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High-resolution second-harmonic optical coherence tomography
of collagen in rat-tail tendon

Yi Jiang, Ivan V. Tomov, Yimin Wang, and Zhongping Chen?
Beckman Laser Institute and Department of Biomedical Engineering, University of California, Irvine,
Irvine, California 92612

(Received 6 December 2004; accepted 23 February 2005; published online 22 Margh 2005

A high-resolution second-harmonic optical coherence tomograf8i-OCT) system is
demonstrated using a spectrum broadened femtosecond Ti:sapphire laser. An axial resolution of
4.2 um at the second-harmonic wave center wavelength of 400 nm has been achieved. Because the
SH-OCT system uses the second-harmonic generation signals that strongly depend on the
orientation, polarization, and local symmetry properties of chiral molecules, this technique provides
unigue contrast enhancement to conventional optical coherence tomography. The system is applied
to image biological tissues of the rat-tail tendon. Highly organized collagen fibrils in the rat-tail
tendon can be visualized in recorded image2@®5 American Institute of Physics

[DOI: 10.1063/1.18946Q7

Optical coherence tomographDCT) is an emerging In this letter, we demonstrate a high-resolution second-
imaging technology that provides vivo high-resolution, harmonic optical coherence tomograpt8H-OCT) system.
cross-sectional images of biological tisstiedsing coher- Using broadband, pulsed laser illumination and nonlinear in-
ence gating technique, OCT is capable of detecting the backerferometry, the system combines the molecular structure
scattered light from highly scattering tissues at depths of 1-8ensitivity of SHG with the coherence gating of OCT. Due to
mm? OCT imaging contrast originates from the inhomoge-the decoupling of the axial and transverse scans, two-
neities of sample scattering properties that are linear depemtimensional cross-sectional images of anisotropic biological
dent on sample refractive indices. In many instances, such asructures can be obtained through one-dimensional scanning
pathological processes in tissue, changes in sample lineaf the sampling beam, which has the potential to be adapted
scattering properties are small and difficult to measure. Foro clinic endoscopic studies. The light source utilized in this
example, many cancers originate in the epithelium that has tudy is a spectrum broadened femtosecond Ti:sapphire la-
thickness suitable for OCT imaging, but in their early stagesser. The sample under illumination generates SHG signal.
when these cancers are developing through cell dysplasi®eference SHG signal is generated by a nonlinear crystal.
changes in tissue morphology and refractive index betweeCoherence gating detection of these SHG signals produces
normal and diseased tissues are very small and difficult tinterference fringes that can be used for image construction.
detect. Therefore, to meet the challenges found in OCT cliniThe current system achieves an axial imaging resolution of
cal applications, imaging contrast enhancement is very im4.2 um in free space, corresponding to Juin in tissue,
portant. In recent years, many OCT contrast enhancemeR¥hich is a sixfold improvement over the system we demon-
methods have been developed. These techniques includgated previousl37/.The SH-OCT system is applied to image
Doppler OCT; polarization sensitive OCY,spectroscopic the biological tissue of a native, intact rat-tail tendon, and
OCT; and administration of contrast agents for OCWlore  produces high contrast, high-resolution images detailing the
recently, using the nonlinear optical effect of second-collagen fibril organization within tendon tissue.
harmonic generatiofSHG"® for OCT contrast enhance- Figure 1 shows a schematic of the experimental setup.
ment has also been demonstrated. The Ti:sapphire laser generates 170 fs pulses at a wave-

SHG is a powerful contrast mechanism in nonlinear opjength of 800 nm with a repetition rate of 76 MHz. The
tical microscopy. SHG signals provide unique informationfemtosecond pulses are coupled into a 2.0-m-long high nu-
regarding sample structure symmetry because signalgerical aperture single mode fibé€orning HI-780 for
strongly depend on the orientation, polarization and locakpectrum broadening. The OCT system consists of a Mich-
symmetry properties of chiral molecul2SHG enables di- elson interferometer illuminated by the continuum generated
rect imaging of anisotropic biological structures, such asrom the fiber. A broadband, nonpolarization beamsplitter is
membranes, structure proteins, and microtubule ensemblegsed to support interference fringes at both the fundamental
In addition to successfully producing high-resolution, highang SH wavelengths. In the sample arm the beam is focused
contrast images of tissue morpholdgy;'recently SHG mi-  op, the sample through a microscope objective. Backscattered
croscopy has also been applied to study dynamics in tissugndamental and SH waves from the sample are collected by
physiology, 313‘3“ as monitoring collagen modification in tu-the same excitation objective. In the reference arm, the SH
mor growth;” and optically recording action potential yaye is generated when the laser beam passes through a thin

change in neuron celfS. SHG is emerging as a powerful 5.Bap,0, (BBO) nonlinear crystal. The beam then reflects
nonlinear optical imaging modality for cell biology and bio- hack from a dichroic mirror mounted on a piezoelectric ac-

physics. tuator. The dichroic mirror reflects 90% of the SH wave and
5% of the fundamental wave. A prism pair made from BK7
¥Electronic mail: zchen@laser.bli.uci.edu glass is inserted into the reference arm to compensate for the
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FIG. 3. (Color) (a) SH-OCT image showing an area of 2860 um in the
rat-tail tendon, where many cable-like, parallel oriented, and slightly wavy

— collagen fiber bundlesfascicles can be visualized(b) 60X polarization
Axial scan Pre amp microscope image of the same samfdeale bar: 1Qum).
PD 1
Lock-in
<> osus Amplifler independent method$.Collagen is the most abundant pro-
EE sample P— tein in higher vertebrates, comprising over one-third of total
— body protein and 60%-86% of the dry weight of a tendon.

T .
ransverse scan Other components of tendons include water, proteoglycans,

FIG. 1. High resolution SH-OCT experimental seté@BJ1-OBJ3 objec-  Cells, elastin, and other extracellular matrix components. All
tives; (SMF) single mode fiber(M1-M2) mirrors; (BS) broadband nonpo-  of these components are arranged in a fibrous structure, as
larization beam splitterNLC) nonlinear crystal BBO(PP) prism pair dis- shown in the 6& poIarization microscopic image in Fig.
persion compensato(PM) dichroic mirror; (DBS) dichroic beam splitter; 3(b). It is k that I . t-tail tend ists of
(PD) photodiode;(BF) band-pass filter(PMT) photomultiplier tube. (b). Itis nown a _CO agen In ra 3 ail ten Pn consisis o
three parallel intertwined, polar helices. This non-central-
, , i _ symmetric structure makes it very efficient for second-
group velocity mismatch in the two arms. Because materiagimonic generatiofi™ In this study, rat-tail tendon was re-

?Aspersmln oft':]he t?]ptlfaldcomp(inlentsdlggot uniform f(_)r Ei}l_gmved from thawed rat-tails and stored in phosphate-
€ wavelengins, the fundamental an waves require dil;, tered saline solution for several minutes. A 10-mm-long

fgr(_ant th|9knesses of compensating material to generate %Raction was cut from the tendon and put in a sealed glass
timized fringes at corresponding wavelengths. In the detec: o
hamber to ensure sample moisturization.

tion arm, a dichroic beamsplitter is used to separate the beaf! A microscope obiective was used 1o focus the beam onto
according to the wavelength. Fundamental and SH interfer- : P jective was u u

ence fringes are detected by a photodiode and a photomullribe specimen. The average laser power was 80_ mW at the
plier, respectively. A band-pass filter centered at 400 nm witrs@MPle site. Typical energy per pulse was approximately 1 nJ
40 nm bandwidth is attached to the photomultiplier head td"ith €nergy density of 0.05-0.07 J/€nwhich is much less

reject background noise. The coherence point spread fundian the tissue damage threshold in the range of

15 . .
tions of the presented system at fundamental and secon8:5-1.0 J/cri™> When the optical path length difference be-

harmonic wavelengths are shown in Figgc)2and Zd).  tween the sample and reference arms is within the coherence

Measured in free space, the fundamental wave has a cohdength of the wave, the SH interference can be detected. The
ence length of 6.um and the SH wave has a coherenceinterference signal was demodulated by a lock-in amplifier
length of 4.2um, which determine the axial resolutions of and used for image construction. Figui@3hows SH-OCT
the OCT system at corresponding wavelengths. images of the rat-tail tendon obtained with a
Rat-tail tendon was chosen for the imaging experimenf.25-um-scanning resolution. The image shows the collagen
since many of its important properties are known from otheffibrils organization within a 10850 um area. As the
tension-bearing element in the tendon, collagen appears in
Wavelength (nm) Delay (pm) clearly defined, parallel, cable-like, and slightly wavy
750 775 800 825 80 10 5 0 5 10 bundles. In this image, highly organized collagen fiber
bundles(fascicle$ oriented in the same direction can be vi-
sualized. Because of the cross-sectioning nature of OCT, col-
lagen fiber bundles localized at different imaging planes par-
allel to the axial direction exhibit different thicknesses as
projected into this image. The transverse and axial resolu-
tions of this image are 1.9 and 42n, respectively, as de-
termined by the Gaussian beam waist diameter at the focus
and coherence length of SH wave.
Understanding the origin of the backscattered SHG sig-
R s nal from the sample is important because in the coherent
380 3‘7,:avel;‘:‘° " (:‘2; ) 450 40 5 Del: s 10 process of SHG, the majority of the second-harmonic wave
9 Y (1) copropagates with the excitation laser beam. In highly scat-
FIG. 2. Coherence length measuremefis:spectrum of the fundamental t€ring thick tissues such as tendons, bones, and muscles, the
wave. The dashed curve is the original spectrum of the laser, and the soliBHG signals detected in the backward direction are mostly
curve is the spectrum of the continuum generated from the fibgispec- from the backscattering of the forward-generated SHG sig-

trum_of the SH wave from the nonlinear F:ryst(ad) coherence point spread nals. These backscattered SHG signals are collected by the
function of the fundamental wave, showing a coherence length ofu0

(d) coherence point spread function of the SH wave, showing a coherence@Me _excitation_obj_ectivg _and are _parf[icularly important for
length of 4.2um. thick tissues andh vivo clinical applications.
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The BBO crystal used in the reference arm has a thicktransverse scans enable two-dimensional tomographic imag-
ness of 0.1 mm and is oriented for type-I phase matchinging of a sample with only one dimension scanning of the
For SH wavelength conversion of a broadband laser sourcgrobing beam, which is essential fan vivo endoscopic
using a nonlinear crystal, spectrum narrowing effect inducecpplications.
by the crystal dispersion must be considered. Because the
spectral width of the SH wave in a bulk of nonlinear crystal ~ This work was supported by research grants from the
is limited by the crystal thicknes$ the nonlinear crystal has National Science FoundatiofBES-86924, National Insti-
to be made very thin to accommodate for the large bandtutes of HealthEB-00255, NCI-91717, RR-01192and the
width of a fundamental laser spectrum. The BBO crystal alsd\ir Force Office of Science Resear¢RA9550-04-1-0101L
works as the polarization selector for the SH interferencelnstitutional support from the Beckman Laser Institute En-
When the crystal is followed by another quarter wave platedowment is also gratefully acknowledged.
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