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ABSTRACT

We have designed and constructed a multimodal multiplex Raman spectrometer which uses multi-wavelength
excitation to better detect signals in the presence of fluorescence by taking advantage of the shift-variance of
the Raman signal with respect to excitation frequency. Coupled with partial-least-squares (PLS) regression, the
technique applied to ethanol estimation in a tissue phantom achieves root-mean-squared-cross-validation errors
(RMSCVE) of 9.2 mmol/L with a model formed with 2 principal components, compared to a single wavelength
data set with equivalent energy where 7 principal components were used to achieve an RMSCVE of 39.1 mmol/L.
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1. INTRODUCTION

Raman spectroscopy is a powerful diagnostic tool due to its high specificity and possibility for in vivo applica-
tions.! At the same time, its very weak signal strength and incoherent scattering properties make it a challenging
signal to detect. In biological systems where components scatter strongly and fluoresce, this detection problem
is compounded even further. We have designed and constructed a multimodal multiplex Raman spectrometer
which uses coded aperture spectroscopy to have a large collection area and multi-wavelength excitation to better
detect signals in the presence of fluorescence.

Raman chemometrics has been shown to be very effective in determining analyte concentrations in biological
media such as urine? and aqueous humor.?> In whole blood and tissue, however, systems are not as successful
because of the presence of interferences such as autofluorescence of non-target molecules, intense scattering, and
strong absorption by other constituents. Recent work has shown good progress,* however high excitation powers
and exposure times are necessary, and robust models with repeatable multi-day and multi-person performance
have yet to be demonstrated. Through the use of multi-wavelength excitation it should possible to form robust
models which improve the performance of the system.

2. MULTI-WAVELENGTH RAMAN SPECTROSCOPY

The wavelength of light scattered inelastically from molecular species can be shifted as a result of energy coupling
to the internal vibrational modes of the scattering species. Such frequency shifts result in a discrete array of
sharp lines corresponding to harmonic modes of the molecule. This spectral shift is generally referred to as the
Raman effect. Raman spectroscopy may be used to identify the presence of a target molecule, to analyze the
structure or densities of molecular species, or for other purposes. However, fluorescence produced by elastic
scattering and stray light obscures the Raman portion of the spectrum.

Shifted Excitation Raman Difference Spectroscopy (SERDS) may be used to reduce interference from fluo-
rescence and stray light by shifting the frequency of a laser light that is incident on a specimen. The Raman
bands are generally shifted in response to a shift in excitation frequency, while the broad background fluorescence
and stray light are generally much less affected by the excitation frequency shift. SERDS generally involves a
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subtraction of two spectra obtained from two different excitation frequencies. The subtraction can result in a
derivative spectrum that may reduce the background and fluorescence spectra.’

However, SERDS may not sufficiently reduce fluorescence and stray light in all environments. For example,
Raman spectroscopy may be more difficult in diffuse media, such as biological tissue, because the Raman effect
may be obscured by a high level of incoherent fluorescence spectra or by the diversity of molecules and the
associated Raman signals that may be present in the media.

A spectral impulse response is used to make a mathematical distinction between a non-Raman signal (i.e.,
the component of a spectrum that can be attributed to non-Raman scattering) and the Raman signal (i.e.,
the component of a spectrum that can be attributed to Raman scattering). Both spectral components include
sub-components that are linear and non-linear with respect to the exciting wavelengths. However, the linear
components are generally stronger than the non-linear components. The linear terms are described by an impulse
response. The non-Raman spectrum, Sy g, is assumed to be constant for small shifts in excitation wavelength,
leading to an impulse response of the form hg(v, ') = hr(v), where v is the measured optical output frequency,
and v/ is the excitation frequency. Thus the non-Raman signal can be expressed as

SNR f_V/hNR(V)SE(V')dz/, (1)

where S, is the exciting signal as a function of optical output frequency. The distinguishing feature of the Raman
and the non-Raman signals is that the Raman impulse response is typically shift invariant in the exciting field,
while the non-Raman impulse response is not shift invariant. The term ”shift invariant” means that the Raman
impulse response is a function only of the difference between the observed frequency and the exciting frequency,
e.g., hr(v,v') = hgr(v — v/'). Therefore, the Raman spectrum is expressed as follows:

Sk = /hR(V —)S.(V)dvV'. (2)

The total inelastically scattered spectrum from a source is the sum of the non-Raman and the Raman terms.
An array of individual laser sources that can be modulated can be used to implement a coded Raman spectrometer
system. By designing an impulse response which uses multiple shifts, the spectrum can be separated into the
Raman and non-Raman components by taking into account the differences in the impulse responses of the Raman
and non-Raman features.

Instead of explicitly solving for the Raman portion of the signal, we propose to use the prior knowledge of
the excitation spectrum of an array of lasers to shift the measured Raman spectra. These spectra can then
be summed, and PLS-regression used to determine which portions of the signal correspond to the molecule of
interest. By shifting the spectra, the Raman peaks will overlap and add, whereas any non-Raman signals will be
distributed among many spectral channels thus making the estimation more robust against unknown interferents.

2.1. Multivariate Chemometrics

Multivariate techniques are often used in spectroscopy in order to provide a dimensionality reduction, since many
spectral channels are collinear, responses of analytes typically overlap, and many interferences can be accurately
modeled.® The goal of chemometrics is to estimate the concentration of a given analyte or analytes in an
unknown mixture. In spectroscopic analysis, a spectra S of length n is commonly acquired, and thus a mapping
needs to made between concentration and the acquired data, which can be expressed as,

c=f(9). (3)

Such mappings have been explored extensively, and typically are found by using a partial least squares (PLS)
regression on a calibration data set of known concentrations.® A regression vector, w, of length n is then found
which can be multiplied by an unknown spectrum to obtain an estimated concentration, ¢

=S5 w. (4)

This regression vector is formed by a limited number of weighting vectors (components) which are found
using an iterative algorithm. The number of components to use is typically found by cross-validation techniques.
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Figure 1. The illumination system. A ring of 8 lasers (800-808 nm) is used to excite the sample through a dichroic filter
and focusing lens. Raman scattered photons are then collimated by the same lens, reflected by the dichroic filter, then
imaged by another lens onto the input aperture of the spectrometer.

3. PROTOTYPE SYSTEM

To investigate the quantitative performance of the shifted-excitation technique, experiments were performed using
a tissue phantom. Varying amounts of ethanol were added to a solution of Intra-Lipid with scattering properties
similar to that of tissue in order to have a realistic phantom. Spectra were then collected and analyzed using
multivariate techniques to assess the chemometric performance.

3.1. Optical system

A high throughput coded aperture spectrometer was used to obtain spectral measurements of the sources. Its
description and performance have been described in an earlier work.” The illumination and collection system
is designed for 8 excitation lasers, which are fiber-coupled and placed in a ring pattern as shown in Fig.1. The
8 lasers are butterfly packaged and temperature and drive current regulated to assure wavelength stability. The
lasers are set at temperatures between 15 and 30°C in order to equally space their center wavelength between
~ 800 — 808 nm in 1 nm increments with 30 mW of optical power on the sample for each laser. A small lens
tube containing a collimating lens and bandpass filter is mounted in front of each fiber output.

The laser light passes through a dichroic filter, and is then focused onto the sample by an aspheric lens onto
the sample. By translating the lens tube assemblies, all 8 lasers can be focused onto the same location on the
sample. An aspheric lens (f=25 mm, D=45 mm) then collects the scattered light, which is then reflected off
the dichroic filter towards the spectrometer. A longer focal length spherical lens (f=100 mm, D=50 mm) then
forms a magnified image of the scattered light from the sample onto the aperture mask of the spectrometer. The
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