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ABSTRACT

Frequency-domain optical mammography has been advocated to improve contrast and thus cancer detect-
ability in breast transillumination. To the best of our knowledge, this report provides the first systematic
clinical results of a frequency-domain laser scanning mammograph (FLM). The instrument provides mono-
chromatic light at 690 and 810 nm, whose intensity is modulated at 110.0010 and 110.0008 MHz, respectively.
The breast is scanned by stepwise positioning of source and detector, and amplitude and phase for both
wavelengths are measured by a photomultiplier tube using heterodyne detection. Images are formed repre-
senting amplitude or phase data on linear gray scales. Furthermore, various algorithms carrying on more than
one signal (amplitude ratio, phase difference, ma , ms8 , N) were essayed. Twenty visible cancers out of 25
cancers in the first 59 investigations were analyzed for their quantitative contrast with respect to the whole
breast or to defined reference areas. Contrast definitions refer to the signal itself (definition 1), to the signal
noise (definition 2), or were based on nonparametric comparison (definition 3). The amplitude signal provides
better contrast than the phase signal. Ratio images between red and infrared amplitudes gave variable results;
in some cases the tumor contrast was canceled. The algorithms to determine ma and ms8 from amplitude and
phase data did not significantly improve upon objective contrast. The N algorithm, using the phase signal to
flatten the amplitude signal did significantly improve upon contrast according to contrast definitions 1 and 2,
however, did not improve upon nonparametric contrast. Thus, with the current instrumentation, the phase
signal is helpful to correct for the complex and variable geometry of the breast. However, an independent
informational content for tumor differentiation could not be determined. The flat field algorithm did greatly
enhance optical contrast in comparison with amplitude or amplitude ratio images. Further evaluation of FLM
will have to be based on the N-algorithm images. © 1998 Society of Photo-Optical Instrumentation Engineers.
[S1083-3668(98)00202-0]
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1 INTRODUCTION

Conventional transillumination of the breast has
been shown to be inferior to x-ray mammography
in terms of sensitivity and specificity.1–6 Contrast
improvement has been proposed by the determina-
tion of the time a photon had traveled within the
tissue prior to contributing to an image. This time
determination can be accomplished either by direct
time-of-flight measurements after short light pulses
(time-domain approach) or by phase detection of
intensity modulated light7–9 (frequency-domain ap-
proach). The frequency domain approach offers an
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economic advantage and an improved signal to
noise ratio by using the entire amount of light exit-
ing the breast instead of just a small subset of early
photons as in time domain techniques based on
time gating. We have demonstrated clinical feasibil-
ity of frequency-domain laser scanning transmis-
sion mammography (FLM), using a first clinical
prototype of such instrument developed by Zeiss,
Oberkochen. We have also developed an algorithm
for edge effect corrections based on the phase infor-
mation obtained.10 It is the purpose of the present
work to quantitatively analyze the quality of con-
trast which is obtained for invasive cancers by vari-
ous imaging modalities and algorithms.
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2. MATERIAL AND METHODS

2.1 INSTRUMENTATION

A frequency-domain dual wavelength laser scan-
ning mammograph (FLM) has been developed
at Carl Zeiss, Oberkochen under the name LIMA
(Licht Mammograph). The light sources are sinusoi-
dally modulated at frequencies fRed5110.0010
MHz and fIR=110.0008 MHz. The mean light power
is adapted to the optical density of the breast with a
maximum value of 10 mW. All electrical and elec-
tronical components are located in a rack physically
separated from the patient, and the light is deliv-
ered to the breast via glass fibers. The light is there
collimated and projected onto one side of the breast
as a 2 mm diameter incident beam. The breast is
positioned between two parallel glass plates, which
are approached until the patient perceives discom-
fort. The incident beam is scanned over one side of
the breast, while the aperture of a fiber bundle with
5 mm in diameter is scanned in tandem over the
opposite side. The detector consists of a photomul-
tiplier tube (PMT) whose gain is modulated at f
5110 MHz. The resulting cross-correlation fre-
quencies are dfRed=1 kHz and dfIR=0.8 kHz, and
they carry the phase and amplitude informations at
lRed and l IR , respectively. Further signal process-
ing used lock-in amplification or digital data pro-
cessing. For mechanical reasons the setup of the
first instrument used in this study did not enable us
to investigate the portion of the breast at distances
smaller than approximately 2 cm from the chest
wall. Detailed descriptions of the instrument have
been communicated elsewhere.10,11

2.2 IMAGES

Images were stored as separate data matrices of
phase and amplitude signal for both wavelengths.
Images of the amplitude (ac image) and phase were
obtained by projecting the data on linear gray or
color scales. Additional processing used the com-
mercial software package TRANSFORM (Spyglass) to
allow for gray scale adaptations. Algorithms requir-
ing two data sets (either amplitude and phase, or
both wavelengths) were programmed in PASCAL
and implemented into a semi-automatic software
for clinical data analysis.

2.1.1 Ratios and Differences

The amplitude ratios CAC
Red/CAC

IR or the phase differ-
ences wRed−wIR were calculated and represented on
linear gray scales, as described above.

2.1.2 Edge Effect Correction—the N image
Towards the edge of the breast, two phenomena
will superimpose to the intrinsic variations in ab-
sorption: the boundary photon losses, reducing the
amount of photons transmitted to the detector and,
of major significance, the reduction in breast thick-
ness, which increases the signal transmitted. The
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dynamic range of the amplitude signal is governed
by those edge effects and, if the data is represented
on a linear gray scale, smaller signal perturbations
cannot yield sufficient contrast.

Based on the observation that the phase signal is
linearly dependent on the geometrical breast thick-
ness along the source-detector line and is not sig-
nificantly affected by photon losses at the bound-
ary, we developed a calculated parameter, called
N(x ,y), which represents the amplitude signal cor-
rected for edge effects.10,11

2.1.3 Images of ma and ms

Under the assumption that within the sampled vol-
ume at pixel (x ,y) the tissue optical parameters ma
5^ma& and ms85^ms8& are constant, the local tissue
optical parameters can be determined directly from
the raw data as described in Reference 12.

2.3 PATIENTS

Twenty patients with invasive breast cancers visible
in both perpendicular views of FLM in any of the
above described images were selected from the first
59 consecutive investigations. In that series, five in-
vasive cancers did not show a corresponding inho-
mogeneity in the two perpendicular views, two pa-
tients had noninvasive cancers, 16 patients had
benign disease, and 16 investigations were un-
evaluable. The reasons for unevaluability were
technical in five cases, geometrical (tumor very
close to the chest wall, not enclosed in the FLM
specific field of view) in five cases, a lack of defini-
tive histology (patients not operated upon after
complete diagnostic assessment) in three cases, and
a diffuse cancerization of the breast leaving no nor-
mal reference area in three cases. The patients’ char-
acteristics are given in Table 1.

2.4 CONTRAST EVALUATION

Contrast was evaluated for all imaging modalities
comparing the tumor area with either one of two
predefined reference areas, or with the entire breast
map in craniocaudal view. The reference areas were
selected by hand according to the following defini-
tions:

Reference area 1: situated in the area of maximum
breast thickness, as close as possible to the chest
wall and to the center of the breast, but at a distance
of at least one tumor diameter from the tumor area.
The reference area is four times larger than the tu-
mor area, as long as this is possible without violat-
ing any previous condition.

Reference area 2: situated at the same distance
from the boundary as the tumor area. The reference
area has the same size as the tumor area. If possible,
the reference area is located symmetrical to the tu-
mor with respect to the middle axis of the breast.
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Table 1 Clinical characteristics of 20 breat cancer cases evaluated for contrast in FLM.

No. Age
Max. diameter

(mm) TNM Grading Histol. type Mammography

5 62 10 T1bN0M0 1 Ductal invasive Spiculated mass

9 72 5 T1aN0M0 2 Ductal invasive, pred. intraductal Smooth mass

10 55 30 T2N0M0 2 Ductal invasive Smooth mass

15 47 30 T2N0M0 2 Ductal invasive, pred. intraductal Smooth mass

22 46 22 T2N0M0 2 Mucinous Smooth mass

27 55 15 T1cN0M0 3 Ductal invasive Structural distortion

30 59 30 T2N0M0 3 Ductal invasive Structural distortion

32 64 34 T2N0M0 1 Papillary Spiculated mass

34 52 15 T1cN0M0 2 Ductal invasive Smooth mass

36 54 16 T1cN0M0 1 Papillary Spiculated mass

37 79 18 T1cNxM0 1 Papillary Spiculated mass

38 55 25 T2N0M0 2 Medullary Smooth mass

41 37 20 T1cN0M0 3 Ductal invasive Structural distortion

42 55 80 T3N1M0 1 Apocrine Spiculated mass

43 62 24 T2N1M0 2 Lobular invasive Smooth mass

44 51 22 T2N0M0 3 Ductal invasive Spiculated mass

51 39 18 T1cN1M0 1 Tubular Spiculated mass

53 79 18 T4bNxM0 2 Ductal invasive Microcalcifications

54 75 34 T2N1M0 1 Ductal invasive Unsuspicious

59 52 18 T1cN0M0 3 Ductal invasive Spiculated mass
2.4.1 Contrast Definitions
Definition 1: The first definition of contrast (C1) is
generally defined as

C1Tum,Ref5
S̄Tum2S̄Ref

S̄Ref

,

where S̄Tum (S̄Ref) is the average signal measured
over the defined tumor (reference) area. This defi-
nition is not well suited for the comparison of dif-
ferent imaging algorithms, since the results depend
on the absolute signal intensity and may be subject
to systematic errors not reflecting true changes in
subjective detectability of inhomogeneities. We thus
have developed a second contrast definition (C2)
which relates differences to the noise of the signal
measured in the supposedly normal breast area:
contrast definition 2

C2Tum,Ref5
uS̄Tum2S̄Refu

s~SRef!
,

J

where s(SRef) is the standard deviation of the mea-
sured signal over the reference area as a measure of
the image noise in the normal breast. This contrast
definition should meet the subjective impression of
contrast, if the reference area reflects the direct sur-
rounding of a tumor. The overall detectability is
best represented by choosing the entire breast area
except the tumor area as the reference area. In this
case s(SRef) reflects the dynamic range of the entire
data set.

However, both contrast definitions still are based
on the assumption of a normal distribution of the
data. They are prone to systematic errors, when
comparing different mathematical algorithms, and
are not well suited to determine whether the sepa-
ration of tumor and normal breast data is improved
or impaired by a particular algorithm. Thus we de-
veloped a third, nonparametric contrast definition
which describes the probability that tumor and ref-
erence areas are in effect samples of different enti-
ties by means of the nonparametric Mann–
Whitney–Wilcoxon U test. The test parameter U is
131OURNAL OF BIOMEDICAL OPTICS d APRIL 1998 d VOL. 3 NO. 2
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determined after ranking all pixel values of tumor
and reference area together as

U15nref•n tum1
nref~nref11 !

2
2Rref ,

U25nref•n tum1
n tum~n tum11 !

2
2R tum ,

U5Min~U1 ,U2!,

where nref denotes the number of pixels in the ref-
erence, n tum the number of pixels in the tumor area,
Rref the sum of the ranks in the reference, and R tum
the sum of the ranks in the tumor area. According
to the approximation of Mann and Whitney,13 for
large n (.8), U for the two sided hypothesis can
be translated into z of the normal distribution

ẑ5

UU2
nref•n tum

2
U

Anref•n tum~nref1n tum11 !

12

.

The higher z is, the better is the data separation,
independently of absolute values and of the data
distribution. This contrast definition fails, however,
if no overlap exists in the data, since then, any
quantitative improvement in the data separation
will not be reflected by an improvement of z .

3 RESULTS

Figures 1(a) and 1(b) show the x-ray mammogram
of a 16 mm diameter papillary cancer in the right
outer upper quadrant of a 54 year old woman. The
FLM images [N image, IR, linear gray scale, Figures
2(a) and 2(b)] show an increased mean data value
in the area corresponding to the tumor location in
both views. In correlating the geometrical position
of the tumor found with x-ray mammography and
FLM, one must take into account the different com-
pression features and the loss of approximately 2
cm of breast tissue towards the chest wall in FLM.
The tumor area and the two reference areas are
marked in Figure 2(b) as defined in the materials
section. Histograms of the amplitude data (Figure
3) reveal the large dynamic range and the asymme-
try of the data distribution over the entire breast.
The maximum of the curve represents the central
area of the breast; the higher intensity values to the
right reflect the higher transmission towards the
boundaries. The reference area 1, by definition in
the middle of the breast, corresponds to the data
maximum. The reference area 2 is located more to-
wards the boundary, and, thus, contains higher
data values. The tumor area, which is geometrically
located in a position comparable to the reference
area 2 with respect to the breast boundary, contains
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the lowest values. The effect of a tumor on the
transmission of near infrared light intensity by
breast tissue is best represented by comparison
with reference area 2. When comparing with the
mean intensity collected on the entire breast, the
contrast is falsely improved by the asymmetric data
distribution.

Fig. 1 X-ray mammogram of case No. 36: 54 year old woman
presenting a 16 mm papillary cancer (pTlcNOMO) in the upper
outer quadrant of her right breast. The mammographic appearance
is classified ‘‘highly suspect.’’ (a) Mediolateral view, (b) craniocau-
dal view.
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Fig. 2 Opical mammography (FLM) of case No. 36, image calcu-
lated from amplitude and phase signal at 810 nm, using the
N-algorithm, linear gray scale. Comparing the tumor position with
Figure 1, please refer to the different compression geometry as
lined out in the text; (a) mediolateral view, (b) craniocaudal view.
An example for the positioning of the tumor and reference areas is
shown.
Figure 4 depicts the data distribution resulting
from the N algorithm. The distribution is rather
symmetric and centered around the value 0.8. The
reference areas 1 and 2 show similar data. The
strong geometric dependency has disappeared. The
data over the tumor area is located towards the
higher values of N , clearly outside the bulk of the
breast data. Comparison with either one of the ref-
J

erence areas or with the entire breast will yield
similar results.

Forming the ratio between IR and Red amplitude
signals (Figure 5), the overall data distribution is
less asymmetric, too; reference areas 1 and 2 are
more or less identical in their means. The tumor
area, however, is now overlapping with the refer-
ences. While the amplitude ratio effectively cancels
the edge effects, it may cancel the tumor contrast,
too.

For the 20 evaluated cancers, the quantitated con-
trast according to contrast definition 1 is given for
reference areas 1, 2, and for the entire breast in Fig-
ure 6. As mentioned above for the individual case,
in the raw data images (AC and Phase) the com-
parison with reference area 2 best reflects intrinsic
optical changes due to the presence of a tumor.
From Figure 6(b) it appears that such changes are
minimal for the phase, while the AC signal shows a
mean contrast of about 60% with respect to the ref-
erence area. Of course, being the phase predomi-

Fig. 3 Infrared amplitude data distribution (histogram) for case
No. 36, craniocaudal view. The x axis reports the intensity (current)
at the detector in arbitrary units. (a) Entire breast, (b) tumor and
reference areas as shown in Figure 2.

Fig. 4 N-value distribution for case No. 36, craniocaudal view.
(a) Entire breast, (b) tumor and reference areas as shown in Figure
2.
133OURNAL OF BIOMEDICAL OPTICS d APRIL 1998 d VOL. 3 NO. 2
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Fig. 5 Amplitude ratio infrared/red value distribution for case No.
36, craniocaudal view. (a) Entire breast, (b) tumor and reference
areas as shown in Figure 2.
nantly influenced by the breast thickness, it gives
relevant contrast when contrast is compared to ref-
erence areas with different mean breast thickness,
by definition. The mean contrast values for the AC
ratios or phase differences are lower than the con-
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Fig. 7 Contrast calculated from contrast definition two (CTum,Ref

5uS̄Tum2S̄Refu/s(SRef)) for the comparison between tumor and ref-
erence areas 1 and 2, and between tumor and whole breast ex-
cept tumor. (AC: amplitude image, Phase: phase image, AC Ratio:
ratio between amplitude signals red/IR and IR/red, Phase-Diff: dif-
ference in phase red-IR or IR-red, ma: absorption coefficient ma as
derived from amplitude and phase, ms: reduced scattering coeffi-
cient ms8 as determined from amplitude and phase, N: parameter
defined from an edge effect correction ‘‘flat-field’’ algorithm.)
Fig. 6 Contrast calculated from contrast definition one (CTum,Ref

5uS̄Tum2S̄Refu/S̄Ref) for the comparison between tumor and refer-
ence areas 1 and 2, and between tumor and whole breast except
tumor. (AC: amplitude image, Phase: phase image, AC Ratio: ratio
between amplitude signals red/IR and IR/red, Phase-Diff: differ-
ence in phase red-IR or IR-red, ma: absorption coefficient ma as
derived from aplitude and phase, ms: reduced scattering coeffi-
cient ms8 as determined from aplitude and phase N: parameter
defined from an edge effect correction ‘‘flat-field’’ algorithm.)
trast in AC at either wavelength, indicating little
spectral differences between the optical properties
of tumors and those of normal tissue. Again, in
good agreement with the single case reported
above, the calculated images ruling out the breast
thickness using the phase information by one way
or the other, give comparable contrasts with refer-
ence areas 1, 2, and with the entire breast area. The
ma and ms8 images do not convey improved contrast
over the AC contrast. The highest contrast is ob-
tained by the N image, exceeding the AC value by
at least a factor of 2.

The contrast resulting from contrast definition 2
(Figure 7) is an order of magnitude higher than that
given by contrast definition 1, when the compari-
son is made with rather homogenous reference ar-
eas. It drops to levels similar to the contrast defini-
tion 1 if the entire breast is taken as the reference
area. The phase signal now shows higher contrast,
which reflects the little variation of the data within
a reference area and underlines the potential sig-
nificance of even small parameter changes. No sig-
nificant improvement over the contrast in AC is ob-
tained by any imaging modalities other than the N
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Fig. 8 Contrast as derived from nonparametric contrast definition
3 for the comparison between tumor and reference areas 1 and 2,
and between tumor and whole breast except tumor. The tumor z
represents the probability that tumor and reference area belong to
the same global entity. The probability z is normally distributed,
i.e., a value of z50 means highest probability, higher values of z
thus represent better contrast. [AC: amplitude image, Phase: phase
image, AC Ratio: ratio between amplitude signals red/IR and IR/
red, Phase-Diff: difference in phase red-IR or IR-red, ma: absorption
coefficient ma as derived from amplitude and phase, ms: reduced
scattering coefficient ms8 as determined from amplitude and phase,
N: parameter defined from an edge effect correction ‘‘flat-field’’
algorithm (see Reference 11).]
image, when contrast is calculated between the tu-
mor and the reference areas 1 or 2. The contrast
with respect to the entire breast is slightly im-
proved by the ma and ms8 algorithms. For all com-
parisons, the best contrast is obtained with the N
algorithm.

The nonparametric contrast definition [Figures
8(a)–8(c)] reveals identical z values for AC, ma , ms8 ,
and N images. This is only partially due to the fact
that some of the tumors do not present any overlap
with the remainder of the breast data. While the
phase signal does show nonparametric contrast, the
combination of phase and AC information so far
did not improve the data separation between the
tumor area and the breast. However, the AC ratio
and phase difference images show a worse separa-
tion between tumor and the entire breast, with re-
spect to the AC image at either wavelength.
J

4 DISCUSSION

Due to the considerable geometrical difference be-
tween the compression pattern in FLM (minimal
compression between parallel planes) and the one
used by x-ray mammography (short duration,
maximal compression between oblique planes), the
tumor area cannot be located with sufficient preci-
sion by simple comparison with x-ray mammogra-
phy. Thus, only tumors readily localizable in two
perpendicular views of FLM were entered into the
present study. The obvious bias resulting from the
selection of visible, thus high contrast cases for the
distribution of absolute values is canceled for the
comparison between the imaging modalities, since
we included all of those cases where the tumor area
could be identified by any of the imaging algo-
rithms. Since the benign lesions, with three excep-
tions, never gave an imaging correlate, a meaning-
ful comparison with benign lesions was not
possible or, one might say, is represented by the
comparison with the reference areas.

The histograms of the raw data do reveal first of
all the problem of imaging in a geometry with
strong boundary effects. A large dynamic range in
the amplitude signal results mainly from reduced
thickness at the borders of the breast which is only
partially compensated by photon losses at the
boundary. This high dynamic range renders the im-
aging of small changes in absorption far from the
boundary a difficult task, and close to the boundary
an impossible one. Quantifying contrast by com-
parison with a centrally located reference area only
partially reflects that problem by completely omit-
ting the difficult edge areas. In the Swedish breast
cancer transillumination trial, the problem of the
boundary was solved by the use of a hand held
light source, positioned manually against the breast
in order to allow imaging by a video camera
system.1 By producing a number of different views,
one would always bring a suspicious area to the
center of the image, where boundary effects are
negligible. The reproducibility of such investigation
is, however, low and the sensitivity prone to con-
siderable subjective influence. A sensitivity of 85%
in the presence of clinical data thus dropped to 64%
in the absence of such information. Since an advan-
tage of the fixed geometry should be reproducibil-
ity, in order to get an objective description of the
gain in overall imaging interpretability, we have
represented a comparison between the tumor area
with the entire breast area except the tumor, too.
The latter demonstrates even better the improve-
ment which is obtained by computing absorption
with phase information. Of course, image forma-
tion from the amplitude ratio at the two wave-
lengths cancels the edge effects, too. However, it
reduces the tumor contrast. This stands in contrast
to the findings of a second group working in that
field with an instrumentation using 70 MHz phase
modulation, who found a sensitivity of 90% on a
135OURNAL OF BIOMEDICAL OPTICS d APRIL 1998 d VOL. 3 NO. 2
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single view basis, interpreting solely ratio images.
However, they saw five times as many false posi-
tives than true positives, the ratio imaging ap-
proach being unable to differentiate between tumor
and mastopathy. They communicated an attempt to
analyze their data using the N-image algorithm as
unsuccessful, obscuring their tumor images.14

Nevertheless, in our experience, the phase signal
is the best way to flatten the amplitude signal field
for geometric aberrations and thus to improve im-
aging of low contrast structural abnormalities on
the basis of linear gray scales. The N-image algo-
rithm did yield the best contrast results regardless
of contrast definition and reference area.

However, the question arises whether there is an
intrinsic and independent information by the phase
signal with regard to tumor detection. To answer
this question, we analyzed whether algorithms tak-
ing the phase signal into account did reduce the
overlap between tumor and reference or between
tumor and the entire breast area. The contrast defi-
nition chosen for this analysis is derived from non-
parametric statistics and projects the overlap onto a
normal distribution, thus enabling an intra- and
inter-individual comparison. The contrast de-
scribed in this way is now completely independent
from data range and distribution characteristics and
thus describes solely the amount of true differential
information contained.

One conclusion of the minimal differences pro-
duced by this analysis can be that the phase signal
does not carry independent information additionally
differentiating the tumor from the normal tissue.
This is somewhat intriguing, since from theory, ab-
sorption and scattering changes should differen-
tially influence amplitude and phase signals, where
the phase signal mainly carries the scattering infor-
mation. Malignant tumors are expected to be differ-
entiable predominantly by differences in their scat-
tering rather than absorption properties.15,16

However, we did observe a very close correlation
between ma and ms8 , a fact which puts in doubt the
correctness of the algorithms used. Alternatively,
there may be a close link between absorption and
scattering as a result of malignant transformation.
On a logical basis, however, we prefer to think of a
strong common influence of scattering and absorp-
tion on both amplitude and phase signals, com-
bined with the incapability of our present technol-
ogy and algorithms to effectively separate the two
optical coefficients. We are still unable to specify
whether the phase is just unnecessary to character-
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ize the tumor optical properties or it may become a
crucial parameter through more effective algo-
rithms. For the moment, however, it serves best as a
tool to correct for geometrical constraints of the in-
strumentation. Any additional parameter allowing
to compensate the strong geometrical dependency
of both amplitude and phase may still enable us to
demonstrate an independent information by the
phase signal.

This might seem somewhat deceiving, since we
expected to get a substantial improvement in sensi-
tivity by the intensity modulation. However, it
should not be forgotten that by using the phase sig-
nal to correct for the difficult geometrical situation,
a reproducible optical imaging, fairly independent
from any subjective influences and manipulations,
has been realized on a technological basis which
gives ample room for further development.
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