
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

30
4 

41
1

B
1

TEPZZ ¥Z44__B_T
(11) EP 2 304 411 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
28.08.2019 Bulletin 2019/35

(21) Application number: 09766256.3

(22) Date of filing: 12.06.2009

(51) Int Cl.:
G01N 21/47 (2006.01) G01N 21/49 (2006.01)

A61B 5/00 (2006.01) G01J 3/02 (2006.01)

G01J 3/10 (2006.01) G01J 3/42 (2006.01)

(86) International application number: 
PCT/IB2009/052512

(87) International publication number: 
WO 2009/153719 (23.12.2009 Gazette 2009/52)

(54) METHOD AND DEVICE FOR OPTICALLY EXAMINING THE INTERIOR OF TURBID MEDIA

VERFAHREN UND VORRICHTUNG ZUR OPTISCHEN UNTERSUCHUNG TRÜBER MEDIEN

PROCÉDÉ ET DISPOSITIF D’OBSERVATION DE L’INTÉRIEUR DE MILIEUX TROUBLES

(84) Designated Contracting States: 
AT BE BG CH CY CZ DE DK EE ES FI FR GB GR 
HR HU IE IS IT LI LT LU LV MC MK MT NL NO PL 
PT RO SE SI SK TR

(30) Priority: 17.06.2008 EP 08158407

(43) Date of publication of application: 
06.04.2011 Bulletin 2011/14

(73) Proprietor: Koninklijke Philips N.V.
5656 AE Eindhoven (NL)

(72) Inventor: VAN DER MARK, Martinus, B.
NL-5656 AE Eindhoven (NL)

(74) Representative: Kroeze, Johannes Antonius
Philips Intellectual Property & Standards 
High Tech Campus 5
5656 AE Eindhoven (NL)

(56) References cited:  
WO-A-02/27285 WO-A1-2005/031436
DE-A1- 19 533 102 US-A- 6 031 609
US-A1- 2005 185 179  



EP 2 304 411 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

FIELD OF INVENTION

[0001] The present invention relates to a method and
to a device for optically examining the interior of turbid
media.

BACKGROUND OF THE INVENTION

[0002] In the context of the present application, the
term turbid medium is to be understood to mean a sub-
stance consisting of a material having a high light scat-
tering coefficient, such as for example an intralipid solu-
tion or biological tissue. The term light is to be understood
to mean non-ionizing electromagnetic radiation, in par-
ticular with wavelengths in the range between 400 nm
and 1400 nm.
[0003] In the past decades, optics of turbid media such
as biological tissue has become a widespread field of
research and has found clinical applications in for in-
stance monitoring (e.g. pulse oxymeter), cosmetics (e.g.
port wine stain removal), and cancer treatment (e.g. pho-
to dynamic therapy). Several techniques for optical im-
aging of turbid media (in particular for imaging biological
tissue) are known, e.g. Optical Coherence Tomography,
Confocal Microscopy; Two-Photon Microscopy, and Dif-
fuse Optical Tomography. In diffuse optical imaging, a
measurement geometry comprising many source and
detector positions for acquisition of 3-D tomographic im-
ages is possible, or e.g. a geometry with limited numbers
of sources and detectors (such as in a hand-held probe)
to provide a simple map of the object to be imaged or to
read-out just one or more specific parameters. In these
applications, typically visible light, NIR (near infra-red),
and/or IR (infra-red) light is used and this light can be
provided as a continuous wave, in form of pulses, or as
photon density waves, for example. Also, several differ-
ent techniques using monochromatic light, multi-wave-
length light, or a continuous spectrum are known in the
art. Further tissue inherent fluorescence or fluorescence
of a fluorescent contrast agent can be exploited. These
applications all benefit in one way or another from the
spectral features which are present in tissue, as will be
explained with reference to Fig. 1.
[0004] Absorption spectra of the main chromophores
which are present in, for instance, breast tissue are
shown in Fig. 1. In Fig. 1 showing the respective absorp-
tions of the main chromophores as a function of wave-
length, it can be seen that absorption properties of the
main chromophores hemoglobin, oxy-hemoglobin, wa-
ter, and lipid differ considerably in their dependency on
the wavelength of incident light. It can further be seen
that the spectra of these constituents do not show fea-
tures of narrow optical bandwidth but rather only features
having a considerably large bandwidth.
[0005] Spectroscopy on tissue allows exploiting the dif-
ferent spectral characteristics such that the chromo-

phores of the tissue and hence the composition of the
tissue can be identified and, if desired, visualized and/or
analyzed. Promising examples relying on in vivo optical
spectroscopy of diffuse light emanating from tissue in-
clude imaging of breast cancer (e.g. by diffuse optical
tomography), fluorescence imaging (e.g. using inherent
fluorescence or fluorescent contrast agents) and moni-
toring of diabetes. However, an inherent problem occur-
ring in spectroscopy on turbid media such as tissue is
that, due to the relatively high amount of inherent scat-
tering of light in tissue, the light emanating from the turbid
medium under examination is strongly attenuated and,
even more important, is of diffuse nature. Light, once
diffusive, cannot be collimated effectively and hence ac-
quisition of an optical spectrum of light emanating from
such a turbid medium is inefficient. This inefficiency is a
problem which has to be overcome to improve the appli-
cability of tissue optics. The reason for this inefficiency
will be described in the following.
[0006] For understanding the collection inefficiency oc-
curring in optical examination of turbid media, a closer
look on the optical characteristics is necessary. The
"etendue" G which is also called acceptance, throughput,
light-grasp, or collecting power is a property of an optical
system which characterizes how "spread out" the light is
in area and angle. The etendue can be defined in several
equivalent ways. From the source point of view, it is the
area A of the source times the solid angle Ω the system’s
entrance pupil subtends as seen from the source, i.e. G
= A Ω. This product is shown in Fig. 2. From the system
point of view, the etendue is the area of the entrance
pupil times the solid angle the source subtends as seen
from the pupil. However, these definitions apply for infin-
itesimally small "elements" of area and solid angle and
have to be summed over both the source and the dia-
phragm. A perfect optical system would produce an im-
age with the same etendue as the source. In other words,
in a perfect optical system, the etendue is conserved; in
imperfect real systems however, the etendue usually
gets worse (i.e. to higher values). The etendue is related
to the Lagrange invariant and the Optical invariant.
[0007] In a system for optical examination of turbid me-
dia in which diffuse light is to be coupled into a spectrom-
eter, the etendue (or collecting power) of the spectrom-
eter is intrinsically much smaller than that of the diffuse
source (which by its nature has an etendue close to the
maximum possible). A conventional spectrometer relies
on the narrow extent of a slit or pinhole to obtain sufficient
spatial resolution on its detector, since the spatial reso-
lution is subsequently translated into spectral resolution.
Since the spectroscopy of diffuse light, as for example
emanating from turbid media formed by biological tissue,
is inherently inefficient due to the etendue mismatch de-
scribed above, this seriously compromises detection
threshold and sampling time. It has been found that this
etendue problem can hardly be dealt with at the detector
side. Making use of a large etendue detector would be
preferable in view of the etendue mismatch. However, in

1 2 



EP 2 304 411 B1

3

5

10

15

20

25

30

35

40

45

50

55

conventional arrangements this is not possible in view of
the required spectral resolution.
[0008] In principle, it would be advantageous to use a
photo multiplier tube (PMT) as a detector in such devices
since it is very sensitive (internal gain) and has a fast
response (high bandwidth) combined with a large area
(high etendue). However, using a photo multiplier tube
(PMT) comes along with some problems such as a limited
dynamic range and vulnerability to overexposure. Fur-
ther, the sensitivity of a PMT drops significantly in the
near infra-red (NIR) of the optical spectrum.
[0009] There are further constraints with respect to ex-
amination of living biological tissue. A white light source
with high power and brightness is required to fulfill the
maximum possible requirements with respect to meas-
urement quality. If measurement time is an issue, a bright
source is required. Extremely bright white light sources
have become available based on supercontinuum gen-
eration using intense femtosecond light pulses propagat-
ing through a holey fiber. However, in biological tissue
there is a so-called Maximum Permissible Exposure
(MPE). For sub-second exposure in the near infrared at
small spot size, this can be in the order of one Watt.
[0010] Recently, a new type of spectrometer has been
invented, the "Matrix Spectrometer" based on Coded Ap-
erture Imaging. It uses a technique called Multimodal
Multiplex Spectroscopy (MMS), which employs a wide
area aperture with an encoded mask to increase the light
throughput by an order of magnitude, given the same
spectral resolution. US 7,301,625 B2 shows an aperture
coded spectrometer for spectral characterization of dif-
fuse sources. The slit of conventional spectrometers is
replaced by a spatial filter or mask. Using a number of
different masks is proposed.
[0011] US 2005/0185179 A1 shows a Fourier Trans-
form spectrometer apparatus using multi-element Micro-
Electro-Mechanical-System (MEMS) or Diffractive Mi-
cro-Electro-Mechanical-System (D-MEMS) devices. A
polychromatic light source is first diffracted or refracted
by a dispersive component. The dispersed beam is in-
tersected by a multi-element MEMS apparatus. The
MEMS apparatus encodes each spectral component
thereof with different time varying modulation through a
corresponding MEMS element. The light radiation is
combined to a single beam and split. Probe light is di-
rected to a sample and transmitted or reflected light is
detected by a photodetector.
[0012] US 6,031,609 shows a Fourier transform spec-
trometer using a multi-element liquid crystal display.
[0013] WO 02/27285 A1 shows a spatio-spectral infor-
mation processing system having a radiation source, a
wavelength dispersion device, and a digital micro-mirror
array. Spectral components from a sample are dispersed
in space and separately modulated.
[0014] DE 195 33 102 A1 shows a device for examining
tissue by means of light. The device comprises a plurality
of monochromatic light sources, such as laser diodes,
configured to emit light at different wavelengths and be-

ing each associated with a corresponding signal gener-
ator configured to drive the light source with an alternating
current having a different modulation frequency for each
light source. The thus spectrally encoded light is com-
bined into a single light beam and directed onto the tissue
as a spectrally encoded multi-wavelength light beam. Af-
ter interaction with the tissue the multi-wavelength light
is detected by a photomultiplier and the different spectral
components of the detected light are demodulated using
lock-in amplifiers.
[0015] WO 2005/031436 A1 relates to endoscope sys-
tems. In an example, a light source has a reflective pix-
elated spatial light modulator. In an example, a controller
can analyze the image of the tissue captured from an
image sensor, and if desired adjust the intensity of the
illumination of the tissue. In an example, tunable light
sources can selectively turn the power up or down in a
single wavelength band, a plurality of bands, or overall.

SUMMARY OF THE INVENTION

[0016] It is an object of the present invention to improve
the light efficiency of spectroscopic examination of the
interior of turbid media and to thereby improve the de-
tection threshold and/or sampling time.
[0017] This object is solved by a method for optically
examining the interior of turbid media according to claim
1. Since the plurality of wavelength bands are separately
modulated and thereafter recombined, spectroscopy on
turbid media using large area and/or large acceptance
angle detectors becomes possible. This increases the
efficiency and allows for lower detection thresholds
and/or shorter sampling times. Since broad-band light is
used as an input, a relatively cheap white light source
can be used for providing the light for illuminating the
turbid medium. Thus, an overall cost reduction can be
achieved.
[0018] Preferably, at least two wavelength bands have
different widths with respect to wavelength.
[0019] Preferably, the plurality of wavelength bands is
modulated such that at least two wavelength bands which
are adjacent in the broad-band light are not adjacent with
respect to a demodulation process in the demodulator.
In this case, effects of cross-talk can be reliably sup-
pressed. For example, two wavelength bands (channels)
which are directly adjacent with respect to their wave-
length ranges are modulated such that, with respect to
the modulation scheme, the encoding of the channels by
modulation is performed such that a detector/demodula-
tor arrangement "sees" the channels at positions which
are not adjacent to each other. As a result detected sig-
nals corresponding to the different channels can be reli-
ably distinguished.
[0020] Preferably, the different wavelength bands of
the plurality of wavelength bands are modulated such
that for at least two adjacent wavelength bands the in-
tensity detected by the detector is in the same order. In
this case, crosstalk which could be caused if directly ad-
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jacent channels comprised large differences in intensity
can be reliably prevented.
[0021] Preferably, the plurality of modulated wave-
length bands is detected and analyzed before having il-
luminated the turbid medium; and the result is fed back
to the step of modulating the plurality of wavelength
bands. Thus, the spectrum of the collimated beam of
spectrally encoded light can be adjusted depending on
the result of the analysis. The distribution and intensity
of channels can be adjusted to e.g. control that the col-
limated beam complies with the requirements of maxi-
mum permissible exposure (MPE).
[0022] According to the invention, the demodulator
provides a feedback to the step of modulating the plurality
of wavelength bands. In this case, the spectrum of the
collimated beam of spectrally encoded light can be ad-
justed depending on the information which is acquired
after the beam has passed the turbid medium. Thus, spe-
cific spectral features of the turbid medium can be reliably
resolved by appropriately adjusting the modulation proc-
ess. Further, based on this information, the effects of
crosstalk caused by the modulation process can be mit-
igated.
[0023] The object is further solved by a device for op-
tically examining the interior of turbid media according to
claim 6. Since the plurality of wavelength bands are sep-
arately modulated and thereafter recombined, spectros-
copy on turbid media using large area and/or large ac-
ceptance angle detectors is enabled. This increases the
efficiency and allows for lower detection thresholds
and/or shorter sampling times. Since the broad-band light
is used to provide the light for illumination, a relatively
cheap white light source can be used for providing the
light for illuminating the turbid medium. Thus, an overall
cost reduction can be achieved.
[0024] Preferably, an analyzing unit for analyzing the
plurality of modulated wavelength bands before entering
the measurement volume is provided which provides a
feedback to the spatial light modulator. In this case, the
beam of spectrally encoded broad-band light can be an-
alyzed at a position before it impinges on the turbid me-
dium. Thus, the distribution and intensity of different
wavelength bands can be adapted for e.g. taking into
account maximum permissible exposure (MPE).
[0025] According to the invention, the demodulator
provides a feedback to the spatial light modulator. The
light modulation performed in the spatial light modulator
can thus be adjusted depending on the signal acquired
after the light has passed the turbid medium. Thus, the
modulation can be adjusted such that optical features of
the turbid medium can be reliably resolved.
[0026] If the detector is a photo multiplier tube, high
sensitivity (internal gain), fast response (large band-
width), and large area (high etendue) can all be realized.
If a combination of the photo multiplier tube with a feed-
back loop is used, overexposure of the photo multiplier
tube can be reliably prevented and the impinging radia-
tion can be adapted to the dynamic range of the photo

multiplier tube.
[0027] If the spatial light modulator comprises a micro-
mirror device or a liquid crystal device, dynamical adjust-
ments of the modulation can be easily achieved, in par-
ticular in combination with a feedback loop.
[0028] If the broad-band light source is adapted to emit
polarized light, efficiency can be further improved (in par-
ticular in combination with a polarizing beam splitter),
since more light can be sent to the turbid medium as
compared to an implementation using non-polarized light
and a normal beam splitter.
[0029] Preferably, the device is a medical optical ex-
amination device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] Further features and advantages of the present
invention will arise from the detailed description of em-
bodiments with reference to the enclosed drawings.

Fig. 1 schematically shows absorption spectra for
different chromophores
Fig. 2 is a drawing for explaining the etendue.
Fig. 3 schematically shows an exemplary set-up.
Fig. 4 schematically shows a further exemplary set-
up.
Fig. 5 schematically shows a first embodiment.
Fig. 6 schematically shows a second embodiment.

EXEMPLARY SET-UP

[0031] An exemplary set-up will now first be described
with reference to Fig. 3. The shown device for examina-
tion of the interior of turbid media is formed by a spatial
light modulation spectroscopy device. The device com-
prises a light source 1 emitting a collimated beam 2 of
broad-band light, a band separator 3, a spatial light mod-
ulator 4, a light recombining unit 6, a measurement vol-
ume 7 for accommodating a turbid medium 8, a detector
9, and a demodulator 10.
[0032] The light source 1 is chosen such that white
light with high power and brightness is emitted, i.e. the
beam 2 comprises a continuous broad band of wave-
lengths covering a large plurality of wavelengths, prefer-
ably in the visible, IR, and/or NIR. The light source 1 may
be pulsed. For example, the light source 1 is an extremely
bright white light source based on super-continuum gen-
eration. For example, this is achieved by using intense
femto-second light pulses propagating through a holey
fiber. However, it is also possible to use a rather simple
lamp emitting white light.
[0033] The collimated beam 2 of broad-band light is
directed to the band separator 3. The band separator is
adapted such that it spatially separates a plurality of
wavelength bands (2a, 2b, ..., 2n) contained in the beam
2 of broad-band light. For example, the band separator
3 can be formed by a grating adapted for spatially splitting
different bands of wavelengths contained in the beam 2
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of broad-band light. It should be noted that the different
bands of wavelengths neither need to have the same
width with respect to wavelength range nor the same
wavelength spacing with respect to each other (wave-
length spacing).
[0034] The spatially separated wavelength bands
(2a, ..., 2n) are directed to the spatial light modulator
(SLM) 4 for spatially modulating the separated wave-
length bands in such a way that each of the wavelength
bands (2a, ..., 2n) receives a specific modulation. In the
example, the spatial light modulator 4 is of the transmis-
sion-type. The spatial light modulator 4 comprises an in-
put lens 41, a light modulating unit 42, an output lens 43,
and a modulation source 5. The input lens 41 makes the
respective beams of the distinct wavelength bands par-
allel. The light modulating unit 42 is connected to the
modulation source 5 which controls the operation of the
light modulating unit 42. The light modulating unit 42 can
be mechanically realized, e.g. in form of a dedicated Nip-
kow-type disk or chopper or the like. Preferably, the light
modulating unit 42 is formed by a micro-mirror device or
a liquid crystal device.
[0035] Different ways of light modulation which are
known in the art can be applied. For example frequency
division multiplexing can be applied or time division mul-
tiplexing or both. The modulation scheme according to
which modulation of the wavelength bands (channels) is
performed is given by the light modulating unit 42 coop-
erating with the modulation source 5.
[0036] The independently modulated wavelength
bands (2a, 2b, ..., 2n) are recombined to a collimated
beam 11 of spectrally encoded broad-band light by a light
recombining unit 6 which may e.g. be formed by another
grating.
[0037] The collimated beam 11 of spectrally encoded
broad-band light is used for illuminating a turbid medium
8 under examination which is accommodated in a meas-
urement volume 7. Due to the turbid nature of the turbid
medium 8 which can e.g. be formed by living biological
tissue such as a female human breast, diffuse light em-
anates from the turbid medium in response to the illumi-
nation.
[0038] The diffuse light emanating from the illuminated
turbid medium 8 is detected by the detector 9. The de-
tector 9 is formed by a high-etendue photodetector com-
prising a large area and/or angle of acceptance. Suitable
large-area high-NA detectors are photodiodes, APD ar-
rays (avalanche photodiode arrays), and photo-multiplier
tubes (PMT).
[0039] The signal detected by the detector 9 is decod-
ed/demodulated by the demodulator 10 in order to re-
store the spectroscopic information contained in the dif-
fuse light emanating from the turbid medium 8. Hence,
the tissue-specific optical spectrum as imprinted by the
turbid medium 8 on the emanated light is obtained. This
obtained optical spectrum is then output by the demod-
ulator 10 as an output signal 12.
[0040] It should be noted that, in the example, the band

separator 3, the light recombining unit 6, the lenses and
the light modulating unit 42 are arranged in a so-called
4-f configuration.
[0041] Thus, according to the example, a number of
predefined wavelength bands (channels), which may
have different width and or spacing, from a collimated
white light source can each be coded in frequency and
time domain using the band separator 3 and the spatial
light modulator 4 (SLM). The wavelength bands are re-
combined to a single collimated beam 11 by a light re-
combining unit 6. The collimated and encoded beam 11
of possibly arbitrarily large optical bandwidth (white light)
is used to illuminate the turbid medium 8 which can e.g.
be formed by biological tissue. According to the example,
the diffuse light emanating from the turbid medium 8 is
detected by a high-etendue photodetector (comprising a
large area and/or angle of acceptance) followed by a de-
modulator such that the optical spectrum is obtained with
high detection efficiency. Thus, spectrally coded light is
advantageously combined with diffuse light spectrosco-
py and large area, high NA detectors such as photodi-
odes, avalanche photodiode arrays, or photo-multiplier
tubes. The received signals are decoded/demodulated
to restore the spectroscopic information and hence ob-
tain the medium-specific optical spectrum as imprinted
by the turbid medium on the light emanating from the
turbid medium.
[0042] In principle, on the source side (i.e. in the light
path before the turbid medium 8), crosstalk will be caused
by spectral overlap and stray light in the spatial light mod-
ulator 4 and by electrical coupling and cross-modulation
in the spatial light modulator 4 as well as in the associated
driver electronics. Further, on the detector side, demod-
ulation may cause additional crosstalk between spectral
channels. Advantageously, the effect of crosstalk can be
minimized by equalizing adjacent channels (which are
likely to cause most of the crosstalk) on the detector. This
can be achieved by appropriate selection of the channels
with respect to band width and center position based e.g.
on reference measurements or expected results. The
modulation applied to a specific wavelength band (chan-
nel) in the spatial light modulator 4 can then be chosen
to achieve the desired result. Further, based on such
input information, channels (i.e. specific wavelength
bands) which do not effectively contribute to the meas-
urement result can be eliminated in the spatial light mod-
ulator 4. The latter is beneficial for the total light exposure
on the tissue in applications to biological tissue as a turbid
medium 8, since the optical power in the remaining chan-
nels can be increased without violating the MPE (maxi-
mum permissible exposure) limit.
[0043] It is further possible to operate the spatial light
modulator 4 such that a quite complex modulation
scheme is followed in which adjacent channels (wave-
length bands) are not adjacent in the translated RF do-
main on the detection side. In this case, the relevant
channels are independently modulated such that, for the
demodulator 10 demodulating the signal corresponding
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to the detected diffuse light, these relevant channels are
not located adjacent to each other.
[0044] The order and/or distribution of the wavelength
bands may be changed between measurements and the
joint results of the different measurements can be taken
to identify and suppress effects of cross-talk. For exam-
ple, an a priori known feature in the spectrum may mask
another, more subtle but important feature in one config-
uration but not in another configuration of channel order
and/or distribution. Thus, if the order and/or distribution
of the wavelength bands are changed, the more subtle
feature can be resolved. Since, as can be seen in Fig. 1,
the spectral features in biological tissue do not show fea-
tures smaller than a few nanometers in optical bandwidth,
these results can be achieved with crosstalk and the
number of channels both kept within reasonable limits.
[0045] The example enables spectroscopy on highly
scattering mediums using large area and/or large accept-
ance angle detectors. This increases the efficiency and
allows for lower detection thresholds and/or shorter sam-
pling times. The example furthermore allows use of a
rather cheap white light source and a relatively normal
spectrometer on the front end (i.e. before the light is di-
rected to the turbid medium) instead of an expensive light
source (such as for instance multiple lasers) and an ex-
pensive spectrometer as in case of the prior art. The prior
art requires such expensive components since, in the
known implementation, a lot of light is lost because of
the low acceptance area and/or narrow acceptance angle
of the spectrometer which is located in the light path be-
hind the turbid medium. Thus, according to the example,
overall cost reductions can be achieved.

FURTHER EXEMPLARY SET-UP

[0046] A further exemplary set-up will now be de-
scribed with respect to Fig. 4. This set-up substantially
corresponds to the example above but comprises addi-
tional features which will be described. Therefore, iden-
tical components are denoted by identical reference
signs and their description will be omitted.
[0047] This set-up differs from the example above in
that a beam splitter 20 is introduced in the light path be-
hind the light modulating unit 42. This beam splitter cou-
ples a portion of each of the plurality of modulated wave-
length bands out and directs it, via a lens 21, to a light
analyzing unit 22. The light analyzing unit 22 analyzes
the light distribution in the plurality of modulated wave-
length bands and outputs the results as an output signal
23. The light analyzing unit 22 can e.g. be formed by a
spectrometer.
[0048] The light analyzing unit 22 is further coupled to
the modulation source 5 of the spatial light modulator 4
to provide a feedback signal 24 to the modulation source
5. The modulation source 5 is further coupled to the de-
modulator 10 to provide a modulation signal 25 indicating
the performed modulation. The modulation signal 25 al-
lows the demodulator 10 to perform the appropriate de-

modulation operation.
[0049] Thus, in this set-up a feedback loop is realized.
The feedback loop allows monitoring and altering the op-
tical spectrum with which the turbid medium 8 is illumi-
nated. The feedback loop operates in the following way:
Via the beam splitter 20 and the light analyzing unit 22,
the distribution and intensity of the different modulated
wavelength bands is determined. The feedback signal
24 provides information about the result achieved by the
light analyzing unit 22 to the modulation source 5. Based
on this information, the modulation source 5 adapts the
modulation to the different separated wavelength bands
(2a, ..., 2n). The adaptation can be performed such that
the optical spectrum with which the turbid medium is il-
luminated becomes equalized (with respect to the differ-
ent channels) or becomes shaped in a specific way which
is particularly suited for the turbid medium 8 under ex-
amination.
[0050] Further, this set-up achieves the advantages
which have already been described with respect to the
example above.

FIRST EMBODIMENT

[0051] A first embodiment will now be described with
respect to Fig. 5. The first embodiment substantially cor-
responds to the further exemplary set-up but comprises
an additional feedback as will be described below. Again,
identical components are denoted by identical reference
signs and their description will be omitted.
[0052] As can be seen in Fig. 5, an additional feedback
loop from the detection side (behind the turbid medium)
to the source side (upstream of the turbid medium) is
provided. According to the shown example, the demod-
ulator 10 outputs a feedback signal 26 which is provided
to the modulation source 5 and thus to the spatial light
modulator 4.
[0053] With this arrangement, further advantageous
features can be realized. For example, the source spec-
trum, i.e. the spectrum of the spectrally encoded broad-
band light which is used for illuminating the turbid medium
8, and the intensity of the different channels can be adap-
tively changed to the optimum probing spectrum based
on the feedback information in the feedback signal 26.
The changes can be performed depending on character-
istics of the specific turbid medium 8 and on the MPE
limit. Further, noise and crosstalk can be minimized by
adaptively optimizing the spectral shape and the light in-
tensity of the light used for irradiating the turbid medium 8.
[0054] It should be noted that the first embodiment also
achieves the advantages which have been described
with respect to the exemplary set-up and the further ex-
emplary set-up.

SECOND EMBODIMENT

[0055] A second embodiment will now be described
with respect to Fig. 6. The exemplary set-ups and the
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first embodiment described above all comprise a spatial
light modulator 4 of the transmission type. The second
embodiment differs from the first embodiment substan-
tially in that a folded optics arrangement and a spatial
light modulator 4a of the reflection type is used. Again,
identical components are denoted by identical reference
signs and their description will be omitted.
[0056] As can be seen in Fig. 1, the collimated beam
2 of broad-band light from the light source 1 is directed
to a beamsplitter 50 directing the beam to a band sepa-
rator 3 which can e.g. be formed by a grating as in the
exemplary set-ups and in the first embodiment. In this
second embodiment as well, the band separator 3 sep-
arates a plurality of wavelength bands (2a, 2b, ..., 2n)
contained in the beam 2 of broad-band light. The spatially
separated wavelength bands (2a, ..., 2n) are directed to
the spatial light modulator (SLM) 4a which comprises an
input lens 41a and a light modulating unit 42a. However,
in this second embodiment, the light modulating unit 42a
is of the reflection type, i.e. it comprise at least one re-
flective element and separately modulates the separated
wavelength bands (2a,..., 2n) as in the previous embod-
iment. Due to the reflection-type arrangement, the mod-
ulated wavelength bands are directed to the input lens
41a again which also acts as an output lens. The mod-
ulated wavelength bands are directed to the grating form-
ing the spatial light separator 3 which also acts as a light
recombining unit 6 in this embodiment. In this light re-
combining unit 6, the modulated wavelength bands
(channels) are recombined to a collimated beam 11 of
spectrally encoded broad-band light. This beam 11 pass-
es the beamsplitter 50 and illuminates the turbid medium
8 under examination. The further features are similar to
the first embodiment and thus will not be described again.
In particular, the beam splitter 20 for coupling light to the
light analyzing unit 22 is provided between the lens 41a
and the light modulating unit 42a.
[0057] Preferably, in this embodiment a light source
generating a linearly polarized beam, a polarizing beam-
splitter 50, and a quarter-wave plate 60 are used in order
to achieve efficient splitting of the input beam 2 and the
(recombined) output beam. The output beam will be lin-
early polarized with orthogonal orientation to the input
beam. When using a polarizing beam splitter and polar-
ized light, more light can be sent to the turbid medium as
compared to a configuration using a normal beam splitter
and non-polarized light. Also, no feed back will occur to
the input. Note that the quarter-wave plate 60 can be
inserted before or after the grating or in front of the spatial
light modulator (as indicated by 60’ in Fig. 6). It may even
be an integral part of the spatial light modulator. Each of
these positions may be used, the choice amongst others
depending on polarization properties of the other optical
components in the light path.
[0058] The second embodiment substantially
achieves the same advantages as the exemplary set-ups
and the first embodiment. In particular, the feedback
loops described with respect to the further exemplary set-

up and the first embodiment are realized here as well.
Due to the folded optics arrangement, however, a space-
saving arrangement is allowed for.
[0059] It should be noted that the folded optics arrange-
ment described with respect to the second embodiment
as an alternative to the first embodiment is not restricted
to this. As a skilled person will understand, the folded
optics arrangement using a spatial light modulator of the
reflection type can also be used in the exemplary set-
ups. Further, polarized light (making use of a light source
emitting polarized light, a quarter-wave plate and a po-
larizing beam splitter) can be advantageously used in all
embodiments that use a back-folded light path.
[0060] An example for the specification of a system
comprising the 4-f configuration will now be given. For
example, first the pixel size Δx of the spatial light modu-
lator is determined (e.g. Δx=15mm for a typical, fast DMD
with 20 kHz bandwidth). Next the wavelength interval Δλ
of a single channel that will pass such a pixel is deter-
mined (e.g. Δλ=3 nm). Next, the number of channels N
or the maximum wavelength span is determined (e.g.
N=100). The size of the spatial light modulator and the
numerical aperture of the lens follow from these values.
The required properties for the gratings (the band sepa-
rator and the light recombining unit) follow once the other
specifications have been determined. Then, the system
losses have to be estimated and a source with appropri-
ate wavelength span and output intensity has to be cho-
sen. For example, a 5 mWatt/nm, single-mode fiber,
bright source from Fianium supercontinuum laser with a
wavelength range between 650 and 950 nm (with 800
nm center wavelength) seems particularly suitable.
[0061] In certain cases it would be beneficial to use a
photo multiplier tube which combines a large photosen-
sitive area (e.g. several square centimeters) with a high
bandwidth (e.g. several hundreds of MHz) as a detector,
since this would allow the use of photon density waves
(PDW) in combination with the technique described in
this specification.
[0062] With respect to the example and the embodi-
ments, it should be noted that both frequency division
(for example several different source-modulated sinusoi-
dally) and/or time division multiplexing can be applied.
Further, a spread-spectrum radio technique can be ap-
plied.
[0063] It is possible to use shaping of the optical spec-
trum in order to optimize either spectral features or the
maximum permissible exposure (MPE) of the turbid me-
dium 8, or both, which is particularly relevant in medical
applications on biological tissue. For example, the posi-
tion and the width of the wavelength bands can be chosen
such that the sensitivity to the specific spectral features
of chromophores (cf. Fig. 1) is increased. In this context,
it should be noted that the different wavelength bands
(2a, ..., 2n) can have quite different widths or center dis-
tance.
[0064] Since the distinct wavelength bands are inde-
pendently modulated, the spectral features which are ad-
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jacent in the optical spectrum, by choice do not have to
be adjacent in the modulation spectrum. This can be ad-
vantageously used to fight occurrence of cross-talk.
[0065] The teaching of the example and the embodi-
ments can be combined with MMS (Multimodal Multiplex
Spectroscopy) to, for example, improve cross-talk be-
tween wavelength bands.
[0066] If the spatial light modulator 4 is a micro-mirror
device or a liquid crystal device, dynamical adjustments
are possible in combination with the feedback loop. The
use of a feedback loop allows controlling the dynamic
range of the system such that it is optimized and a photo
multiplier tube (PMT) can be used as a detector. The
feedback loop provides that overexposure of the PMT
can be reliably prevented. As a consequence, the com-
bination of using a PMT in combination with a feedback
loop to control the light intensity allows achieving a high-
bandwidth, high-etendue system of high sensitivity.

Claims

1. Method for optically examining the interior of turbid
media;
the method comprising the steps:

providing broad-band light (2);
spatially separating a plurality of wavelength
bands (2a, 2b, ..., 2n) contained in the broad-
band light;
separately modulating the plurality of wave-
length bands (2a, 2b, ..., 2n);
recombining the plurality of modulated wave-
length bands to a beam (11) of spectrally encod-
ed broad-band light;
illuminating a turbid medium (8) with the beam
(11) of spectrally encoded broad-band light; and
detecting light emanating from the turbid medi-
um (8) with a detector (9) and demodulating the
detected light with a demodulator (10) to provide
spectroscopic information; wherein
the demodulator (10) provides a feedback signal
(26) to the step of modulating the plurality of
wavelength bands (2a, 2b, ..., 2n).

2. Method according to claim 1, wherein at least two
wavelength bands of the plurality of wavelength
bands (2a, 2b, ..., 2n) have different widths with re-
spect to wavelength.

3. Method according to claim 1 or 2, wherein the plu-
rality of wavelength bands (2a, 2b, ..., 2n) is modu-
lated such that at least two wavelength bands which
are adjacent in the broad-band light (2) are not ad-
jacent with respect to a demodulation process in the
demodulator (10).

4. Method according to any one of claims 1 to 3, where-

in the different wavelength bands of the plurality of
wavelength bands (2a, 2b, ..., 2n) are modulated
such that for at least two adjacent wavelength bands
the intensity detected by the detector (9) is in the
same order of magnitude.

5. Method according to any one of claims 1 to 4, where-
in the plurality of modulated wavelength bands is de-
tected and analyzed before having illuminated the
turbid medium (8), and the result is fed back to the
step of modulating the plurality of wavelength bands
(2a, 2b, ..., 2n).

6. Device for optically examining the interior of turbid
media; the device comprising:

a broad-band light source (1) for emitting a beam
of broad-band light (2),
a band separator (3) for spatially separating a
plurality of wavelength bands (2a, 2b, ..., 2n)
contained in the broad-band light;
a spatial light modulator (4, 4a) for separately
modulating the plurality of wavelength bands
(2a, 2b, ..., 2n);
a light recombining unit (6) for recombining the
plurality of modulated wavelength bands to a
beam (11) of spectrally encoded broad-band
light;
a measurement volume (7) for accommodating
a turbid medium (8) for illumination with the
beam (11) of spectrally encoded broad-band
light;
a detector (9) for detecting light emanating from
the measurement volume (7); and
a demodulator (10) for demodulating the detect-
ed light to provide spectroscopic information;
wherein
the demodulator (10) is configured to provide a
feedback signal (26) to the spatial light modula-
tor (4, 4a).

7. The device according to claim 6, further comprising
an analyzing unit (22) for analyzing the plurality of
modulated wavelength bands before entering the
measurement volume (7), said analyzing unit being
configured to provide a feedback signal (24) to the
spatial light modulator (4, 4a).

8. The device according to any one of claims 6 or 7,
wherein the detector (9) is a photo multiplier tube.

9. The device according to any one of claims 6 to 8,
wherein the spatial light modulator (4, 4a) comprises
a micro-mirror device or a liquid crystal device or a
chopper or nipkow disk.

10. The device according to any one of claims 6 to 9,
wherein the broad-band light source (1) is adapted
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to emit polarized light.

11. The device according to any one of claims 6 to 10,
wherein the device is a medical optical examination
device.

Patentansprüche

1. Verfahren zum optischen Untersuchen des Inneren
von trüben Medien, umfassend die Schritte:

Bereitstellen von Breitbandlicht (2);
räumliches Trennen einer Vielzahl von Wellen-
längenbändern (2a, 2b, ..., 2n), die im Breit-
bandlicht enthalten sind;
räumliches Modulieren der Vielzahl von Wellen-
längenbändern (2a, 2b, ..., 2n);
Rekombinieren der Vielzahl von modulierten
Wellenlängenbändern zu einem Strahl (11) von
spektral codiertem Breitbandlicht;
Beleuchten eines trüben Mediums (8) mit dem
Strahl (11) von spektral codiertem Breitband-
licht; und
Erkennen von Licht, das aus dem trüben Medi-
um (8) ausstrahlt, mit einem Detektor (9) und
Demodulieren des erkannten Lichts mit einem
Demodulator (10), um spektroskopische Infor-
mationen bereitzustellen; wobei der Demodula-
tor (10) ein Rückmeldesignal (26) zum Schritt
des Demodulierens der Vielzahl von Wellenlän-
genbändern (2a, 2b, ..., 2n) bereitstellt.

2. Verfahren nach Anspruch 1, wobei mindestens zwei
Wellenlängenbänder von der Vielzahl von Wellen-
längenbändern (2a, 2b, ..., 2n) unterschiedliche
Breiten in Bezug auf Wellenlänge aufweisen.

3. Verfahren nach Anspruch 1 oder 2, wobei die Viel-
zahl von Wellenlängenbändern (2a, 2b, ..., 2n) so
moduliert wird, dass mindestens zwei Wellenlängen-
bänder, die in der Breitbandlicht (2) angrenzend
sind, in Bezug auf einen Demodulationsprozess im
Demodulator (10) nicht angrenzend sind.

4. Verfahren nach einem der Ansprüche 1 bis 3, wobei
die unterschiedlichen Wellenlängenbändern der
Vielzahl von Wellenlängenbändern (2a, 2b, ..., 2n)
so moduliert werden, dass für mindestens zwei an-
grenzende Wellenlängenbändern die vom Detektor
(9) erkannte Intensität in der gleichen Größenord-
nung liegt.

5. Verfahren nach einem der Ansprüche 1 bis 4, wobei
die Vielzahl von modulierten Wellenlängenbändern
erkannt und analysiert wird, bevor sie das trübe Me-
dium (8) beleuchtet haben, und das Ergebnis an den
Schritt des Modulierens der Vielzahl von Wellenlän-

genbändern (2a, 2b,..., 2n) zurückgemeldet wird.

6. Vorrichtung zum optischen Untersuchen des Inne-
ren von trüben Medien; wobei die Vorrichtung um-
fasst:

eine Breitbandlichtquelle (1) zum Ausgeben ei-
nes Strahls von Breitbandlicht (2),
einen Bandseparator (3) zum räumlichen Tren-
nen einer Vielzahl von Wellenlängenbändern
(2a, 2b,...,2n), die im Breitbandlicht enthalten
sind;
einen räumlichen Lichtmodulator (4, 4a) zum
räumlichen Modulieren der Vielzahl von Wellen-
längenbändern (2a, 2b,..., 2n);
eine Licht rekombinierende Einheit (6) zum Re-
kombinieren der Vielzahl von modulierten Wel-
lenlängenbändern zu einem Strahl (11) von
spektral codiertem Breitbandlicht;
ein Messvolumen (7) zum Aufnehmen eines trü-
ben Mediums (8) zum Beleuchten mit dem
Strahl (11) von spektral codiertem Breitband-
licht;
einen Detektor (9) zum Erkennen von Licht, das
aus dem Messvolumen (7) ausstrahlt; und
einen Demodulator (10) zum Demodulieren des
erkannten Lichts, um spektroskopische Infor-
mationen bereitzustellen; wobei der Demodula-
tor (10) ausgelegt ist, um ein Rückmeldesignal
(26) an den räumlichem Lichtmodulator (4, 4a)
bereitzustellen.

7. Vorrichtung nach Anspruch 6, weiter umfassend ei-
ne Analyseeinheit (22) zum Analysieren der Vielzahl
von modulierten Wellenlängenbändern, bevor sie in
das Messvolumen (7) eintreten, wobei die Analysee-
inheit ausgelegt ist, um ein Rückmeldesignal (24) an
den räumlichen Lichtmodulator (4, 4a) bereitzustel-
len.

8. Vorrichtung nach einem der Ansprüche 6 oder 7, wo-
bei der Detektor (9) eine Photovervielfacherröhre ist.

9. Vorrichtung nach einem der Ansprüche 6 bis 8, wo-
bei der räumliche Lichtmodulator (4, 4a) eine Mikro-
spiegelvorrichtung oder eine Flüssigkristallvorrich-
tung oder eine Kupfer- oder Nipkow-Scheibe um-
fasst.

10. Vorrichtung nach einem der Ansprüche 6 bis 9, wo-
bei die Breitbandlichtquelle (1) angepasst ist, um po-
larisiertes Licht abzugeben.

11. Vorrichtung nach einem der Ansprüche 6 bis 10, wo-
bei die Vorrichtung eine medizinische optische Un-
tersuchungsvorrichtung ist.
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Revendications

1. Procédé d’examen optique de l’intérieur de milieux
troubles ; le procédé comprenant les étapes consis-
tant à :

fournir une lumière à large bande (2) ;
séparer spatialement une pluralité de bandes
de longueur d’onde (2a, 2b, ..., 2n) contenue
dans la lumière à large bande ;
moduler séparément la pluralité de bandes de
longueur d’onde (2a, 2b, ..., 2n) ;
recombiner la pluralité de bandes de longueur
d’onde modulées à un faisceau (11) de lumière
à large bande spectralement encodée ;
éclairer un milieu trouble (8) avec le faisceau
(11) de lumière à large bande spectralement
encodée ; et
détecter de la lumière émanant du milieu trouble
(8) avec un détecteur (9) et démoduler la lumière
détectée avec un démodulateur (10) pour fournir
des informations spectroscopiques ; dans le-
quel
le démodulateur (10) fournit un signal de ré-
troaction (26) à l’étape consistant à moduler la
pluralité de bandes de longueur d’onde (2a,
2b, ..., 2n).

2. Procédé selon la revendication 1, dans lequel au
moins deux bandes de longueur d’onde de la plura-
lité de bandes de longueur d’onde (2a, 2b, ..., 2n)
ont des largeurs différentes par rapport à la longueur
d’onde.

3. Procédé selon la revendication 1 ou 2, dans lequel
la pluralité de bandes de longueur d’onde (2a, 2b, ...,
2n) est modulée de sorte qu’au moins deux bandes
de longueur d’onde qui sont adjacentes dans la lu-
mière à large bande (2) ne soient pas adjacentes
par rapport à un processus de démodulation dans
le démodulateur (10).

4. Procédé selon l’une quelconque des revendications
1 à 3, dans lequel les différentes bandes de longueur
d’onde de la pluralité de bandes de longueur d’onde
(2a, 2b, ..., 2n) sont modulées de sorte que, pour au
moins deux bandes de longueur d’onde adjacentes,
l’intensité détectée par le détecteur (9) soit du même
ordre de grandeur.

5. Procédé selon l’une quelconque des revendications
1 à 4, dans lequel la pluralité de bandes de longueur
d’onde modulées est détectée et analysée avant
d’avoir éclairé le milieu trouble (8), et le résultat est
retransmis à l’étape consistant à moduler la pluralité
de bandes de longueur d’onde (2a, 2b, ..., 2n).

6. Dispositif pour l’examen optique de l’intérieur de mi-

lieux troubles ; le dispositif comprenant :

une source de lumière à large bande (1) pour
émettre un faisceau de lumière à large bande
(2),
un séparateur de bande (3) pour séparer spa-
tialement une pluralité de bandes de longueur
d’onde (2a, 2b, ..., 2n) contenue dans la lumière
à large bande ;
un modulateur spatial de lumière (4, 4a) pour
moduler séparément la pluralité de bandes de
longueur d’onde (2a, 2b, ..., 2n) ;
une unité de recombinaison de lumière (6) pour
recombiner la pluralité de bandes de longueur
d’onde modulées à un faisceau (11) de lumière
à large bande spectralement encodée ;
un volume de mesure (7) pour contenir un milieu
trouble (8) pour l’éclairer avec le faisceau (11)
de lumière à large bande spectralement
encodée ;
un détecteur (9) pour détecter de la lumière
émanant du volume de mesure (7) ; et
un démodulateur (10) pour démoduler la lumière
détectée pour fournir des informations
spectroscopiques ; dans lequel
le démodulateur (10) est configuré pour fournir
un signal de rétroaction (26) au modulateur spa-
tial de lumière (4, 4a).

7. Dispositif selon la revendication 6, comprenant en
outre une unité d’analyse (22) pour analyser la plu-
ralité de bandes de longueur d’onde modulées avant
d’entrer dans le volume de mesure (7), ladite unité
d’analyse étant configurée pour fournir un signal de
rétroaction (24) au modulateur spatial de lumière (4,
4a).

8. Dispositif selon l’une quelconque des revendications
6 ou 7, dans lequel le détecteur (9) est un tube pho-
tomultiplicateur.

9. Dispositif selon l’une quelconque des revendications
6 à 8, dans lequel le modulateur spatial de lumière
(4, 4a) comprend un dispositif à micro-miroirs ou un
dispositif à cristaux liquides ou un interrupteur ou un
disque de Nipkow.

10. Dispositif selon l’une quelconque des revendications
6 à 9, dans lequel la source de lumière à large bande
(1) est adaptée pour émettre de la lumière polarisée.

11. Dispositif selon l’une quelconque des revendications
6 à 10, dans lequel le dispositif est un dispositif d’exa-
men optique médical.
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