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This paper discusses the spectral distortions occurring when time-resolved

spectroscopy of diffusive media is performed illuminating with a wide

bandpass. It is shown that the spectral region within the bandpass that

exhibits the lowest absorption will dominate the resulting time-resolved

curve, leading to significant underestimations of absorption as well as

distortions in the spectral shape (including shifts in peak positions). Due to

the nonlinear behavior of absorption, this effect becomes even more

pronounced when including longer and longer photon path lengths. First,

a theoretical treatment of the problem is given, and then the distortion is

described by time-resolved reflectance simulations and experimental

measurements of lipid and water samples. A spectrally constrained data

analysis is proposed that takes into account the spectrum of the light

injected into the sample, used to overcome the distortion and improve the

accuracy of the estimation of chromophore concentrations from

absorption spectra. Measurements on a lipid sample show a reduction

of the error from 30% to 6%.

Index Headings: Time-resolved spectroscopy; Turbid media; Diffusive

media; Supercontinuum; Spectral distortion.

INTRODUCTION

It is well known that any spectroscopy system introduces
distortions in the measured spectra due to the non-ideal
instrumental spectral response function. In particular, the
effects of the finite slit width of a spectrophotometer have been
widely discussed,1–5 showing that the recovered spectra can be
significantly distorted if the spectral bandpass of the instrument
is comparable with the absorption linewidth. The bandpass is
given by the combination of the spectral line of the source and
the spectral response of the detector. Furthermore, Brodersen2

discussed the effect of a sample with large optical density on the
calculation of the extinction coefficient, showing that distor-
tions increase with the sample optical density and consequently
with the lengthening of the photon path inside the medium.

The path of photons in a diffusive medium is much longer
than in a transparent medium. In highly diffusive media, such
as biological tissues, the probability that photons will undergo
scattering events is higher than the probability that photons will
undergo absorption events. This causes their trajectories to be
modified, resulting in a longer overall path. For instance,
photon mean path length after transmission through a 4 cm
thick breast tissue can be approximately 100 cm. Therefore, it
is expected that the spectral distortions will be further amplified
in highly diffusive media. In the study of light propagation
inside highly diffusive media (‘‘photon migration’’), the photon
path distribution can be taken into account by means of a
proper theory.6 Photon migration has become a fundamental
tool for the characterization of biological tissues and has been
applied to noninvasive breast cancer investigation,7 to human
brain functional imaging,8 and to molecular imaging.9

Concerning industrial applications, photon migration has been

applied to the estimation of drug concentrations in pharma-
ceutical tablets10 and to the characterization of wood11 and
fruit.12 In particular, biological tissues present low absorption
in the range from 600 to 1100 nm.13 In this ‘‘therapeutic
window’’ it is possible to quantify, by means of diffuse
absorption spectroscopy, the concentrations of the main
biological chromophores: water, lipid, collagen, and oxy- and
deoxy-hemoglobin.

Rapid technological development in this area has made
available new compact laser sources suitable for photon
migration studies. In particular, diode lasers and high-power
fiber lasers pumping photonic crystal fibers and generating
supercontinuum radiation have been developed.14,15 Instru-
ments based on these technologies have the great advantage of
being compact and suitable for clinical applications but have
the disadvantage of presenting a non-ideal spectral bandpass. It
is therefore important to understand the effects induced by a
broad bandpass on the retrieved absorption spectrum of highly
diffusive media. Several approaches to diffuse spectroscopy
have been proposed: time resolved (TR),16–19 steady state
(SS),20 and frequency domain (FD) combined with SS.21

Spectral distortions are common for different approaches
because the methods are governed by the long photon path;
however, this long path length can be significantly reduced
depending on the bandpass of the instruments. In this work we
systematically analyze the effects of a broad bandpass on the
estimation of absorption spectra in time-resolved diffuse
spectroscopy. We first give a theoretical interpretation of the
effect, then simulations of near-infrared absorption spectra of
water and lipid are shown, and then we report on an
experimental investigation. Finally, a method to compensate
the bandpass effect on the retrieved absorption spectra is
proposed and validated experimentally.

THEORY

This section presents an analytical description of the effect of
the bandpass on time-resolved spectroscopy of diffusive media.
In particular, it is shown how the photon fluence rate and the
estimation of the absorption spectrum depend on the bandpass
of the system and on the photon time of flight (TOF).

Light propagation in diffusive media can be described by the
radiative transport equation:6
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where L(r, X, t) is the radiance in direction X, v is the light
speed inside the medium, la and ls are, respectively, the
absorption and scattering coefficient, p(X, X0) is the scattering
phase function, and S(r, X, t) is the source term.22 If the source
term is a Dirac delta function in time and monochromatic, Eq. 1
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has the following property: if L0(r, X, t) is the solution for a
nonabsorbing medium, L(r, X, t)¼ L0(r, X, t) exp(�lavt) is the
solution to Eq. 1 when la is the spatially independent
absorption coefficient.22 Consequently the detected photon
fluence rate at any position rD can be written as:

IðrD; tÞ ¼ I0ðrD; t; lsÞexpð�lavtÞ ð2Þ

where I0(rD, t, ls) is the detected power in the non-absorbing
medium and takes into account the geometry, the boundary
conditions, and the scattering properties of the medium. The
absorption coefficient is therefore proportional to the slope of
the logarithm of the ratio between the detected fluence rate in
the absorbing medium and a non-absorbing medium that has
the same scattering.

If the light source is not monochromatic, the photon fluence
rate detected at the position rD is given by the following
integral:

I�ðk; rD; tÞ ¼
Z

gðk; k0ÞI½rD; t; laðk0Þ; lsðk0Þ�dk0 ð3Þ

where g(k; k0) is the normalized spectrum of the source at the
nominal wavelength k. Equation 3 represents a weighted
average of the time-resolved intensity profiles that fall within
the spectral band of the source, and the measurement of the
profile at k is thus distorted by cross-talk from neighboring
wavelengths. It can be observed that k can be either the
wavelength set in the spectrometer or the nominal emission
wavelength of a laser, i.e., when a diode laser is used as a light
source. Assuming a constant scattering over the bandpass of
the system, Eq. 3 reduces to

I�ðk; rD; tÞ ¼ I0ðrD; t; lsÞ
Z

gðk; k0Þexp½�laðk0Þvt�dk0 ð4Þ

The absorption coefficient can be estimated by taking the first
temporal derivative of the logarithm of the ratio I*/I0:
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It is worth noting that the estimation of the absorption
coefficient l�a will depend on the photon TOF used, but it
does not depend on the detector position rD or on the scattering
coefficient ls. It is important to point out that in a real case the
fitting procedure is performed over a temporal range and that
the function I0 is not measured. It can be observed that if g(k;
k0) tends to a Dirac delta function, l�a tends to the real
absorption coefficient la(k).

Equation 5 can be reduced to the following:

l�a ðk; tÞ ¼
Z

wðk; k0; tÞlaðk0Þdk0 ð6Þ

where w(k; k0, t) is a weight function equal to

wðk; k0; tÞ ¼ gðk; k0Þexp½�laðk0Þvt�Z
gðk; k0Þexp½�laðk0Þvt�dk0

ð7Þ

Equation 6 indicates that the estimated absorption coefficient at
the wavelength k is a weighted average of the true absorption
spectrum of the medium (the part that falls within the
bandpass) and will depend on the photon TOF used. The
weight function w(k; k0, t) can be factorized into two terms,
g(k; k0) and exp[�la(k0)vt]. The first one takes into account the
spectral response function of the system and the second one the
nonlinear attenuation due to absorption.

As often reported in the literature,1–5 la(k0) and g(k; k0) are
assumed to be Gaussian functions, in order to better understand
the behavior of the photon fluence rate I*(k; rD, t) and the
weight function w(k; k0, t). The absorption and spectral
response functions are

laðk0Þ ¼ la0exp � 4ðk0 � k0Þ2

W2
a
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ð8Þ
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where la0 is the peak absorption coefficient, k0 is the
absorption central wavelength, and Wa and Wg are the width
(full width at half-maximum, FWHM) of the absorption line
and the system bandpass (FWHM), respecitvely. By inserting
Eqs. 8 and 9 into Eqs. 4 and 7 it is possible to obtain
normalized plots of I*(k)/I0 as functions of the ratio S between
Wg and Wa. Figure 1 shows the ratio I*(k)/I0 versus photon
TOF, calculated on the peak and on the inflection point of the
Gaussian absorption spectrum, for different bandpasses. This
shows how the time-resolved curves are modified by the wide
bandpass of the system. It can be observed that for S¼Wg /Wa

6¼ 0 the slope drops to lower values at increasing TOFs; this
reduction is emphasized by the increase of S ¼Wg /Wa.

The behavior shown in Fig. 1 may be explained by taking
into account the fact that the ratio I*(k)/I0 is a weighted sum of
Lambert–Beer terms over wavelength and spectral regions with
low absorption give a strong contribution to the fluence. Due to
the nonlinearity of attenuation with respect to path length, this
effect is emphasized at longer photon TOFs. Furthermore it can
be observed that this trend is more pronounced on the inflection
point of the absorption spectrum, where the slope of the
spectrum is maximum. In fact, in the region of overlap between
la(k0) and g(k; k0) the absorption spans a wider range.

The weight function w(k; k0, t) depends on the photon TOFs
and the bandpass. In Fig. 2 it can be seen that for a narrow
bandpass the weight function is concentrated in the neighbor-
hood of the reference wavelength k with a small dependence
on TOF; consequently, it will not appreciably affect the
estimated absorption. For a wider bandpass the weight function
considerably changes with TOF, enhancing the cross-talk with
regions of the spectrum with low absorption. This will cause an
increasing underestimation of the absorption with TOF. The
wider the bandpass is, the earlier the cross-talk effect will be
important. To better understand how these distortions affect the
absorption spectrum, l�a (k; t) (Eq. 6) has been calculated for
three TOFs (Fig. 3). The distortion introduced by the bandpass
is present at all TOFs and causes an amplitude reduction and a
linewidth change of the estimated absorption spectrum. This
behavior is summarized in Fig. 4, where the maximum
amplitude and the linewidth are plotted as a function of TOF
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for different bandpasses. Figure 4 (left panel) confirms that the

contribution of the low absorption regions of the spectrum is

enhanced if the bandpass is increased; therefore, the absorption

peak estimation presents a nearly flat behavior with respect to

TOF after a fast decrease. This trend is similar at all

wavelengths: the farther from the peak the wavelength is, the

steeper is the absorption amplitude at early TOFs. This explains

the trend of absorption width shown in Fig. 4 (right panel): the

curve presents a minimum that is given by the different

behavior of the estimated absorption at the peak and the off-

peak wavelengths.

It can be also observed that the peak position of the true

spectrum is still preserved; in fact, if both g(k; k0) and l�a (k; t)

are symmetrical, l�a (k; t) is symmetrical too (Eq. 5). If a
nonsymmetrical absorption line is considered, another distor-
tion is introduced. Figure 5 shows the calculated absorption
spectra at three different TOFs. The spectrum plotted in Fig. 5
is described by the following equation:

la ¼ la0 þ A
1

1þ exp½�ðk0 � k0 þ w1=2Þ=w2�

1� 1

1þ exp½�ðk0 � k0 þ w1=2Þ=w3�

� �
ð10Þ

where la0, A, w1, w2, w3, and k0 are arbitrary parameters.
It can be observed that, besides the already discussed

FIG. 2. Weight function versus k (solid line) plotted on (left column) the peak and (right column) the inflection point of the absorption spectrum for t¼ [0, 30t0],
where t0 ¼ 1/(la0v). The normalized absorption spectrum is plotted with the dotted line. k has been shifted and normalized to the absorption bandwidth Wa. The
weight function depends on the photon TOF weakly for a small value of S ¼Wg/Wa and strongly for a high value of S.

FIG. 1. Intensity of signal normalized to the intensity of a non-absorbing medium (I*(k)/I0) versus normalized photon TOF, (left) on the peak and (right) on the
inflection point of the absorption spectrum. t0¼ 1/(la0v). S¼Wg /Wa¼ [0, 1] is the ratio between the absorption bandwidth (FWHM) and the bandpass of the system
(FWHM). The asymptotic slope changes due to the cross-talk between high and low absorption regions of the spectrum. The effect is enhanced on the inflection point.
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distortion, a peak shift to longer wavelengths is present, and
this distortion is increased with the photon TOF. In Fig. 6 the
peak shift is plotted as a function of TOF for different
bandpasses, indicating that the increasing width of the
bandpass enhances the peak shift.

This peak shift can be analytically explained by taking the
first derivate of the logarithm of Eq. 6 with respect to k:

]lnl�a
]k
¼

Z
g0ðk; k0Þexp½�laðk0Þvt�dk0

Z
g0ðk; k0Þexp½�laðk0Þvt�dk0

�

Z
g0ðk; k0Þexp½�laðk0Þvt�laðk0Þdk0

Z
g0ðk; k0Þexp½�laðk0Þvt�laðk0Þdk0

ð11Þ

If both g(k; k0) and la(k0) are symmetrical functions, the right
side of Eq. 11 calculated on the absorption peak is zero. This
means that the peak position is preserved. If the absorption is
not symmetrical, the term on the right hand side of Eq. 11
calculated on the absorption peak is different from zero. In
particular, if the rising edge of la(k0) is steeper than the falling
edge, the right side of Eq. 11 calculated on the peak
wavelength results in a solution higher than zero. Conversely,
if the rising edge of la(k0) is less steep than the falling edge, the
term on the right side of Eq. 11 calculated on the peak
wavelength is lower than zero. In these two cases a shift to
longer and shorter wavelengths of the absorption peak is
present, respectively.

SIMULATIONS

Photon migration is a powerful tool for the noninvasive
characterization of diffusive media such as biological tissues. A
typical experimental configuration consists of injection and
collection fibers, placed at some distance (inter-fiber distance)
on the same surface of the sample. In time-resolved
measurements a short pulse is injected in the sample by means
of the first fiber and the power collected by the second fiber is
coupled to a fast detector. Typically the collected photon
fluence rate is fitted to an analytical solution of the diffusion
approximation of Eq. 1 in order to retrieve the absorption and
the reduced scattering coefficients.22 Therefore, absorption and
scattering spectra can be obtained by performing measurements
at different wavelengths. In particular water, lipid, and
hemoglobin are the main constituents of biological tissues
such as breast tissue, muscle tissue, and brain tissue. Tissue
composition and related important diagnostic information can
be derived from the absorption spectra of tissues. Thus, it is
important to show the distortions induced by the instrumental
bandpass on the retrieved absorption spectra of these
chromophores. In the following we will focus on the water
and lipid absorption spectra because, in addition to the
distortion presented in the Theory section, they also show the
absorption peak shift.

To investigate the bandpass effect on water and lipid spectra,
theoretical reflectance curves in the diffusion approximation
were first generated in the range from 600 to 1100 nm. Then,
assuming a Gaussian spectral response of the instrument, the
weighted superposition of Eq. 3 was obtained for every
wavelength k. This procedure was used to generate reflectance
curves at inter-fiber distances of 0.5, 1, 2, and 4 cm, at l0

s

values of 5, 10, and 15 cm�1 and with bandpasses ranging from
0 to 30 nm (FWHM). Inter-fiber distance and reduced
scattering values are typical for in vivo measurements of
biological tissues. The generated data set was then fitted by the
Levenberg–Marquardt least squares algorithm23 to the diffu-
sive time-resolved reflectance with extrapolated boundary
conditions model for a semi-infinite medium.22,24 The fitting
range included all points with a number of counts higher than
80% of the peak value on the rising edge of the curve and 1%
on the tail.

In Figs. 7 and 8 simulation results and percentage errors are
shown for the retrieved water and lipid spectra, respectively.
Results are grouped by q2l0

s product, where q is the inter-fiber
distance, because time-resolved reflectance curves with the
same q2l0

s product are very similar.25 Figures 7 and 8 show the

FIG. 3. Calculated absorption spectrum at three different TOFs and
bandpasses when the absorption line is a Gaussian function. S ¼ Wg/Wa ¼
[0,1] and t0 ¼ 1/(la0v). The distortion due to the increase of S is enhanced at
increasing photon TOFs.
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distortions of the spectra: it can be observed that the absorption
peak shifts to longer wavelengths for the water and to shorter
wavelengths for the lipid. Significant differences can also be
observed at wider bandpasses: the error shown in Figs. 7 and 8
can reach 60% on the maximum slope of the absorption line. It
can also be noted that there is an increasing distortion with the
q2l0

s product given by the fact that the time-resolved
reflectance curve is delayed and broadened at increasing
q2l0

s. Since the fitting range is referred to the peak of the
temporal curve, by increasing q2l0

s the range shifts toward
longer TOFs. The trend of the distortion with q2l0

s

demonstrates that if photons running a long path are used to
evaluate the absorption coefficient, then the distortion on the
estimation of the absorption coefficient is enhanced.

EXPERIMENTAL WORK

In order to experimentally demonstrate the effect of the
instrumental bandpass on the recovery of the absorption
coefficient, time-resolved measurements are performed using
two spectroscopic systems. The first one (TiS) is based on a
tunable mode-locked Ti:sapphire laser,19 and the second one
(SC) is based on a high-power fiber laser generating super-
continuum radiation in the range 465–1750 nm.26 TiS presents
a spectral response function with a width (FWHM) ,1 nm for
each wavelength in the range 700–1100 nm, allowing

FIG. 5. Calculated absorption spectrum at three different TOFs and
bandpasses when the absorption line is nonsymmetrical. S ¼ Wg/Wa ¼ [0, 1]
and t0¼ 1/(la0v). Besides the distortion discussed for a symmetrical absorption
line, an absorption peak shift is present.

FIG. 6. Estimated normalized peak wavelength versus normalized TOF (t0 ¼
1/(la0v)) for S ¼ Wg/Wa ranging from 0 to 1. The shift depends on the TOF
used.

FIG. 4. (Left) Absorption peak amplitude versus normalized photon TOF for S¼Wg/Wa ranging from 0 to 1. t0¼ 1/(la0v). (Right) Ratio between calculated (W�a )
and real (W0) absorption width (FWHM) for different S¼Wg/Wa (as indicated over the curve). The trends shown are due to the fact that the cross-talk between low
and high absorption regions of the spectrum is not linear, on the wavelength k, and on the photon TOF used.
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experimental work that is equivalent to having an ideal spectral

response. In the SC method, light is dispersed by a prism and

consequently focused by an achromatic lens to an optical fiber.

The bandpass of this system (SC) was changed in order to

obtain two different configurations (called SC1 and SC2).

Figure 9 shows the bandpass in the two cases. For both systems

the detected light was coupled to a cooled micro-channel plate

photomultiplier tube (1564U, Hamamatsu, Japan) with a S1

surface that offers a temporal resolution of about 50 ps and a

quantum efficiency less than 0.1% at 1100 nm. The spectrum

of the light entering the sample is measured online by an

optical multi-channel analyzer (OMA) with a stability better
than 10% over the measurement time (;1 s). A schematic of
the system is depicted in Fig. 10.

Two phantoms were considered: one is a 4.75% solution of
20% calibrated Intralipid27 and distilled water, filling a 25 3 27
3 19 cm black tank and giving a reduced scattering coefficient

of about 10 cm�1. The second one consists of purified pork fat
melted in a 19 3 9 3 12 cm tank and subsequently consolidated
by cooling.

Time-resolved diffuse reflectance measurements were per-
formed in the range 910–1080 nm. First, both samples are

FIG. 7. Water absorption spectra simulated for different bandpasses (from 0 to 30 nm) and q2l0
s product. The retrieved spectra are plotted in the top row, and the

percentage errors are plotted in the bottom row. It can be seen that the absorption peak shifts toward higher wavelengths for increasing bandpasses.

FIG. 8. Lipid absorption spectra simulated for different bandpasses (from 0 to 30 nm) and q2l0
s product. The retrieved spectra are plotted in the top row, and the

percentage errors are plotted in the bottom row. It can be seen that the absorption peak shifts toward lower wavelengths for increasing bandpasses.
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measured with the TiS system at an inter-fiber distance of 2 cm
in order to obtain a good signal-to-noise ratio without
challenging the diffusion approximation. Subsequently, mea-
surements are performed with the systems SC1 and SC2 at
inter-fiber distances ranging from 1.5 cm to 4 cm depending on
the available signal at the detector. For each wavelength, the
absorption and reduced scattering coefficients were retrieved,
using the same procedure described in the simulations section,
by fitting the time-resolved curve to the diffusive time-resolved
reflectance with the extrapolated boundary conditions for a
semi-infinite medium. In order to take into account the non-
ideal instrumental response function (IRF), due to the finite
duration of the laser pulse, finite response of the photo-
multiplier, and temporal dispersion in optical fibers, the
theoretical curve was previously convoluted with the IRF.

The resulting absorption spectra are shown in Fig. 11 for the
different setups and configurations at an inter-fiber distance of
2 cm. The distortion of the calculated absorption is present in
all cases. It is observed that this distortion is clearer for the lipid

case than for the water case. This is clear from the fact that the
lipid peak is narrower than the water peak. This also justifies
the small difference between the water spectra retrieved by SC1
and SC2. In Fig. 12 the effect of the inter-fiber distance on the
retrieved spectra is shown for the lipid case. The increasing of
the inter-fiber distance generates a forward shift of the time-
resolved curve, with a consequent photon path-lengthening
inside the sample. The spectral distortions are therefore
enhanced.

The distortion effect can be a strong drawback when Beer’s
law is applied to derive the chromophore concentrations in the
sample. Here we propose a method that can be used in order to
compensate this effect and improve the estimation of the
concentrations. Since the absorption spectrum of a tissue is a
linear combination of the chromophore spectra, it is possible to
set the chromophore concentrations as unknowns in the fitting
algorithm. The fitting procedure is carried out by minimizing
the difference between the experimental and theoretical data of
all time-resolved curves as a whole, by using a standard
Levenberg–Marquardt algorithm.28 Starting from Eq. 3,
theoretical curves at each wavelength are first generated by
means of the source spectral shapes measured by an OMA and
then convolved with the instrumental response function (IRF).

FIG. 9. Bandpass of the SC system in two different configurations.

FIG. 10. Schematic of the experimental setup. The light coming from the supercontinuum source is dispersed by a rotating prism and coupled to a fiber by an
achromatic lens. The light coming from the tunable TiS laser is coupled to another fiber. Both the sources are then coupled to an optical switch for fast selection of
the source. Subsequently the light is split in to different paths: the first goes to the sample, the second goes to an OMA for the online monitoring of the spectrum, and
the third goes directly to a fast photodiode for the TCSPC synchronism signal. The light collected from the sample is coupled to an MCP photomultiplier connected
to a TCSPC board.

TABLE I. Fitting results obtained by the spectrally constrained method
applied to the lipid sample. The second column shows the inter-fiber
distance, the third shows the concentrations retrieved assuming a
monochromatic laser source, and the fourth shows the concentrations
retrieved taking into account the real spectrum of the source.

System q (cm) C1 C2

SC1 1.5 0.85 0.98
2.0 0.82 1.01
3.0 0.72 1.00
4.0 0.69 0.98

SC2 1.5 0.92 0.98
2.0 0.91 0.98
3.0 0.88 0.94
4.0 0.87 0.94
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This method can only be applied if the chromophores present
in the sample are known, as well as their absorption spectra.
Table I shows the results of the fitting procedure for the lipid
sample. The column labeled ‘‘C1’’ shows the retrieved lipid
concentration assuming a monochromatic system. The distor-
tion manifests as an underestimation of the lipid concentration.
In the column labeled ‘‘C2’’, results obtained with the real
spectral response function of the system are presented. The
retrieved concentrations are improved significantly: a maxi-
mum error of about 30% is obtained without the compensation,
while the error reduces to a maximum of 6% by considering the
bandpass of the instrument.

As outlined in the Introduction, photon migration is widely
applied in different fields to estimate the absorption properties
of highly diffusive media and then derive information on their
composition for different purposes. Thus, a more accurate
estimate of constituent concentrations can be relevant in several
situations, such as the estimate of biological tissue composition
for diagnostic purposes, including breast cancer detection and
monitoring of the effectiveness of chemotherapy.

CONCLUSION

This work has investigated the effects of the broad bandpass
of a time-resolved spectrophotometer for diffusive media. It
has been shown that a distortion is introduced in the estimation
of the absorption spectra due to cross-talk from spectral regions

within the bandpass that exhibit different absorptions. In time-
resolved photon migration the distortion is more severe as
longer and longer photon TOFs are included in the data
evaluation. It has also been shown that if the absorption spectra
are not symmetric, the peak position can be shifted.
Simulations and measurements have been performed on water
and lipid in order to quantify this effect. Finally, a spectrally
constrained method has been proposed for the assessment of
the chromophore concentrations that is able to compensate for
these distortions.
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