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Abstract

Time-resolved spectroscopy is a powerful technique permitting the separation of

the scattering properties from the chemical absorption properties of a sample. The

reduced scattering coefficient and the absorption coefficient are usually obtained

by fitting diffusion or Monte Carlo models to the measured data using numerical

optimization techniques. However, these methods do not take the spectral dimen-

sion of the data into account during the evaluation procedure, but evaluate each

wavelength separately. A procedure involving multivariate methods may seem more

appealing for people used to handle conventional near-infrared data. In this study we

present a new method for processing TRS spectra in order to compute the absorp-

tion and reduced scattering coefficients. This approach, MADSTRESS, is based on

linear regression and a 2-D interpolation procedure. The method has allowed us to
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calculate absorption and scattering coefficients of apples and fructose powder. The

accuracy of the method was good enough to provide the identification of fructose

absorption peaks in apple absorption spectra and the construction of a calibration

model predicting the sugar content of apples.

Index Headings : Time-Resolved Spectroscopy, Equation of diffusion,

Multi-linear regression, Light continuum, Apple absorption coefficient,

Fructose absorption coefficient

1 Introduction

Near infrared (NIR) reflectance spectroscopy has the advantage that it can

be used to, non-destructively, measure chemical compounds residing inside a

scattering medium1 . These media may be agricultural products2 or phar-

maceuticals products3 or other. An example of application is the prediction

of sugar content in apples4 . Prominent scattering does however present a

drawback as it modifies the measured absorption spectra. The measured re-

flectance spectrum is hence a combination of both absorption and scattering

effects. Consequently, calibration models based on NIR reflectance spectra im-

plicitly compensate for scattering effects, resulting in complex and non-robust

models5 . For this reason the calibration procedure is often combined with

data pre-processing techniques such as Standard Normal Variate6 or Multi-

ple Scatter Correction7 . The benefits of the present pre-processing techniques

are however limited since they only produce data more correlated to the ab-

sorption coefficient, but they are not capable to extract the real absorption

coefficient. Furthermore the scattering coefficient can not be evaluated from
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NIR reflectance data solely, even so its evaluation would be of deep interest,

since it carries information about the physical characteristics of the sample.

An attractive method for evaluating the scattering properties of highly scat-

tering samples is time-resolved spectroscopy8 (TRS). It was mainly developed

for medical applications 9 ,10 but has found its way into other fields of re-

search, such as pharmaceutical11 ,12 and agricultural applications13 ,14 ,15 ,16

. The parameters used to describe the optical properties of a turbid medium

are the absorption coefficient µa(λ), the scattering coefficient µs(λ) and the

scattering anisotropy g. Often, µs(λ) and g are combined to form the reduced

scattering coefficient µ′
s(λ) = µs(λ)(1 − g). TRS uses short light pulses to

irradiate the sample. The light diffusively re emitted by the sample at a given

distance from the irradiation point is then detected as a function of time17

. TRS measurements can be conducted in either reflectance or transmission

mode. In order to obtain a simultaneous measure of the temporal signal at

different wavelengths, light pulses with a broad wavelength profile is used in

combination with a streak camera detection system. The broad light pulses

can be generated using different techniques, one is using continuum generation

by focusing of a high power laser pulse into a photonic crystal fiber18 .

Once the 2-dimension signal (one temporal and one spectral dimension) is

recorded, the reduced scattering coefficient (µ′
s(λ)) and the absorption coeffi-

cient (µa(λ)) are obtained by linking the experimental data with theoretical or

modeled data. This step is crucial to get correct results, and many evaluation

schemes have been proposed. Three approaches are usually used: Monte Carlo

simulations17 ,19 , numerical optimizations20 ,21 and analytical descriptors

of temporal dispersion22 . Those methods do however not take the spectral

dimension of the data into account. µa(λ) and µ′
s(λ) are calculated at a given

wavelength without considering neighboring wavelengths. A method based on
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a linear solution of the equation of diffusion would allow the implementation

of various chemometric tools, such as multi-linear regression (MLR), partial

least square and N-ways methods.

This study aims at proposing a new method for finding scattering and absorp-

tion coeffiecients using TRS data. The first part is devoted to the diffusion

equation and a presentation of the suggested linear approach. In the second

part methods and TRS instrumentation are presented. The last part describes

the performance of the linear approach and its results.

2 Theory

When the photons of a short light pulse penetrate a turbid medium, they

scatter around due to the matrix effect (Fig.1). If the light is detected at a

specific distance from the light source, ρ, the detected light pulse will be tem-

porally broader than the pulse sent into the medium. The dispersion of the

pulse is governed by the scattering coefficient µ′
s(λ) and the absorption coeffi-

cient µa(λ) of the medium. The photon transport in turbid media is described

by the radiative transport equation23 which makes a balance between gained

photons and lost photon. In the case of a semi-infinite homogeneous medium

measured in reflectance mode, the solution is given by the time-resolved dif-

fusion equation 17 :

R(t, λ) = (4πD(λ)v)−3/2z0(λ)t−5/2 exp(−µa(λ)vt) exp

(

−
ρ2 + z0(λ)2

4D(λ)vt

)

(1)

Here R(t, λ) is the signal measured at a given distance ρ at time t, D(λ) is

the diffusion coefficient with D(λ) = [3(µa(λ) + µ′
s(λ))]−1, z0(λ) = (µ′

s(λ))−1

is the mean free path of the photons and v is the speed of light in the medium,
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assumed to be constant within the measured wavelength range.

2.1 Solving the equation

Let t0(λ) be the time where R(t, λ) has its maximum value. By dividing the

signal R(t, λ) by its maximum value at t0(λ), R(t0(λ), λ), the following equa-

tion is obtained :

R(t, λ)

R(t0(λ), λ)
=

(

t

t0(λ)

)−5/2

exp(µa(λ) v (t0(λ) − t))

× exp

(

−
ρ2 + z2

0(λ)

4D(λ)v t
+

ρ2 + z2
0(λ)

4D(λ)vt0(λ)

)

That can also be written as :

R(t, λ)

R(t0(λ), λ)

(

t

t0(λ)

)5/2

=exp(µa(λ) v(t0(λ) − t))

× exp

[(

(ρ2 + z2
0(λ)

4D(λ) v

)(

1

t0(λ)
−

1

t

)]

Taking the logarithm of this equation :

log

(

R(t, λ)

R(t0(λ), λ)

)

+
5

2
log

(

t

t0(λ)

)

= µa(λ) v(t0(λ)−t)+

(

ρ2 + z2
0(λ)

4D(λ) v

)(

1

t0(λ)
−

1

t

)

(2)

When R(t, λ) has its maximum,
∂R

∂t
(t0(λ), λ) = 0.

∂R(t, λ)

∂t
is given by :

∂R(t, λ)

∂t
= (4πD(λ)v)−3/2z0(λ) exp(−µa(λ)vt) exp

(

−
ρ2 + z0(λ)2

4D(λ)vt

)

5

2
t−7/2

+(4πD(λ)v)−3/2z0(λ) exp(−µa(λ)vt) exp

(

−
ρ2 + z0(λ)2

4D(λ)vt

)

t−5/2

×

(

−µa(λ)v +
ρ2 + z0(λ)2

4D(λ)vt2

)

Factorisation using R(t, λ), the expression at t = t0(λ) is :
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∂R

∂t
(t0(λ), λ)= R(t0(λ), λ)

(

−
5

2
t0(λ)−1

)

+ R(t0(λ), λ)

(

−µa(λ)v +
ρ2 + z0(λ)2

4D(λ)vt0(λ)2

)

= 0

Taking into account that R(t0(λ), λ) is a maximum and thus different from

zero, it follows that :

−
5

2
t0(λ)−1 − µa(λ)v +

ρ2 + z0(λ)2

4D(λ)vt0(λ)2
= 0

Which leads to :

ρ2 + z0(λ)2

4D(λ)v
=

5

2
t0(λ) + µa(λ)vt0(λ)2 (3)

Replacing into Eq.2 yields :

log

(

R(t, λ)

R(t0(λ), λ)

)

+
5

2
log

(

t

t0(λ)

)

= µa(λ) v(t0(λ) − t)

+
(

5

2
t0(λ) + µavt0(λ)2

)

(

1

t0(λ)
−

1

t

)

This equation can be put under the following form : µa(λ) can be found using

experimental data by solving :

µa(λ)G(t, λ) = F (t, λ) (4)

with :

F (t, λ) =− log(R(t, λ)) + log(R(t0, λ)) −
5

2
log

(

t

t0

)

+
5

2

(

1 −
t0
t

)

G(t, λ) = v
1

t
(t − t0(λ))2

µa(λ) can be found by applying a multivariate method on Eq.4 where F (t, λ)

contains the values to predict and G(t, λ) the variable (µa(λ) is then the
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regression coefficient found).

Once µa(λ) has been evaluated, Eq. 3 enables us to obtain µ′
s(λ) :

3

4v
(ρ2 + z0(λ)2)(µa(λ) + µ′

s(λ)) =
5

2
t0(λ) + µa(λ)vt0(λ)2

which gives :

3ρ2

4v
(µa(λ) + µ′

s(λ)) +
3

4v

(

µa(λ)

µ′
s(λ)2

+
1

µ′
s(λ)

)

=
5

2
t0(λ) + µa(λ)vt0(λ)2

As µ′
s(λ) � µa(λ), µa(λ)

µs(λ)2
can be neglected compared to 1

µs(λ)′
. µ′

s(λ) is then

linked to µa(λ) by a 2d order equation :

3ρ2

4v
µ′

s(λ)2 +

(

−
5

2
t0(λ) − µa(λ)vt0(λ)2 +

3ρ2

4v
µa(λ)

)

µ′
s(λ) +

3

4v
= 0 (5)

2.2 Implementation on experimental data

An accurate determination of t0(λ) may be judged as the keystone for suc-

cessful results with the suggested approach. Experimental data do however

contain noise and the time-resolution is limited by the measuring appara-

tus. These constraints prevent the use of the measured signal maximum to

find t0(λ), since measurement noise may hide the real maximum value of the

time-resolved signal, likewise the apparatus time-resolution restricts t0(λ) pre-

diction accuracy. These problems may be limited by smoothing and artificially

increasing the signal time-resolution.

Let R be a matrix defined by {R(ti, λj)} , ti ∈ {1 . . . p}, λj ∈ {1 . . . q}, which

defines a TRS measurement (fig.2). A mesh of width w1 (odd) and length w2

(even) is wrapped on a given part of R. The wrapping is performed by fitting a

2 variable parabolic polynomial function of the form : at2+bt+cλ2+dλ+etλ+f

with R(t, λ). The segment (ti, ti+1) situated at the mesh center (bold dot line
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in figure 2) is then interpolated, where k new points are added between ti

and ti+1 using the parabolic equation of the wrapped mesh. By applying this

procedure on each part of R, a new matrix R† of size (p × k) × q is created.

For a given wavelength λj, each ti is taken as candidate for t0(λj) and the

correlation coefficient, r(ti(λj), λj), between G(t, λj) and F (t, λj) is calcu-

lated. Assuming Eq.4 must exist at ti = t0(λj), the value for t0(λj) is chosen

where the highest value of the correlation coefficient is reached, r(t0(λj), λj)

(i.e where Eq.4 is the most verified and where µa(λ) has a positive value).

The approach of combining Eq.4 with the above descibed implementation is

named MAximum Determination for Solving Time REsolved Spectroscopy

Signal (MADSTRESS).

3 Material and methods

3.1 TRS Instrumentation

Figure 3 depicts the experimental setup. The instrument has been described

in detail by Abrahamsson et al.18 . Briefly, a mode-locked Ti:Sapphire Laser,

pumped by an Ar-ion Laser, was used to generated 100 fs pulses centered

around 800 nm with 80 MHz repetition rate. The laser pulses were focused

into a 100 cm long index guiding crystal fiber (ICF)(Crystal fiber A/S, Copen-

hagen, Denmark). The broad band light pulses generated by non-linear effects

in the ICF ranged from 750 nm till 1100 nm. The light was then transferred

by a set of lenses into a gradient index fiber guiding the light to the sample.

Another gradient fiber, with the distal tip ρ = 6 mm from the irradiating

one, was used to collect the light re emitted from the sample. The fibers were
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put in contact with the sample. A Streak Camera (Hamamatsu, ModelC5680)

coupled to an imaging spectrometer (Chromex, Model 250IS) captured the

reflected light as a function of time and wavelength R(t, λ). The spectral res-

olution was 0.93 nm distributed over 512 pixels while the temporal resolution

was 2.93 ps in the span from 0 to 1900 ps, spread over 640 pixels. Integration

time was 5 min.

3.2 Samples

15 Golden Delicious apples were measured using the TRS setup at an ambi-

ent temperature of 25oC. A small part of each apple was carefully removed

in order to create a flat surface for applying the fibers. The measurements

were performed immediately after the preparation of the apples in order to

avoid flesh drying. After the TRS measurement, the reference sugar content

was measured : a drop of apple juice was taken from the scanned surface be-

low the fibers and spread on a Euromex RD645 refractometer with 0.2 oBrix

accuracy (i.e about 0.2 g of sugar per 100 ml).

Two other kinds of samples were also evaluated using TRS. The first one was

a cup filled with 0.5 mm diameter fructose powder. The second was a solid

tissue phantom, prepared according to Swartling et al.24 . The 6.5 cm diam-

eter and 5.5 cm high epoxy phantom contained T iO2 particles as scattering

centers and toner powder as absorber.

Prior to each sample measurement, an instrumental response function was

recorded by connecting the transmitting and receiving fibers to each end of a

thin metal tube. This instrumental response function was used to determine

time zero of the streak camera response and to measure the dispersion of the
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measured pulse due to the system characteristics.

3.3 Linear approach implementation

The measured signal was interpolated using the interpolation procedure de-

scribed in the theory part. In order to reduce the total number of parameters

to tune (w1,w2,k), the following relations were established w1 = w + 1 and

w2 = w. For each pair (w, k), the correlation coefficient r(t0(λj), λj) was eval-

uated for 271 wavelengths of the apple measurements. Then, the performance

criterion of the chosen pair (w, k) was taken as the mean of all r(t0(λj), λj)
2.

To improve the MADSTRESS prediction efficiency, the temporal window was

chosen where the signal was significantly above zero. Using the interpolated

signal and the estimated t0(λ), µa(λ) was evaluated by means of a classical

MLR. µ′
s(λ) was then evaluated using Eq.5. Two solutions were obtained. The

one satisfying µ′
s � µa was chosen.

4 Results and discussion

4.1 TRS Measurements

Figure 4-a shows the light continuum that irradiates the sample. The tem-

poral width was about 23 ps Full-Width Half-Maximum (FWHM) and the

spectral width about 300nm FWHM. The spectral profile was very sensitive

to changes in the laser intensity and variations in the in-coupling efficiency

into the ICF. For this reason the signal may appeared quite disrupted, but
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these fluctuations did not critically influence the evaluations as MADSTRESS

uses the ratio R(t, λ)/R(t0(λ), λ). The recorded signal from one apple is shown

Fig. 4-b. The temporal dispersion is very high due to the scattering inside the

apple. The measured pulse length reach 1000 ps, which implies a 20 cm(!)

light path length inside the fruit, while the input/output fibers where only

distant by 6 mm. The mean transit time of photons inside the fruit is 234

ps corresponding to a mean path of 5 cm. Since photon path distribution in

turbid media have a typical banana shape 25 , the mean depth probed may be

estimated to 2 cm.

4.2 Parameters setting

Figure 5 shows the evolution of r(t0, λ)2 with regard to (w, k) values of the

interpolated mesh. The response increased rapidly when interpolation degree,

k, exceeds 10 pixels. A good result was found for w = 30 pixels (mesh width).

The following values were retained for the interpolation procedure : w = 30 ;

k = 16.

Figure 6 shows the peak of a TRS measurement. Despite its high intensity

level, the signal peak still contains non negligible noise. Maximum value of

the TRS curve is hidden resulting in uncertainty for t0(λ) determination. This

illustrates the t0(λ) determination problem and the interest of using r(t, λ) as

a mean for t0(λ) seeking. r(t, λ) curve is smooth, allowing the finding of its

maximum easily and without any doubt. The maximum value of r(t, λ) seems

to provide a good estimation of R(t, λ) maximum. Without r(t, λ) function,

t0 determination would have been harder.
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4.3 MADSTRESS performance

4.3.1 Comparison of experimental and analytical data

Figure 7-a illustrates 4 temporal dispersion curves measured on an apple. The

MADSTRESS analysis has provided µa(λ) and µ′
s(λ) values for each of the

4 curves. Using the diffusion equation with the estimated coefficient values,

analytical TRS curves were constructed. In order to get closer to reality the

width of the irradiating peak was also taken into account. The fitted curves

are plotted in black in fig.7-a . The raw signal and the fitted signal are very

similar and difficult to separate. However a small delay may be observed in the

beginning of the rising edge of the curves. This could be due to the temporal

width of the irradiating peak which is neglected in the linear approach.

In order to get a more precise idea of the accuracy of our method, the de-

termination coefficient between the measured TRS curves, R(t, λ), and the

fitted ones, R∗(t, λ), have been calculated for the 271 wavelengths of an apple

measurement. The histogram of the calculated determination coefficient is pre-

sented fig.7-b. The mean values of the determination coefficient is 0.997 which

is clearly a high performance. Even the lower values (0.992) demonstrates the

good performance of the MADSTRESS method.

4.3.2 Reduce scattering coefficient µ′
s(λ)

In fig.8, the reduced scattering coefficients obtained with MADSTRESS are

shown. There is large difference between µ′
s(λ) depending on the sample. Fruc-

tose powder logically appears as the most scattering sample. One way of ana-

lyzing the results in details is to use Mie theory which states that the scattering
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coefficient may be approximated by the relation :

log(µ′
s(λ)) = −b log(λ) + log(a)

where a is proportional to the density of scattering particles and b is linked to

the mean size of the scattering particles26 (Mie diameter). Whereas b values

for the apple and the phantom were near 0.5 (resp. 0.53 and 0.58), the fructose

powder b value attains 1.8. Large sizes of the scattering particles of fructose

may be the explanation of the slope differences. There was a difference in

slope between the apple scattering coefficient and the mean of the 15 apples

coefficients. We also found that µ′
s(λ) was changing significantly from one

apple to another : 18 cm−1 for the lowest µ′
s(λ) value, 26 cm−1 for the highest

scattering coefficient (not shown on the figure). These results imply that the

density and size of the scattering centers vary between the apples. Yet it

is well known that apple cell size and porosity are different from one apple

to another. Another important comment regarding fructose µ′
s(λ) : it does

not strictly follow a linear evolution. There may be several explanations to

this non-linearity. The first one is the sample morphology, which includes

crystallinity that might be important. Another important property of fructose,

is its light polarization ability. Hence the electric field of the scattering centers

will increase the wavelength variability of the scattering coefficient by changing

the scattering efficiency coefficient.

4.3.3 Absorption coefficient µa(λ)

Figure 9-a presents µa(λ) calculated values using MADSTRESS, from which

different absorption peaks may be identified.

The phantom sample has a relatively plane and linear absorption coefficient
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which was an objective during its making. However, since the exact composi-

tion of the toner powder was not known it was not possible to go further in

its spectrum analysis.

The fructose presents an absorption peak at 910 nm. This band is a C-H

stretch 3rd overtone which has already been attribute to sugar by Golic et

al.27 . Another wide peak, also due to fructose, is found near 1010 nm. This

peak is due to 2 × C-H + 3 × C-H vibration bands. In-depth analysis also

reveals a small peak at 880 nm corresponding to C-H3 3rd overtone.

Apple µa(λ) contains a dominant peak at 970 nm. This well known absorption

band is due to water, composing 80% of an apples content. The width of the

water peak is large due to different species of water giving rise to different

absorption bands (960 nm and 984 nm). The peak also overlaps the previous

identified fructose peak, but that peak is still detectable. 880 nm and 905 nm

have already been identified as fructose wavelengths 28 ,29 .

Another conclusion can be drawn regarding the second derivative mean spec-

tra of the apples and fructose (fig. 9-b). The derivatives were calculated using

a Stavisky Golay procedure with a window, 41 pixels wide . Fructose peaks

are found at 880 nm, 910 nm and 1005 nm. In all three cases the peaks are

shifted in the apple spectrum. This phenomenon can be explained by water

interacting with the sugar. This effect is also enhanced by changes in sample

temperature27 .

Using the 15 apples absorption coefficient with regard to measured sugar con-

tents, an MLR prediction model has been calibrated using 4 wavelengths.

The wavelengths (814 nm, 828 nm, 912 nm and 1005 nm) were selected by

a stepwise algorithm using leave-one out cross-validation. The model perfor-

mance (fig.10) was very good, with a determination coefficient of 0.92 and

SEC of 0.51oBrix. It is interesting to note that two of the fructose wavelengths
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were selected by the stepwise procedure. The good performance of the model

strengthen the observations made about the fructose peaks.

4.4 Conclusion

Light continuum generation using photonic crystal fibers has made it possible

to efficiently conduct multi spectral time-resolved measurements. The power

of the newly developed instrumentations leads to the desire to use the spectral

dimension during the evaluation of the scattering and absorption coefficient

of the samples, in order to improve accuracy. In this study a method for

evaluation of the absorption and scattering coefficients using time-resolved re-

flectance measurements was investigated. The MADSTRESS method is based

on a linear regression and a 2-D interpolation procedure. The method allowed

us to calculate absorption coefficients and scattering coefficients of apples and

fructose powder. The accuracy of the method was good enough to provide the

identification of fructose absorption peaks and the construction of a calibra-

tion model predicting the sugar content of apples. MADSTRESS, as a power-

ful method for processing data from spectrally-continued TRS data paves the

ways to accurate determination of scattering and absorption coefficients, in

domains as varied as agricultural and food products, pharmaceutical, chem-

istry and medecine. It will serve as a reference basis for chemometricians who

develop specific methods to remove the scattering signal from UV-Vis and

NIR spectra.
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