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Abstract—Vibrational contrast imaging of the distribution of
complex biological molecules requires the use of techniques that
provide broadband spectra with sufficient resolution. Coherent
anti-Stokes Raman scattering (CARS) microscopy is currently lim-
ited in meeting these requirements due to the presence of a nonres-
onant background and its inability to target multiple resonances
simultaneously. We present nonlinear interferometric vibrational
imaging (NIVI), a technique based on CARS that uses femtosecond
pump and Stokes pulses to retrieve broadband vibrational spec-
tra over 200 cm−1 (full-width at half maximum). By chirping the
pump and performing spectral interferometric detection, the anti-
Stokes pulses are resolved in time. This phase-sensitive detection
allows suppression of not only the nonresonant background, but
also of the real part of the nonlinear susceptibility χ(3) , improving
the spectral resolution and features to make them comparable to
those acquired with spontaneous Raman microscopy, as shown for
a material sample and mammary tissue.

Index Terms—Biological tissue, coherent anti-Stokes Raman
scattering (CARS), interferometry, nonlinear interferometric vi-
brational imaging (NIVI), optical imaging, spectroscopy.

I. INTRODUCTION

OVER the past decade, the development of nonlinear mi-
croscopy techniques has expanded the possibilities to vi-

sualize and characterize molecules and biological processes.
The advantage of these over more conventional microscopy
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techniques is that their contrast mechanisms provide high chem-
ical selectivity without the need of external dyes or markers that
may alter the chemical properties of small molecules [1].

In particular, we focus on the use of molecular vibrational
contrast for imaging. This has its origins in spontaneous Raman
scattering microscopy [2], a technique that can obtain high-
resolution vibrational spectra over a wide range of wavenum-
bers, making it suitable for the identification of unique spectral
features from biological species, mostly in the fingerprint re-
gion of the vibrational spectrum. Raman microscopy is used in
a confocal configuration, where the sample is spatially scanned
and a spectrum is collected at each position. Many studies have
demonstrated this technique [3]–[8], however, the weak ampli-
tude of the acquired signal leads to extremely long acquisition
times, making it prohibitive as a clinical tool or for monitoring
biological processes in real time.

As an alternative, coherent anti-Stokes Raman scattering
(CARS) microscopy [9], [10] can stimulate the production of
a significantly larger signal, and like spontaneous Raman, does
not require the introduction of exogenous markers. In a CARS
event, a pump photon of frequency ωp and a Stokes photon
of frequency ωs are tuned to have a difference in frequency
ωp − ωs = Ω that matches the vibrational frequency Ω of a
molecular bond of interest. The interaction of these two pho-
tons with the sample populates an excited vibrational state, and
when a probe photon of frequency ωp ′ interacts with this state, an
anti-Stokes photon of frequency ω = ωp + ωp ′ − ωs is emitted
as the signal of interest.

CARS has been used in a variety of biological applications,
most commonly related to mapping lipids and protein domains
in cells [11]. Its fast acquisition has allowed live cell imag-
ing [12], [13] and intracellular organelle tracking [14]. Other
applications include imaging of the myelin sheath and brain
structures [15], [16], and the evaluation of the impact of obesity
on mammary gland and tumor stroma [17], to name a few.

Nevertheless, the CARS microscopy technique faces two im-
portant challenges that must be overcome to improve its chem-
ical selectivity. The first is to suppress an overlapping nonres-
onant background caused by electronic responses in molecules
[18]. This background is independent of the Raman shift and
coherently interferes with the resonant signal, broadening, and
shifting the spectral peaks [19].

Several methods to suppress this background have been devel-
oped. Techniques such as polarization-sensitive [18] and time-
resolved [20] CARS have proven successful in decreasing the
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amount of nonresonant background, but at the expense of re-
ducing the SNR.

The second challenge is the need for probing multiple reso-
nances simultaneously. In order to do this, and contrary to spon-
taneous Raman scattering, CARS requires the use of broadband
excitation pulses (i.e., femtosecond pulses). Initially, picosec-
ond pulses were used because they have the same spectral width
as single vibrational lines, and thus, minimize the generation of
nonresonant processes. However, this comes at the expense of
losing spectral content, a necessary requirement to identify com-
plex biological compounds that need broad vibrational spectra to
be characterized. To overcome this, multiplex CARS [21], [22]
probes multiple modes simultaneously by the use of picosec-
ond pump and femtosecond Stokes pulses, but the nonresonant
background distorts the vibrational spectra.

A recent important method to reject the background was to
take advantage of the coherent properties of CARS signals and
perform interferometric detection [23]–[30]. In this scheme, the
anti-Stokes pulses from the sample are mixed with pulses in
the same frequency range from a local oscillator, resulting in
phase-sensitive measurements. When broadband pulses are used
in multiplex interferometric CARS schemes using spectral in-
terferometry [31]–[33], the retrieved spectra resemble those ac-
quired using spontaneous Raman spectroscopy. Alternatively,
numerical algorithms using the maximum entropy method for
discrimination of the resonant signal have been used [34], sim-
plifying the optical set up, but at the expense of lengthening the
processing time.

In previous work, we described NIVI as a method for restoring
resonant anti-Stokes spectra acquired from broadband chirped
pulses and interferometric detection, and demonstrated the prin-
ciple for isopropanol [32]. We now demonstrate vibrational
imaging obtained with this technique, and show its ability to
restore pure resonant vibrational spectra from highly scatter-
ing biological tissue by comparing it with spontaneous Raman
spectroscopy. The use of chirped pulses represents a simpli-
fied alternative to more elaborate methods that provide control
over the incident pulses, such as those using pulse-shaping sys-
tems [28], [35]. The use of chirped pulses in the retrieval of the
CARS signal has been demonstrated in the past [36], [37], but
without interferometric detection.

In the next section, a theoretical description of the technique
is presented. An overview of the experimental system setup
and its main features follows in Section III. In Section IV,
vibrational imaging and comparisons to Raman spectra from
both a material sample and mammary tissue are shown and
discussed, and conclusions are given in Section V.

II. PRINCIPLES OF OPERATION

A CARS process for narrow band pulses follows the descrip-
tion provided in Section I. For the case of broadband pulses,
consider a sample characterized by the third-order nonlinear
susceptibility χ(3)(Ω) that is illuminated by a broadband field
E, which provides all the incident photons (i.e., pump, Stokes,
and probe photons). Here, Ω are the vibrational frequencies of

the molecule. A CARS process can be separated into two steps
as follows:
Step 1:

N(Ω) = χ(3)(Ω)
∫ ∞

0
E(ωs + Ω)E(ωs) dωs (1)

Step 2:

P (3)(ω) = ε0

∫ ω

0
E(ω − Ω)N(Ω) dΩ (2)

where ωs and ω are the Stokes and anti-Stokes frequencies. The
pump frequencies correspond to ωp ≡ ωs + Ω. In step 1, cor-
responding to (1), the molecules respond to the instantaneous
beating frequencies of the pump and Stokes fields (optical oscil-
lations corresponding to the carrier frequencies of the fields are
too fast to drive the motion of the heavy nuclei of the molecules).
As a result, a population N(Ω) is created that resembles χ(3)(Ω),
but is modulated by the spectral cross correlation of the pump
(E(ωs + Ω)) and Stokes (E(ωs)) fields. Here, it is assumed that
the sample does not interact directly with any of the frequencies
inside the bandwidth of the incident field, a safe assumption
to make with the use of near-infrared light, since its energy is
above vibrational resonances, but below electronic transitions.

In Step 2, corresponding to (2), the probe field interacts with
the populated excited states N(Ω) to give rise to the third-
order nonlinear polarization P (3)(ω), which then radiates the
anti-Stokes field. Despite the difficulty of losing a pairwise
correspondence between anti-Stokes photons and vibrational
frequencies when broadband probes are used (i.e., there could
be more than one vibrational frequency that maps to the same
anti-Stokes frequency in (2)), there is a linear relationship of
P (3)(ω) with N(Ω), and therefore, with χ(3)(Ω). A deconvolu-
tion that restores the pairwise correspondence suffices to restore
the vibrational signatures in χ(3)(Ω).

The most direct way to recover χ(3)(Ω) is by use of multiplex
CARS [21], in which ∼10 ps pump/probe pulses and ∼100 fs
Stokes pulses are used. In this case, no deconvolution in (2)
is needed. The spectral resolution in the vibrational frequency
is limited by the spectral width of the pump pulses, and the
vibrational bandwidth is determined by the bandwidth of the
Stokes field.

In our experiment, we decouple these two steps ((1) and (2))
in time (see Fig. 1). Just as in conventional multiplex CARS, we
use one beam to serve as the pump and probe fields and another
beam of lower frequency for the Stokes field. The difference
is that in this case, both pump/probe and Stokes are broadband
(∼100 fs pulses when transform limited). The pump is heavily
chirped to extend its temporal waveform to ∼6 ps, and the be-
ginning of this waveform in time is made coincident with the
beginning of the transform-limited Stokes pulse. The process
in Step 1 occurs only during the time in which the pump and
Stokes pulses overlap. Since only a small initial portion of the
pump pulse bandwidth interacts with the Stokes pulse, popula-
tion of the vibrational states is excited in a range limited by the
Stokes bandwidth. In addition to this population, nonresonant
background will be generated. The process in Step 2 occurs
during the entire duration of the pump/probe pulse, or until the
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Fig. 1. Schematic of the excitation of a CARS event with broadband chirped
pump pulses and broadband transform-limited Stokes pulses in NIVI. Nonres-
onant responses are minimized by probing the sample in the absence of the
Stokes pulses.

molecular excitation has completely decayed (due to dephasing
and energy relaxation [20]). Since the Stokes pulse is absent for
most of the probing time, the energy of the probe pulse is effi-
ciently used in the production of only resonant signal. Note that
N(Ω) = 0∀Ω < 0 and because photons well above resonances
are used in CARS, N(Ω) = 0∀Ω > ω. Therefore, it is accept-
able to change the limits of integration in (2) to cover the whole
range of the spectrum. Applying the inverse Fourier transform
to step 2, the third-order nonlinear polarization in time is

P (3)(t) = ε0Ep(t)N(t) (3)

where Ep(t) is the pump/probe field in the time domain and
N(t) is defined as the Fourier transform of the population N(Ω)
(For an ultrabroadband Stokes, N(t) approaches χ(3)(t), the
vibrational impulse response of the molecule). By knowing the
evolution in time of both the pump and the collected signal, N(t)
can be obtained, which resembles the inverse Fourier transform
of χ(3)(Ω). We measure the anti-Stokes evolution in time by the
use of spectral interferometry, and estimation of the temporal
shape of the pump pulse is facilitated by the introduction of the
positive chirp [32].

By multiplying the anti-Stokes signal P (3)(t) by the com-
plex conjugate chirp of the pump, we obtain N(t). Since the
pump is heavily chirped, it is reasonable to neglect its slowly
varying envelope. A simple Fourier transform then suffices to
restore a weighted version of χ(3)(Ω) over the frequency range
determined by the Stokes spectrum. The effect of neglecting the
slowly varying term in the compensation of the chirp is to lower
the spectral resolution of the system.

Resolving the anti-Stokes signal in time has the advantage
of being sensitive to the relative phase of the different spectral
components of the anti-Stokes pulses. We use this to reject 1)
the nonresonant background generated in Step 1, and 2) the real

part of the susceptibility, to approach the spectral resolution of
spontaneous Raman spectroscopy.

A. Heterodyne Detection and Suppression of Background

Unlike spontaneous processes like Raman scattering or flu-
orescence, there is a definite relation between the phases of
the incident and scattered photons in CARS, which is given by
the frequency response of the resonances χ(3)(Ω) that have the
form

χ(3)(Ω) =
∑

n

An

Ωn − iΓn − Ω
+ χ(3)

nr (4)

where An , Ωn , and Γn are, respectively, the amplitude, the
frequency of resonance, and the half-width at half-maximum
(HWHM) of the nth vibrational mode. The term χ

(3)
nr is

the frequency-independent nonresonant contribution. For a
molecule with a single resonance, excitation frequencies Ω =
ωp − ωs , far below the frequency of resonance Ω1 , result in
anti-Stokes oscillations in phase with the incident fields. In res-
onance, the scattered photons are retarded in phase by π/2 and
for frequencies far above resonance, they are retarded by π. On
the other hand, the spectral gain of the nonresonant background
is flat and its phase is close to 0 [19].

These phase relations allow discrimination of the resonances
from the background. To explain how this is done, consider the
anti-Stokes signal with both resonant and nonresonant compo-
nents as follows:

P (3)(ω) = A(ω)eiφ(ω )
[
Reχ(3)

r (ω) + iImχ(3)
r (ω) + χ(3)

nr

]
(5)

where A(ω) is a slow varying real spectral envelope that collec-
tively accounts for the modulations due to the incident fields,
the attenuation in the detectors, the filter that separates the anti-
Stokes signal from the incident fields, and the quantum effi-
ciency of the camera. The term φ(ω) is the phase responsible
for the chirp, and χ(3)(ω) is the vibrational gain of the optical
anti-Stokes frequencies. If this anti-Stokes signal is mixed with
a reference signal R(ω)e−iωτ , with R(ω) being real, then at the
spectrometer, each frequency interferes separately, so that the
spectral power of the cross-interference term obtained along the
camera is

A(ω)R(ω) {α cos(φ(ω) − ωτ) − β sin(φ(ω) − ωτ)} (6)

with α = Re(χ(3)
r (ω)) + χ

(3)
nr and β = Im(χ(3)

r (ω)). The sig-
nal of interest β and the background α are in quadrature. The
sequence of events to retrieve the vibrational signatures is as fol-
lows. The spectral interferogram acquired at the line scan camera
is transformed to the temporal domain and the slowly varying
self-interference terms are suppressed with a high-pass filter.
Causality is imposed by setting the components corresponding
to negative times of this time resolved signal to zero. This re-
stores the complex analytic signal of the anti-Stokes pulse. At
this point, the chirp in the anti-Stokes signal is removed by mul-
tiplying the acquired temporal waveform by an opposite chirp
to that of the pump. In doing so, the pairwise correspondence
between anti-Stokes and vibrational frequencies is restored. By
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Fig. 2. Schematic of the experimental setup. BS, beam splitter; DG, dispersive
glass; DM, dichroic mirror; G, diffraction grating; HPF, high-pass filter; OPA,
optical parametric amplifier; RA, regenerative amplifier.

taking the Fourier transform of this resulting signal, the com-
plex spectrum χ(3)(ω) is obtained, weighted by the spectrum
A(ω)R(ω). In practice, there are subtle phase instabilities due
to mechanical noise in the setup or variations in the optical path
length in the sample (i.e., changes in the refractive index and/or
thickness of the sample) that do not allow for the recovery of
the absolute phase of χ(3)(Ω). Nevertheless, this is easily over-
come by choosing a point out of the region of the resonances
and forcing it to be in zero phase. Once the absolute phase is
corrected, the resulting signal is the complex third-order nonlin-
ear susceptibility χ(3)(ω), with its imaginary part corresponding
to the pure resonant vibrational response of the molecule. Fi-
nally, calibration of the spectrometer and the delay between the
pump and Stokes signals allows direct mapping of χ(3)(ω) into
χ(3)(Ω) and the vibrational characterization of the molecule is
obtained.

III. EXPERIMENTAL SETUP

Performing heterodyne detection for CARS requires non-
linear interferometry, in which a separate coherent nonlin-
ear process has to generate the reference pulses in the range
of frequencies of the anti-Stokes signal (alternatively, super-
continuum generation can be used in the production of ul-
trashort pulses, from which the high-frequency portion can
be used, as shown in [29]). In the present setup, the out-
put of a second-harmonic generation, optical parametric am-
plifier (OPA) is used as a reference in a Mach–Zehnder
interferometer.

An illustration of the system is shown in Fig. 2. A regenerative
amplifier (RegA 9000, Coherent, Inc. Santa Clara, CA) emits
pulses at 250 kHz repetition rate with 808 nm center wave-
length and 25 nm bandwidth (full-width at half maximum).
These pulses are used both as the pump and as a seed for
the second-harmonic-generation OPA (OPA 9450, Coherent),
which generates an idler for use as a Stokes pulse and a signal
to be used as a reference for the anti-Stokes radiation. Because

the signal pulse is converted by nonresonant nonlinearities, it is
reasonable to assume that the pulses are transform limited (this
is a strong condition to effectively identify the phase change
of the anti-Stokes photons and discriminate the resonant and
nonresonant components). The duration of the pulses out of the
OPA is ∼100 fs. The pump pulses are dispersed by an 85-cm
BK7 glass bar to temporally expand them to ∼6 ps by inducing
a heavy chirp. The pump and the Stokes beams are combined
and focused onto the sample by an objective lens (OLYMPUS,
60×, 0.9 numeric apperture (NA)). The sample is placed on a
translation stage for raster scanning. A delay is included in the
pump path to temporally overlap the beginning of the pump and
Stokes pulses at the sample. The resulting anti-Stokes signal is
collected in the forward direction and is separated from the inci-
dent beams with a high-pass filter. The anti-Stokes pulses meet
the reference pulses from the OPA in a beam splitter and the
combined signal is spatially filtered by a pinhole and diffracted
by a grating. Finally, the diffracted signal is focused on a line
scan camera. A second delay is included in the reference path
to adjust the delay τ in (6) and assure the interference fringes
on the line camera of the spectral interferometer are within the
resolution limits of the camera.

Acetone was used to find the second-order dispersion con-
stant that chirps the pump. Its single resonance at 2925 cm−1

measures the degree to which the chirp in the anti-Stokes sig-
nal is corrected. By minimizing the width of the spectral peak,
this constant was found to be 3.9 × 10−4 fs2 . To calibrate the
wavelength scales on the charge-coupled device (CCD) camera,
the signal from silicone, which has two strong resonant peaks,
was sent to both the CCD camera and a commercial spectrom-
eter. Finally, the initial pump wavelength that interacts with the
Stokes in the population of the states was adjusted by fitting the
processed final term Im(χ(3)(Ω)) with the one acquired with
spontaneous Raman microscopy.

A nonresonant sample was used to determine the Stokes pro-
file. This demonstrated a bandwidth of 200 cm−1 for this setup.
The vibrational resolution was estimated to be 10 cm−1 and
is limited by the portion of the pump bandwidth that interacts
with the Stokes field. The current lateral resolution is ∼2 µm.
Spectrograms are acquired at a rate of 1 kHz. Ten acquisitions
are averaged in the construction of each spatial spectrogram,
resulting in an integration time of 10 ms.

IV. RESULTS AND DISCUSSION

We now present spectra and images from a material sample
and mammary tissue obtained with nonlinear interferometric
vibrational imaging (NIVI). These are compared with those ac-
quired with a commercial Raman microscope (Senterra, Bruker,
Billerica, MA). Because signatures obtained with spontaneous
Raman microscopy are purely resonant, these signatures consti-
tute a good standard against which the fidelity of the reproduc-
tion of spectral features in NIVI can be tested.

A. Silicone-Silicate Sample

A material sample is used to demonstrate and characterize
the principles of NIVI. It consists of sodium silicate embedded
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Fig. 3. Reconstruction of the spectra of silicone in the material sample. (a)
Interference pattern at spectrometer. (b) Time evolution of the anti-Stokes signal
(for both silicone and sodium silicate). (c) Phase and (d) magnitude of the
complex vibrational spectrum χ(3) . (e) Obtained Im(χ(3) ) and spontaneous
Raman spectra. Dotted lines indicate the Stokes and reference spectral profiles.
Images of sample (f) out of resonance at 2850 cm−1 and at resonances (g) 2906
cm−1 and (h) 2965 cm−1 .

in silicone. Since sodium silicate is polar and silicone is not,
no mixing of the two substances occurs. The Stokes center
wavelength was tuned to detect resonances in the region 2800–
3000 cm−1 . Silicone presents peaks at 2906 and 2965 cm−1

associated with its CH-stretching modes, while sodium silicate
does not have any resonances in this region.

Vibrational spectra for the sample are shown in Fig. 3. In-
termediate steps in the retrieval of the spectrum are shown,
including the interference fringes at the line scan camera (see
Fig. 3(a)), and the reconstruction of the temporal evolution of
the anti-Stokes signal (see Fig. 3(b)). The duration of the entire
pulse is 0.7 ps for silicone and 0.1 ps for silicate.

Because the pump pulses are almost one order of magnitude
longer than the Stokes pulses, the two steps described earlier
for CARS can be easily identified. Upon the arrival of the com-
bined pump and Stokes pulses, their interaction with the sample
generates resonant and nonresonant components for silicone,
and only nonresonant responses for sodium silicate (0 to 0.1 ps
in Fig. 3(b)). While nonresonant components respond instan-
taneously, the resonances of the vibrational excitations remain
until they reach their decaying time (∼1 ps), so that when only
the pump is acting over the sample after the Stokes is depleted
(0.1 to 0.7 ps in Fig. 3(b)), only resonant signal is generated for
silicone. This is corroborated by the absence of signal coming

from silicate. Fig. 3(c) and (d) shows the phase and magnitude
of the retrieved χ(3)(Ω). In the presence of nonresonant back-
ground, the peaks in the magnitude are shifted, but the back-
ground is small enough to make this evident only in the peak at
2965 cm−1 . The phase information (see Fig. 3(c)) indicates
the predicted behavior for a double Lorentzian response [as de-
scribed by (4)], with frequencies below resonances in phase with
the incident Stokes field, retarded by about π/2 at resonances,
and out of phase by π above them. This phase information
obtained by heterodyne detection allows full suppression of the
nonresonant background and the real component of the resonant
signal, so that the imaginary part of χ(3)(Ω) is obtained. This
is shown in Fig. 3(e) in comparison with a spontaneous Raman
spectrum. Both were acquired in the same region of the sample
with an integration time of 50 s for Raman and 10 ms for NIVI.
A reduction in the relative amplitude of the second resonance
at 2965 cm−1 is observed as a consequence of the weight of the
Stokes and reference spectra, as described in Section II. Note,
however, that the spectral widths of the resonances follow those
for spontaneous Raman.

By raster scanning the sample, 2-D spatial maps of 100 ×
100 pixels of spectra are acquired in 100 s, resulting in a hyper-
spectral cube of information with two spatial dimensions and
one spectral dimension. In Fig. 3(f)–(h), images at particular
wavenumbers are shown for the corner of a silicate sphere in
a silicone background. In these images, contrast increases as
wavenumbers are selected from no resonance at 2850 cm−1 in
Fig. 3(f) to resonance in silicone at 2906 cm−1 in Fig. 3(g). Less
contrast is found at 2965 cm−1 for the small silicone resonance
in Fig. 3(h).

B. Mammary Tissue

According to the American Cancer Society, it is estimated that
62 280 new cases of in situ breast cancer will occur in women
in the U.S. in 2009, with 40 610 of them resulting in deaths.
There exists a certain need for understanding the molecular
mechanisms of tumor formation and progression, as well as
for the development of new molecular detection methods with
greater sensitivity. These needs motivate the demonstration and
application of NIVI in mammary tissue.

We use normal mammary tissue from a nonlactating female
rat. The animal care and handling was performed under a proto-
col approved by the Institutional Animal Care and Use Commit-
tee (IACUC) at the University of Illinois at Urbana-Champaign.
The sample was resected from a euthanized animal, flash-frozen,
sectioned, and mounted on a microscope slide for NIVI imag-
ing. Serial sections of the tissue were stained with hematoxylin
and eosin as per standard histological procedures and used for
comparison.

Fig. 4 shows the retrieval of NIVI spectra for the cross section
of mammary tissue. The real component of the time evolution
of the vibrational response is shown in Fig. 4(a). The duration of
the entire pulse is about ∼1 ps. A beating frequency is observed
as the result of the interference of the peaks at 2855 and 2930
cm−1 . Such temporal characterization has been studied previ-
ously, but not within a single pulse. Instead, the probe pulse
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Fig. 4. Vibrational image of mammary tissue. (a) Temporal evolution of the
anti-Stokes beam. (b) Phase and (c) magnitude of the retrieved susceptibility.
(d) Imaginary component of the susceptibility in comparison with spontaneous
Raman spectrum. (e) NIVI hyperspectral cube image at 2855 cm−1 showing
adipocytes, parenchyma, and connective tissue. (f) Stained histological (hema-
toxylin & eosin) image of sample in similar region. (g) Profile of NIVI image
intensity along white line in (e). Dotted red lines delineate connective tissue,
extracellular matrix, and parenchyma from adipocytes. Arrows indicate extra-
cellular space between cells.

is short in time (∼100 fs), and a delay with respect to fem-
tosecond pump and Stokes pulses is changed as the anti-Stokes
signal power is measured [20]. The phase and magnitude ob-
tained from this pulse are shown in Fig. 4(b) and (c). The phase
changes from 0 before resonances to π after resonances. Re-
moval of the real components results in the spectrum shown in
Fig. 4(d) with a spontaneous Raman spectrum. Notice that by
comparing this imaginary component with the magnitude of the
obtained χ(3)(Ω), there is a satisfactory restoration of the shift
in the spectral peaks induced by the real components. Since the
Raman and NIVI spectra were not taken at exactly the same
positions, the main difference resides in the relative intensity
of these peaks (i.e., different concentration of chemical species
and conformations), with the added effect of the Stokes and re-
sponses of the system being non uniform, as noted previously.
Nevertheless, the six spectral features observed in this region can
be discriminated [marked with vertical lines in Fig. 4(b)–(d)],
and their chemical bond correspondence is shown in Table I, as
assigned in the literature for the case of breast tissue [38].

In Fig. 4(e), a vibrational image (100 × 100 pixels) of the
cross-sectional mammary layer at 2855 cm−1 is shown over
an area of 500 µm × 500 µm. The acquisition time was

TABLE I
TARGETED SPECTRAL PEAKS IN MAMMARY TISSUE CAPTURED BY RAMAN

MICROSCOPY AND NIVI

100 s (10 ms/pixel) and the sample was illuminated with 10
mW of pump power and 2 mW of Stokes power. The high sig-
nal shown in bright yellow corresponds to white adipocytes,
which play a crucial role in the morphogenesis of the mam-
mary parenchyma [39], [40]. These cells contain a large lipid
inclusion, composed primarily of triglycerids and cholesteryl
ester (both rich in CH2), surrounded by a layer of cytoplasm
and very few mitochondria [41]. Nuclei can be distinguished
as small black dots (low fat content) at the periphery of the
cells. These image-based findings correlate strongly with the
corresponding histological image (hematoxylin & eosin) from a
similar adjacent region in the same tissue and animal, as shown
in Fig. 4(f).

The thick dark-appearing boundary layer along the top por-
tion of the tissue in Fig. 4(e) corresponds to the parenchyma,
which is also clearly distinguished as the pink and dark purple
layer in the histology shown in Fig. 4(f). Above this layer, anti-
Stokes signal is collected from the fixative compound necessary
for sectioning, which can be spectrally identified and separated.
The vertical lines observed along the left side of the NIVI im-
age are artifacts caused by the acceleration mechanism on the
translational stage.

In Fig. 4(g), an intensity profile from along the white line in
Fig. 4(e) reveals an estimated diameter for the cells of ∼50 µm.
Inspection of other zones within the image indicates diameters
varying from 30 to 100 µm. The narrow and wide regions be-
tween the dotted red lines correspond to connective tissue fibers
(∼25 µm thick) and the extracellular matrix (∼ 45 µm thick),
which have less lipid content and therefore less signal at the
CH2 resonance. The optical spatial resolution of ∼2 µm is not
apparent because the step size of the image is 5 µm, but this is
sufficient to resolve the lipid intermembrane spaces, as indicated
by arrows in Fig. 4(g).

In addition to the spectral features obtained for lipids, mostly
present in the adipose cells that comprise much of the mammary
tissue, a different signature has been identified for connective
tissue, which is rich in collagen [42]. NIVI spectra from lipid
and collagen domains in mammary tissue and Raman spectra
for methyl oleate (a good model for the lipid features in breast
tissue [38]), and collagen type I (Sigma Aldrich) are shown in
Fig. 5(a)–(d), respectively. Similarities in the NIVI and Raman
spectra for each domain are evident. The quality and fidelity of
the spectra are due to the suppression of the background and the
acquisition of an entire spectrum in a single measurement (for
comparison with a conventional CARS spectrum of collagen in
biological medium, see [43]).
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Fig. 5. Molecular differentiation in mammary tissue. (a) Lipid and (b) protein
spectra from mammary tissue obtained with NIVI. (c) Methyl oleate and (d)
collagen type I spectra obtained with spontaneous Raman microscopy. Images
at resonances (e) 2855, (f) 2930, and (g) 3014 cm−1 . (h) NIVI image showing
spatial differentiation of lipid and protein domains. (i) Reconstruction of the
spectrum shown in (j) as a linear combination of the basis functions in (a) and
(b) for a pixel with similar concentrations of proteins and lipids.

The main spectral difference between these two domains is
in the ratio of the vibrational peaks at 2855 and 2930 cm−1 .
Distinguishing and determining the proportions of protein and
lipid content in breast tissue may be useful in the detection
of disease. For example, it has been shown using vibrational
spectroscopy that there is an increase in protein content and a
decrease in lipid content in breast tumors, compared to normal
tissue [38].

Broadband microspectroscopy enhances the molecular selec-
tivity. In particular, the two domains in mammary tissue can
be identified. Within the scope of this paper, we do not intend
to quantitatively characterize the concentrations of these two
domains. However, this is the subject of ongoing research.

We image a thick section (100 µm) of mammary tissue to
identify cross sections containing both domains. Images at res-
onances 2855, 2930, and 3014 cm−1 for such a section are
shown in Fig. 5(e)–(g), respectively. In this hyperspectral cube
of molecular vibrational information, each image pixel contains
a spectrum with peak ratios 2930 cm−1 /2855 cm−1 that fluctu-
ate in between those of collagen and lipids. Because each entire
spectrum is collected in a single excitation event (i.e., no tuning
is needed for each resonance), the ratio is not subject to varia-
tions in the excitation powers or other instability in the system,
and it indicates the relative contributions of both domains in

the resulting spectrum. A reconstruction of the molecular com-
position by domains is shown in Fig. 5(h). This reconstruction
simply expresses the spectrum at a given location as a linear
combination of two basis spectra, which we take to be those
shown in Fig. 5(a) and (b). Finally, an example of this combina-
tion is provided. The two basis spectra are added in comparable
proportions [see Fig. 5(i)] to reconstruct the spectrum at a purple
pixel, shown in Fig. 5(j). The white pixels in the NIVI image
[see Fig. 5(h)] had low SNR and did not permit molecular iden-
tification.

Although the images in Fig. 5(e)–(g) spatially map the density
of CH2 and CH3 bonds in the sample, the full consideration of
the spectral features provides for a more accurate molecular
selectivity. A more rigorous approach could enable NIVI to
quantitatively characterize the contribution of different chemical
species as clinical diagnostic biomarkers in biological tissues.

Interferometric detection enables signal amplification by in-
creasing the power in the reference arm. The high efficiency of
CARS and the use of interferometric detection results in shot-
noise-limited signals. With the current acquisition parameters
(10 ms integration time, 10 mW pump power, and 2 mW Stokes
power), the recovery of spectra is done at a rate three orders
of magnitude faster than spontaneous Raman microscopy for
a similar SNR of 32 dB. The limiting factor in the acquisition
speed in our setup is the speed of the translation stages. To
improve this speed, galvanometers can be used. If the camera
were operated at 10 kHz, recovery of spectra can be five or-
ders of magnitude faster than spontaneous Raman microscopy,
however, the SNR would degrade to 22 dB. Additionally, be-
cause this broadband detection scheme is sensitive to the relative
spectral phase at the interferometer, it is robust even for thick
samples or refractive index variations that may change the path
length of the scattered field, provided that dispersion introduced
in the setup is compensated.

NIVI is promising for retrieving spectra in the fingerprint
region, where peaks are densely populated. In principle, this
could enable a wide range of biological and clinical applica-
tions requiring high-speed micro-spectroscopy. However, the
use of NIVI for in vivo, noninvasive or minimally-invasive di-
agnosis, still faces challenges, such as reducing the complexity
of the optical system and developing fiber-based probes for de-
livery of pulses to the patient. More fundamentally, noninvasive
clinical applications require the collection of epidirected anti-
Stokes signals, which has been shown to occur only for scatterers
smaller than the wavelengths involved, and therefore, retrieval
of back-reflected signal from bulk tissue remains to be tested in
the future.

We are now investigating methods to expand the spectral win-
dow that we probe by the use of supercontinuum generation [22].
In the future, the complexity in the setup could be simplified by
using a single pulse configuration [29], [31].

V. CONCLUSION

We have shown the high-speed imaging capability of NIVI
for use in biological tissues, and compared the vibrational
spectra acquired with NIVI to those from spontaneous Raman
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microscopy. By chirping the pump, broadband pump and Stokes
pulses are simultaneously used in the acquisition of CARS
signals from biological tissue, from which micro-pectroscopic
images, instead of intensity images at single resonances, are
formed. Rather than seeking to eliminate nontargeted reso-
nances along with the persistent background as in ps–ps schemes
or pulse-shaping techniques, we instead acquire the entire vi-
brational spectrum in a window of 200 cm−1 to account for the
presence of various resonances and their relative proportions
simultaneously, so as to enhance the molecular selectivity. Fur-
thermore, because the resulting signal is linearly proportional to
χ(3)(Ω), the relative concentration of different chemical species
contributing to a spectrum can be discriminated. We provide one
example of this differentiation for the case of protein and lipid
domains in mammary tissue. In the future, careful identification
of the different domains in the fingerprint region could char-
acterize their proportions in tumors or even in premalignant
tissues.
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