x 10°
Engineered microsphere Microscopic particles Cw 8 X 10° — — 8 X 10°
Magnetic particle Microscopic particles CW 1 X 10° (est) — — 1 X 10° (est)

CW: continuous wave

pulse but a much longer pump pulse duration (up to the triplet state
relaxation lifetime of about 2 ps). Our analysis accounts for this by
setting the pulse parameters for the pump—probe experiment to
correspond to this longer duration. The same reasoning applies for
the pump-suppression MCOCT experiment, the spectrum-based
OCT experiments and both the scattering-based MCOCT experi-
ments; all these experiments can be performed with continuous
wave light beams.

The ANSI limits are calculated in two ways. We base our
calculations on the ANSI guidelines for skin exposure. (1) Per
dwell time limit. This limit is calculated for the average light
intensity allowed on the target with the assumption that we are
scanning the light beam at a sufficient speed such that the light is
incident on any given location on the sample for a dwell time of 0.1
ms. This exposure time can be achieved in an MCOCT imaging
system that is capable of acquiring A-scans at a rate of 10 kHz. (2)
Per pulse limit. This limit is computed for the maximum instanta-
neous pulse intensity that is allowed on the target. ANSI exposure
guideline does not cover the exposure time range for femtosecond
pulses on skin, as such we were only able to calculate the exposure
limit for the pump—probe scheme where the light pulse duration
can be of the order of microseconds.

Finally, the reference used as our computation basis for
photodamage limit was a study based on short-pulse laser systems.
Its result cannot be expected to extend well into the continuous
wave regime, as such we did not attempt to calculate photodamage
thresholds for the MCOCT methods that can use continuous wave
laser sources.

Table 1 clearly illustrates the very significant maximum
instantaneous intensity requirement differences between the
techniques. The light intensities involved in spectrum-based
MCOCT, pump-suppression MCOCT, and scattering-based
MCOCT methods are all low. PPOCT requires fairly high
instantaneous pump intensity for its operation. Because the
operation of SH-OCT and NIVI involves nonlinear optical
generation processes, the required instantaneous light intensities
are understandably high. Interestingly, almost all of the MCOCT
methods are operating well within the photodamage threshold
limit. The exception, NIVI, exceeds the threshold slightly. All of
the absorption-based and scattering-based MCOCT methods are
operating within the ANSI guideline. SH-OCT and NIVI methods
exceed the limit by an order of magnitude.

The fact that all of the absorption-based methods are operating
within the two limits is a positive indication that this class of
MCOCT imaging methods can be reasonably expected to be

applicable in a clinical setting eventually. The present implemen-
tations of coherent emission—based MCOCT methods do exceed
the ANSI limit dramatically. This issue is of particular concern for
NIVI, the reported implementation was a simplified demonstration
of the operating principle in which the CARS signal is collected in
the transmission mode. An implementation of the method to detect
the much weaker CARS signal in a backscatter geometry can be
expected to require far higher light fluence exposure.

Signal strength

The sensitivities of the various MCOCT methods are of perhaps the
greatest importance and relevance to the eventual deployment of
the methods for biomedical or clinical applications. In this section,
we propose a simple model by which the signal sensitivity of the
various MCOCT methods can be analyzed and compared. We will
also examine in brief the key signal sensitivity difference between
the various MCOCT methods. The subject of speckle-induced
errors in absorption-based MCOCT methods and the approaches
for minimizing such errors will also be discussed. The subject of
coherent light attenuation during its passage into and out of a target
sample, and the differing degree to which the signal sensitivity of
the various MCOCT methods are degraded, will also be discussed.
This section will hopefully serve as a guide for assessing new
MCOCT methods or new contrast agent choices.

The fundamental limit on contrast agent sensitivity can
ultimately be traced to the shot noise limit of the underlying
OCT system. Assuming that a given MCOCT system is shot noise
limited, the contrast agent sensitivity limit can be estimated by
considering the target sample shown in Fig. 12. We assume the
sample consists of a medium of known scattering and intrinsic
absorption extinction coefficients. We next assume that the sample
contains a thin layer of contrast agent at a depth of z and the
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contrast agent
| »

Figure 12. Diagram of the proposed test sample for determining the
various MCOCT sensitivity to contrast agents.
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thickness of the layer is AL. For simplicity, we assume that AL is
shorter than the coherence length /. of the OCT system used.

The analysis for absorption-based, coherent emission—based and
scattering-based MCOCT methods are slightly different. We shall
examine each separately and compare the results thereafter.

For absorption-based MCOCT methods, the ability of the
methods to detect the presence of the layer containing the contrast
agent requires that the difference in the detected OCT signals from
the region just below the layer containing the contrast agent is
sufficiently larger than the shot noise term associated with the
detection system. If our measurement time is given by time 7, the
detection limit can be mathematically expressed as:

1 1
_Pinleﬂerence.baseline()MZ) __Pinterference,change 0“72) (ST/hV)

2 2
> \/ePgoT /hv
5 +/PraPag /RO 2) e Jo aiminis -8 ot 020 1,120
of”So 3
X (|Aua,conlrasl.agenl(7“72) ‘AL)(ST/hV) > SPROT/hV

5+ /PraPag /RO 2)e o BaiminisO-3) ot 020 1,120
X (|An(z)Ac|AL)(eT /hv) >+/ePgoT /hv. (23)

The term on the right hand side of the equation is the shot noise
term, whereas the term on the right is the difference signal. The
sensitivity limit of the detection is reached when the two terms are
equal. The inequality is evaluated in the thin contrast agent layer
slice limit: |Ap, contrast_agent(M2)|AL < 1.

We can reexpress the above equation as an SNR equation that
relates the MCOCT’s SNR in terms of the SNR of the OCT
system:

SNRMCOCT = (SPSOT/hV)

x ( R(z)e 2 [uz,,.n..,..s.c<x.,z.:>+ua,mlm,agmmm<k\z.x>+u\.<x‘zs)1«1:.:)

X (|An(z)Ac|AL)? (24)

We simply divided Eq. (23) by the shot noise term and derived
a dimensionless ratio. The first term of the ratio is equal to the SNR
of the OCT system. The second term is equivalent to the fraction of
input photons backscattered from the depth of z and collected by
the OCT detection system. In the absence of the third term,
equating the ratio to unity will allow us to calculate the maximum
penetration depth of the OCT system (given by the z value found in
the equation). The third term of the equation characterizes the
sensitivity of the particular OCT system to the contrast agent. This
sensitivity is naturally dependent on the depth of the absorptive
layer; the deeper the layer is (larger z value), the harder it is to
detect it because the second term will be a smaller multiplicative
factor for larger z value. We can find the concentration that the
contrast agent will have to be in order for the layer to be detectable
by equating Eq. (24) to unity and inserting the depth of interest, z,
into the equation.

The MCOCT detection sensitivity for each of the absorption-
based methods can be found by substituting the appropriate
expression for An(z) and Ac into Eq. (24). The result is shown in
Table 1.

The SNR associated with coherent emission—based MCOCT
methods can be similarly analyzed through the same simple
model. In this class of MCOCT methods, the detection limit is
determined by:

1
EPinlcrfcrcncc (}chissionvz) (ST/hV)> V 8PROT/hV Vv PRo

X \/C(PSO (}”pumpd 72)/A(}”pumP,1 72)7PSo(}‘pump-bz)/A()“p“mP-,Z>Z)>'")B(Z)
X 1(2)A (hemissions 2) AL( o3 o emision 20)-+14, (hemision 20 (eT/hv)

>\/ePg,T /hv (25)

The corresponding SNR equation is given by:

SNRwmcocr = (ST/hV) X C(PSO(}\-pump.l s Z)/A(A’pump,l ) 2)7
X PSo(xpump.ZvZ)/A(}"pump,% 2)7 ) X B(Z)

X (1(2)A (hemissions Z)AL)267 fo [p'uO\elmx\‘\nn-,Zsy>+“x(}“em|~s10n~5\/)]dzx/.
(26)

The MCOCT detection sensitivity for each of the coherent
emission—based MCOCT methods can be found by substituting the
appropriate expression for C(Pso(Aprobe,2)) into the equation.

The SNR associated with scattering-based MCOCT methods can
be analyzed in a similar fashion.

For the engineered scatterer MCOCT method, the detection limit
is set by:

1

5 (Pimerference,nu.cumrast,agem (>"7 Z) - Pinlerference,comrasl.agent (7"7 Z) ) (ST/hV)

= ePraT [va/PrgPege o b 0-30)

X ln (Z)ALGbackscaner (}\) (ST/hV)
2 Rimrinsic ()\,,Z)

> \JePad T, (27)

where we use the MCOCT signal expression for weak scattering
contribution (Eq. 17). The subscript on Piyerference(A,2z) indicates
whether the contrast agent is present or absent.

The SNR of the method is, therefore, expressible as:

1 o (i et N s
7 (ePso T /h)e ™ 0010
(H(Z)ALGbackscaller(k))z

Rinlrinsic ()\'7 Z)

SNl{MCOCT =

X (28)

The analysis for the magnetically modulated MCOCT is similar,
except that the SNR expression will include the additional
fractional frequency modulation term O(Q).

The following set of equations provides the SNR expressions for
the MCOCT methods discussed.

PPOCT:

(ePs,T /hv) X ( R(z)e2 o aimsinic0-20) o st () 14,07
0
Xe j; [Hs educea Crpunnp 22 (pump ‘Z’J)]dz"{) X (1, pump,09 Tlripletﬁ/ hV)2

X (n(z)AGAL)?
(29)

Pump-suppression MCOCT:
(ePs,T/hv) X ( R(2) 2y Wraiminsic28) i convss_agem _swscne (281 (o2
0

X 672 ﬁ] [My reduced (Mpump 23 ) Mg (Apump 25 ) dzs ) X (IpumpA,O /]Sm)Z (l’l (Z)AGAL)Z
(30)



Spectral Triangulation MCOCT
(6PsT /hv) X ( R(E)e2h [uz,.m.,,mic<x,z.;>+ua.m..wge..._bmum<x‘z;>+u,\<x,z;>1dz;)
0
X (n(z)AGAL/2)* (31)

Second Harmonic OCT:
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NIVI OCT:
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Engineered Scatterer MCOCT:
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Signal sensitivity in relation to contrast agent concentration.
The minimum detectable contrast agent concentration is an
extremely important consideration for MCOCT. The relative lack
of discussion in the published literature on this aspect hints at the
absence of a sufficient theoretical model for addressing this issue;
hopefully, the mathematical framework explicitly described in this
article will be useful to researchers in this field for tackling this
issue. As a rough guide to the acceptable concentration of contrast
agent for clinical applications, the FDA-approved dosage of ICG
allowed for use in fluorescence angiography is about 10 uM (103).
The rest of this section discusses the relative sensitivity merits of
the MCOCT methods in comparison with each other.

One of the more interesting observations that can be made from
the SNR expressions associated with the various MCOCT methods
is that all of the MCOCT methods exhibit a n(z)* dependency. This
dependency has a very important consequence, the relative sensi-
tivity of the MCOCT methods is independent of the contrast agent
concentration. In other words, if one MCOCT method is
determined to be more sensitive than another MCOCT method
for a given contrast agent concentration, we can expect that method
to be more sensitive than another at all possible contrast agent
concentrations.

This observation may appear to contradict the intuitive notion
that coherent emission—-based methods should perform better
because the amount of coherent emission is proportional to the
square of the number of contributing elements within the sample.
This intuitive notion is fully valid and can be easily understood by
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comparing fluorescence microscopy and SHG microscopy. The
amount of fluorescence emission generated from a given site is
proportional to the concentration of the contrast agent at the given
location. In comparison, because of the coherent field generating
effect, the amount of second harmonic emission is proportional to
the square of the contrast agent’s concentration. This implies that
there exists a particular contrast agent concentration below which
fluorescence microscopy is more sensitive than second harmonic
microscopy and above which the situation is reversed. The square
dependency in sensitivity with respect to the contrast agent
concentration is shared by microscopy methods that have a trans-
mission geometry (such as conventional light microscopy), as well.
The underlying mechanism that gives rise to this dependency is
very different from that for coherent emission—based methods. In
this case, the contrast signal is the difference in the transmitted
signal in the presence and absence of the contrast agent. In the limit
of low contrast agent concentration, the shot noise term is
proportional to the total transmission and is unchanged by presence
of the contrast agent. In comparison, the shot noise term is
dependent on the contrast agent concentration for fluorescence
microscopy. This insensitivity of the noise term to contrast agent
concentration leads to a contrast agent concentration squared
dependency for transmission microscopy. Similar to second
harmonic microscopy, it is less sensitive than fluorescence
microscopy under a certain contrast agent concentration threshold.

The same sensitivity analysis arguments can be applied to the
various MCOCT methods. In the shot noise limit, we can expect
the various absorption-based or scattering-based methods to have
the same theoretical SNR as transmission microscopy experiments
with the same parameters, and the coherent emission—based
methods to have the same theoretical SNR as second harmonic
or CARS microscopy experiments with the same parameters.

We should also note the differences in the relative sensitivity of
the methods with respect to the absorption, scattering and
conversion efficiency effective cross-sections of the various
methods. The terms Ac (from Egs. 7b and 12), Opackscatier(M)
(from Egs. 16 and 17), C SHG(PSO(kpump,O)/Apump(z)z) (from Eq. 14)
and Cnivi(2)Pso(Astokess0)Pso(hpumps0) (from Eq. 15), all represent
a cross-sectional efficiency of the contrast agent used in the specific
method for returning an optical signal that is amendable to
interferometry detection. Given the relative inefficiency of the
nonlinear methods in comparison with simple absorption, we can
expect Cspa(Pso(rpumpO/Apump(2?) and Crrvi@Pso(Psiokes:0)-
Pso(Apump-0) to be smaller than Ac in a typical situation. Because
the scatterer-based methods rely on the use of micron size scattering
objects, Opackscatier(™) can be expected to be orders of magnitude
bigger than Ac. Therefore, approximately speaking, given the same
contrast agent number concentration, we can expect the scatterer-
based MCOCT methods to be more sensitive than the absorption-
based methods. The absorption-based methods are, in turn, likely to
be more sensitive than the coherent emission—based methods.

Signal sensitivity in terms of depth attenuation. The above SNR
equations can also permit us to gauge the relative performance of
the MCOCT methods in terms of their depth imaging potential. In
general, we can expect the scattering of the biological target to be
the major attenuation contributor in the OCT imaging process. The
reduced scattering extinction coefficients and the intrinsic absorp-
tion extinction coefficients are generally an order of magnitude
lower than the scattering extinction coefficients. Therefore, we may
ignore the attenuation contribution of the reduced scattering and
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intrinsic absorption extinction coefficients in our discussion of the
depth penetration capability of the various MCOCT methods.

The class of absorption-based and scattering-based MCOCT
methods can be expected to perform favorably in terms of depth
penetration because SNR attenuation is dependent on only twice the
product of the scattering extinction coefficient and the depth of
interest (the factor of two is due to the double pass through the
sample). This dependency is no worse than that for a conventional
OCT imaging system. In other words, the absorption-based
MCOCT methods do not carry any additional attenuation-based
SNR overhead that is not already present in a conventional OCT
imaging system.

The coherent emission—based MCOCT methods can be expected
to have shallower depth penetration. In the case of SH-OCT, the
SNR attenuation is proportional to three times the scattering
extinction coefficients (two at the pump wavelength and one at the
emission wavelength). The emission wavelength scattering extinc-
tion coefficient is particularly troublesome because the second
harmonic emission is at a shorter wavelength. Therefore, the
scattering attenuation for the emitted light can be significantly
larger than that for the pump light. In the case of NIVI-based
MCOCT, the SNR attenuation is dependent on four times the
scattering extinction coefficients. The high degree of dependency is
mitigated to some extent by the fact that it is, in principle, possible
to arrange all the wavelengths involved to fall within a narrow
range so that all the scattering extinction coefficients are minimized
to some extent.

Speckle artifact limitation. PPOCT and pump-suppression
MCOCT share a common obstacle that can potentially prevent
them from achieving the SNR limit discussed above. The issue is
that temporal speckle artifacts pervade OCT imaging of biological
tissue (104,105). The temporal speckle phenomenon can be
attributed to two effects: (1) the relative movement of scatterers
within the coherence volume, as defined by the lateral focal spot
size and the axial coherence length, and (2) the movement of
scatterers into and out of the coherence volume and the
illumination volume above the targeted coherence volume. The
first effect creates temporal speckles because light scattered from
scattering sites that are close to each other can constructively or
destructively interfere, resulting in either a larger or smaller
effective reflectivity R(A,x,). Any relative movement of the
scatterers will alter the interference and create a net increase or
decrease in the amount of light that is backscattered to the OCT
detection system. This effect is very pronounced when the number
of scattering sites within the coherence volume is small (~2-100)
and is diminished when the number is very small or very large.
When the scattering sites are far and few, it will be unlikely for any
given coherence volume to have more than one scattering site, and
the backscattered light will not have cross interference terms. In the
limit where the scattering site density is high and the sites are
randomly oriented, the resulting reflectivity will be approximately
the sum of the individual reflectivity; interference effect effectively
averages out. The second effect, movement of scatterers into and
out of the coherence volume, can also cause a fluctuation in
R(\,x,). In addition, it can also change the effective py(A,x,) in Eq.
(2) because the movement of scattering sites away from the
illumination volume above the targeted coherence volume will
effectively increase the amount of ballistically propagating light
that is detected by the OCT system.

Because pump—probe MCOCT and pump-suppression MCOCT
extract molecular contrast information by comparing and taking the

difference of two sequential OCT scans, any significant time
difference between the acquisitions of the two scans will result in
changes in R(Ax,) and py(A,x,). The changes can alter the OCT
scan signal to the extent that the contrast-induced signal difference
is masked. Speckle artifacts have always been an issue in the
context of OCT imaging because they can manifest as image
graininess that varies with time. In a recent publication, a research
group reported a speckle decorrelation time constant for aortic
tissue and aortic plaques that varies from 40 to 500 ms (45). To
minimize the effect of speckle artifacts on the contrast signal, the
sequential OCT scans acquired in PPOCT and pump-suppression
MCOCT must occur within a time window that is much less than
the speckle decorrelation time.

The implementation of PPOCT as reported in Ref. (62) is able to
satisfy this condition well, the time separation between scan pairs
are 0.5 ms. However, the implementation of pump-suppression
MCOCT as reported in Ref. (63) is unable to satisfy the condition,
the resulting speckle artifact—induced errors have to be minimized
by large sample averaging. Future implementations of these two
MCOCT methods should take the temporal speckle artifact issues
into due consideration during system design.

The scattering-based MCOCT methods’ SNR may be di-
minished to a certain extent by speckle artifacts because the
contrast agent concentration to signal strength relationship given
by Eq. (22) is an approximation in which speckle artifacts are
ignored. One solution, albeit a highly inefficient one in terms of
time investment, is to allow for a sufficiently long averaging time
base for signal collection.

CONCLUSIONS

By virtue of the wide range of possible light—matter interaction
mechanisms, there are many approaches for mapping contrast
agents in an OCT imaging modality. In this review, we have
highlighted the various implementation approaches that have been
reported thus far. They can be approximately categorized as
absorption-based MCOCT methods, coherent emission—based
MCOCT methods and scattering-based MCOCT methods.

One of the absorption-based methods, pump-suppression
MCOCT, is particularly promising as a method for mapping
endogenously expressed contrast agents because it is well suited
for mapping photoswitchable proteins such as bR and phyA. Two
other absorption-based methods, spectroscopic OCT and spectral
triangulation MCOCT, have demonstrated the ability to observe an
FDA-approved dye, ICG, in plant and animal models. A coherent
emission—based method, NIVI, may potentially be used to image
a very wide range of chemical or biochemical contrast agents by
locking to their CARS emission spectral profiles. The other
coherent emission—based method, SHG OCT, may be used to not
only map a contrast agent’s distribution but also its structural
orientation. The two scattering-based MCOCT methods, which use
macroscopic particles engineered to strongly scatter light, provide
yet another set of MCOCT methods that are worth investigation
and research.

Although the technical development of MCOCT methods is
progressing at a healthy pace, the field is presently lacking in
research efforts into the search or engineering (or both) of
appropriate contrast agents and the development of methods for
functionalizing the contrast agents to appropriately bind to
biochemical species of interest. These important aspects of
MCOCT research deserve the attention of chemical engineers



and biochemistry researchers. Some of the pertinent questions in
the field are: (1) Is it possible to engineer and adapt some of the
existing genetically expressible fluorophore, such as GFP, to serve
as contrast agents for MCOCT imaging? (2) How do we engineer
some of the contrast agents to optimize on their contrast rendering
capability? (3) How do we functionalize the contrast agents that
have been demonstrated to work well in MCOCT methods so that
they can bind to a biochemical species of interest?

MCOCT imaging methods can potentially have wide and very
significant effect on the way clinicians diagnose diseases and the
conduct of biomedical research.
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APPENDIX 1

This appendix derives the number concentration of molecules
that are shelved into the triplet state in the steady state situation.
We assume that a pump beam of intensity I,ump and of photon
energy quanta, hv,_;, matches with the resonant transition energy
between the first excited singlet and ground state is incident on the
molecules. The associated transition rates equations are:

dnsinglet _ <]pump Ggf.r

Nsinglet Nsinglet
_smglet | singlet (1.1)

> (nground - nsinglel) -

dt th,S Tsinglel Tisc
dngmund _ Ipump Gg—.v Nsinglet nlriple[
= - (ngmund - nsinglet) +—t (12)
dt th,S rsinglel Ttriplel
dnlriplel _ nsing]et nlrip]et (1 3)
dt Tisc Thriplet

where Ngrounds Msinglet aNd Agipler are the number concentrations of
molecules in the ground state, singlet state and triplet state,
respectively. Tgnglets Tisc and Tyipiee are the decay time constants
associated with the singlet to ground state transition, the singlet to
triplet state transition and the triplet to ground state transition,
respectively. o, is the absorption cross-section associated with
the ground to singlet state transition.

To simplify the equations, we shall use the following three

quantities:
Total number concentration of the molecules:
Ny = Nground + Nsinglet + Nyriplet
Fluorescence quantum yield:
q = Tsc/Tisc + Tinglet

Saturation intensity:

L = hvg—s/o_g—srsinglet

Finally, because the transition to the triplet state is a rare event
and the triplet state lifetime is much longer than the other lifetimes
involved, we shall assume that (1 — ¢) < 1 and Tyipler > Tsinglet-

By making these assumptions and setting the three rate
equations to zero in accordance with the equilibrium condition,
we obtain:

1
sin; L e — 1.4
Hsinglet = 71 2+ (Isal/[pump) ( )
Triple
Nyriplet = %Ilnsinglet ~ (1 - q)nsinglel (1'5)

Photochemistry and Photobiology, 2005, 81 235

The combination of the two equations gives:

1

I
Ny~ (1 — q)n, 2 1.6
SRR (1-9) (1.6)

Niriplet =~ (1 - q) I..~
sat

where the last approximation is derived in the situation in which
Toump is much smaller than [g,,.
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