
 

765

 

ISSN 1054-660X, Laser Physics, 2006, Vol. 16, No. 5, pp. 765–773.

 

© 

 

MAIK “Nauka /Interperiodica”

 

 (Russia), 2006.
Original Text © Astro, Ltd., 2006.

 

INTRODUCTION
The purpose of studying the optical transillumina-

tion of tissue has always been to find alternatives to
existing methods of tissue characterization, some of
them invasive ones, and to extend the range of diagnos-
tic possibilities. The measurement of optical signals in
the ultraviolet (UV) to infrared (IR) wavelength domain
is characterized by high tissue scattering of light, limit-
ing the resolving power and the contrast of the images
generated. Absorption in the near IR is particularly low,
rendering optical transillumination of tissue up to sev-
eral centimeters in depth possible. So, optical transillu-
mination can be advantageously applied, especially
when information will be obtained from low depths or
small geometries.

Inflammatory changes (i.e., synovial proliferation)
in finger joints affected by rheumatoid arthritis offer a
good possibility to obtain information on the state of
the joint by light transmission measurements [1–5].
Using a diaphanoscopic method, it was possible to
demonstrate in the first clinical results that the inflam-
mation stage can be evaluated [6, 7]. Representing the
optical properties in a joint using an optical tomo-
graphic imaging process in comparison with an ultra-

sonic imaging process, it was also possible to correctly
evaluate the inflammation stage in primary diagnostics
[8–10]. Despite the high photon scattering in the vol-
ume of the finger joint, a spatial resolution which would
be sufficient for functional imaging can be obtained by
optimization of the imaging process.

The transmission of intensity-modulated light
through diffusely scattering tissue can be described as
propagation of a photon-density wave (PDW) through
the tissue [11]. For a tomographic reconstruction the
detection of phase and modulation (amplitude) of the
waves delivers more information than a simple inten-
sity measurement. Therefore, transillumination by
means of a PDW is likely to improve both the detection
of small differences in the optical properties and the
specification of symptoms [12, 13].

Theoretical calculations and simulations were made
to determine the resolving power of the PDW-based
transillumination of tissue, and the results of experi-
ments on phantoms were published relating to the
detectability and characterization of inhomogeneities
or of the edge spread function [14–18]. It turned out
that the resolution generally increases with rising fre-
quency, which is mostly due to the increasing phase
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financial effort. Especially in rheumatoid arthritis, imaging by optical tomography to detect early inflammations
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resolution and specificity of optical tissue characterization is to use the frequency domain instead of DC inten-
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(PDW) through the tissue. In this study, we report basic experimental results on tissuelike phantoms to deter-
mine the optimal parameters for PDW-transillumination of finger joints. We used PDW with modulation fre-
quencies from 100 MHz up to 1 GHz to scan across a tissuelike phantom containing an absorbing plane
bounded by an edge. The geometrical extents of the phantoms are similar to human finger joints. We measure
the transmitted PDW and show that amplitude and phase behaves at the edge as expected according to theoret-
ical predictions. An increasing modulation frequency leads to increasing slope of the amplitude decay at the
edge but decreasing signal-to-noise ratio. Even at 1 GHz, the edge is detectable.
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shift at higher frequencies. However, the noise, as given
by the standard deviation in the amplitude and phase
measurements, also increases with increasing fre-
quency. Therefore, an optimum modulation frequency
for maximum resolution and contrast usually exists.
This optimum frequency may differ depending on the
tissue and the transillumination geometry, as for exam-
ple shown by Boas et al

 

.

 

 [14] in simulations studies and
by Toronov et al

 

.

 

 [20] in simulations and experimental
studies.

As far as we know, basic experimental investiga-
tions on the resolution or SNR in the frequency domain
have been made only up to a few hundreds of mega-
hertz. Investigations extending into the gigahertz
domain were made via technically more complicated
measurements in the time domain and subsequent Fou-
rier transformation [19, 20]. However, this approach
does not take into account the particular noise sources
in frequency-domain measurements.

Our experiments presented in this paper were aimed
at investigating the extent to which the signal and noise
depend on the modulation frequency when a frequency-
domain measuring setup is used for imaging small
geometries, as encountered for example in finger imag-
ing, and whether the PDW can be reasonably utilized in
practice up to 1 GHz. For this purpose, investigations
covering a frequency domain from 100 MHz to 1 GHz
were made on a phantom with an absorbing edge.

METHODS

The propagation of the photon density as a wave in
a homogeneous, infinite medium can be described by
means of the diffusion approximation to the radiative
transfer equation [15, 21].

It can be represented as an equation which is com-
posed of a DC and an AC portion, i.e.,

(1)U UDC UAC i kr ωt–( ) rµAC–[ ],exp+=

 

with the first term on the right-hand side of (1) being the
time-independent DC part and the second term being the
time-dependent AC part of the wave. 

 

U

 

AC

 

exp(–

 

r

 

µ
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) is
the amplitude of the AC part, 

 

µ

 

AC

 

 is an effective AC
attenuation coefficient, 

 

k

 

 is the wave vector, 

 

r

 

 is the path
covered between the source and the detector, and 

 

ω

 

 =
2

 

π

 

f

 

 is the modulation angular frequency. 

 

µ

 

AC

 

 and 

 

k

 

depend primarily on the optical properties, i.e., absorp-
tion and scattering, of the medium and the frequency.

The optical properties of scattering media are
described by the scattering coefficient 

 

µ

 

s

 

, the absorp-
tion coefficient 

 

µ

 

a

 

, and the anisotropy factor 

 

g

 

. The
anisotropy factor is a characteristic value for the proba-
bility distribution of the scattering direction with a
range of [–1, 1]. With typical values of 0.9, human tis-
sue is primarily forward-scattering.

However, there is no longer differentiation by scat-
tering direction in the diffusion approximation.
Employing the reduced scattering coefficient  =

 

µ

 

s

 

(1 – 

 

g

 

), an isotropic scattering is supposed instead. In
order to be able to apply this type of diffusion approxi-
mation, the scattering must clearly dominate the
absorption [15, 21]. The thickness of the transillumi-
nated medium and the distance between the source and
the detector should be larger than the medium free path
length 1/  respectively.

 

Experimental Setup

 

The core of the experimental setup is a vector net-
work analyzer (Advantest Corporation R3765AH,
Tokyo, Japan) that serves as modulation source and
provides signal analysis (Fig. 1). Furthermore, the
setup contains an optical system comprising a diode
laser and a detector system for modulated light trans-
mission measurement, a stepping motor unit, and digi-
tal data acquisition by a computer.

The vector network analyzer is used to generate and
analyze RF signals from 100 MHz up to 1 GHz. RF out-
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Fig. 1.

 

 Experimental setup and phantom geometry for scanning amplitude and phase measurement.
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put of the network analyzer is directly put into the mod-
ulation entrance of the diode laser operating at wave-
length 670 nm (LISA laser products OHG, Katlenburg-
Lindau, Germany). The modulation power is set to
5 dBm. The collimated beam is restricted by an aper-
ture to a beam diameter of 2 mm and is attenuated by
neutral density filters to restrict the intensity to suitable
values for the applied detector. A 1-mm entrance aper-
ture is imaged to the detector by a lens system with a
numerical aperture of 0.48. The detector is an ava-
lanche photo diode (APD) (Hamamatsu C5658), cover-
ing a frequency range from 1 MHz to 1 GHz for mea-
surement of AC modulation, directly connected to the
analyzer. The bandwidth of analyses is set to 10 Hz.
Another APD (Hamamatsu C5460-01) is used for mea-
surement of the DC light transmission and is connected
to an oscilloscope. The laser and detector systems are
both mounted on a stepping motor translation stage for
coaxial scanning across the phantom surface. A com-
puter connected via a GPIB bus system serves to con-
trol the network analyzer and the stepping motor unit.

 

Phantom

 

The phantom, which was provided by the Physi-
kalische Technische Bundesanstalt, Berlin, Germany
[22], is made of epoxy resin, homogeneously distrib-
uted fused silica spheres (

 

r

 

 = 255 nm) as scattering par-
ticles, and an additional dye. The optical properties of
the phantom, i.e., absorption coefficient and reduced
scattering coefficient, were determined with a double
integrating sphere measurement system [23]. We found
the absorption and scattering coefficient to be 

 

µ

 

a

 

 =

0.013 mm

 

–1

 

 and  = 2 mm

 

–1

 

, respectively. A black-
ened 1-mm aluminium sheet was inserted in a tight slit
in the 

 

xy

 

 plane at 

 

z

 

 = 10 mm to generate a highly absorb-
ing sharp edge (Fig. 1). The edge is located in the mid-
dle of the phantom at 

 

x

 

 = 23 mm. Scanning is provided
in the 

 

x

 

 direction. A second phantom without an edge
but with identical optical properties was used for refer-
ence measurement.

 

Calibration

 

The network analyzer puts the signal at the input
internally in reference to the modulation at the output.
The amplitude 

 

A

 

 relatively to the modulation power at
the output and the relative phase 

 

Φ

 

 in the range [–

 

π

 

, 

 

π

 

]
are measured. In addition to the transmission character-
istic of the transilluminated phantom, these measured
values also contain the attenuation and phase shift of
the optical and electrical system, i.e.,

(2)

To determine only the phase shift and the relative
amplitude attenuation caused by the phantom, the
transmission behavior of the system is to be determined

µs'

Φmeasured Φphantom Φsystem,+=

Ameasured Aphantom Asystem.⋅=

 

as a calibration in the first step. For this purpose, the
light is attenuated by a neutral density filter instead of
the phantom. Since the filter contribution to the phase
shift is negligible, the measured phase is equal to the
phase shift generated by the system. The amplitude is
attenuated by the filter to the same extent as the DC pro-
portion, independent of the modulation frequency. The
amplitude spectrum after the filter thus reflects the sys-
tem part of the AC attenuation multiplied by the filter
transmission.

 

Measurement

 

Prior to each measurement, the system’s dark signal
was measured with the laser diode covered. For the cal-
ibration measurement, a combination of two filters was
used, which jointly featured a transmission of 3.6 

 

×

 

 10

 

–4

 

at 670 nm. The calibration for the DC transmission was
also measured using these two filters. The laser and the
detector system were coaxially scanned over the phan-
tom in 1-mm increments in the 

 

x

 

 direction at half the 

 

y

 

height. At each position, the laser was modulated over
a frequency range from 100 MHz to 1 GHz and in
increments of 50 MHz amplitude and phase were deter-
mined. The measurements of dark signal, calibration,
and the complete scanning of the phantom were
repeated 10 times each, in order to reduce the statistic
signal variations by forming a mean value. The DC
transmission is determined at the oscilloscope. Scan-
ning is started in the 

 

x

 

 direction 2 mm from the phantom
boundary.

 

Analyses

 

Amplitude and phase variations are caused by statis-
tical changes in the light generation and modulation
(photon noise) and in the detection (shot noise, thermal
noise) due to positioning errors and to the signal analy-
sis of the network analyser. These variations can be
reduced by statistic averaging. Only the total error is
considered here.

The dark signal according to (1) is deducted from all
measurements:

(3)

The calibration phase is deducted from the mea-
sured phase and the amplitude measured is divided by
the calibration amplitude. After that, the phase is cor-
rected by 2

 

π

 

 at phase jumps so that there is a constant
phase course. The total amplitude and phase uncer-
tainty thus consists of the dark signal, the measure-
ments, and the calibration.

The demodulation 

 

MD

 

 = 

 

AC

 

/

 

DC

 

 is also measured
and demonstrates how differently the AC amplitude is
attenuated compared with the DC intensity.

Uk U UD.–=
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To evaluate the signal quality, the signal-to-noise
ratio of the measured data was calculated. The SNR of
the amplitude is defined as

(4)

i.e., through 

 

A

 

 and not through 

 

A

 

2

 

, because, contrary to
electromagnetic waves, the PDW’s amplitude 

 

A

 

 as such
is proportional to the energy. The standard deviation,

 

σ

 

A

 

, of the amplitude is calculated through the repeated
measurements. The SNR for the phase is defined in the
same fashion. However, this definition is to be consid-
ered cautiously. The phase cannot be measured as an
absolute value, but only in the range of [–

 

π

 

, 

 

π

 

].
Although it is possible to subsequently correct the
phase in a range exceeding [–

 

π

 

, 

 

π

 

] at phase jumps in the
frequency spectrum or in the spatial course because it
mostly behaves constantly, it is still not known when
measuring if the absolute phase is already n times 2

 

π

 

higher. Therefore, the phase variation can never be
measured in a range exceeding [–

 

π

 

, 

 

π

 

].

RESULTS

 

Dark Signal

 

The dark signal reflects the frequency response of
the complete system without light. The phase is
affected by noise over the total range of [–π, π]. The
amplitude increases slightly towards 1 GHz; the phase
jitter diminishes a little.

Homogeneous Phantom

Due to the finite extent of the phantom, which was
selected to be fingerlike in the y and x directions, the
influence of the boundaries has to be initially investi-
gated. In the x direction, the DC signal, amplitude, and
phase shift increase towards the middle of the phantom.
In the DC signal and in the amplitude, the influence of
the phantom boundary vanishes within the measuring
error after approximately 10 mm and in the phase after
approximately 13 mm (Fig. 2). The depth at which the
boundaries are still of influence becomes lower towards
higher frequencies.

The frequency behavior of amplitude and phase is
represented in Figs. 3a and 3b. With increasing modu-
lation frequency, the amplitude drops almost exponen-
tially, while the phase increases approximately linearly
with the root of the modulation frequency. This is to be
expected according to the diffusion approximation
[15]. At the boundary and in the middle of the phantom,
neither the signal nor the variations show characteristic
differences in their frequency behavior.

Edge Phantom

The edge phantom consists of the same material as
the homogeneous phantom. Far from the edge, the two
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geneous phantom at 100 MHz modulation frequency, scan
starts 2 mm inside from phantom boundary.

200 400 600 800 10000

0.1

0.2

0.3

0.4

0.5

Modulation frequency, MHz

Amplitude, a.u.

300

250

200

150

100

50

0
10 15 20 25 30

Square-root of modulation frequency, sqrt (MHz)

Phase, deg

(a)

(b)

Fig. 3. (a) Amplitude and (b) phase in the middle of the
homogeneous phantom vs. modulation frequency and
square-root of modulation frequency, respectively, with
exponential and linear regression, respectively.



LASER PHYSICS      Vol. 16      No. 5      2006

EXPERIMENTAL RESULTS FOR PROPAGATION 769

phantoms show the same transmission properties.
Towards the edge, the amplitude starts getting smaller
and drops behind the edge (Fig. 4a). On the spot where
the source and the detector are exactly in line with the
edge, the amplitude is already less than half its original
size. With the frequency increasing, the amplitude
regression starts closer to the edge and proceeds over a
shorter distance, which means that it is steeper (Figs. 5a
and 6). At high frequencies, the signal before the edge
is also slightly higher than the dark signal; thus, the
amplitude contrast is decreasing (Fig. 8).

While the phase gets smaller close to the edge, it
quickly rises behind it (Fig. 4b). The minimum is one
or two millimeters before the edge. With the frequency
increasing, the phase shows a more distinct minimum
and a steeper increase behind the edge (Fig. 5b). From
approximately 700 MHz, this course is hardly recog-
nizable because of the increased noise and is therefore
no longer represented in Fig. 5b.

The normalized demodulation MD represented in
Fig. 7 shows the difference between the DC and the AC
parts. Close to the edge, it increases with the frequency.

Signal-to-Noise Ratio

The noise of the amplitude on the homogeneous
phantom is almost constant and increases slightly over
the frequency spectrum (Fig. 9a). The noise of the
phase increases approximately exponentially to the
square root of the frequency (Fig. 9b). The SNR of both
amplitude and phase steeply slopes with the modula-
tion frequencies larger than 250 MHz (Figs. 9c and 9d).
At approximately 150–200 MHz, a maximum in the
SNR can be observed, both in amplitude and phase.
This maximum occurs both at the homogeneous phan-
tom and at the edge and is independent of position.
Towards the edge, the SNR slowly falls off due to the
fading signal and comes more or less close to the dark
signal behind the edge (not represented).

DISCUSSION
In the dark signal, the signal variations diminish at

high frequencies, while the amplitude slightly
increases. Real signals seem to develop, which should
be a systematic error. This error is caused by the mod-
ulation input of the laser acting more and more as an
antenna with the frequency increasing. Therefore, the
detection system is subjected to electromagnetic inter-
ference by the RF signal.

The increase in the phase shift with increasing mod-
ulation frequency and the decrease of the amplitude
with increasing modulation frequency qualitatively
show the behavior to be expected according to the dif-
fusion approximation [15]. The effect on the boundary
and the edge can be described by the diffuse photon
paths. The regression of both amplitude and phase
towards the boundary of the phantom (Fig. 2) can be
explained by an increasing probability for the scattered

photons to laterally leave the phantom. This means that
only a few scattered photons finally do reach the detec-
tor. Therefore, the phase as a measure for the medium
pathway of the photons must be smaller, and the DC
and AC parts decrease.

Since the upper and the lower boundaries of the
phantom in the y direction have the same influence on
the light propagation when scanning, the phase for a
phantom height of 25 mm may be systematically some-
what smaller due to lateral losses, as if the phantom had
an infinite lateral extension. 

As far as the transillumination of finger joints is con-
cerned, distinct losses are to be expected, as the exten-
sion is even smaller. This influence, however, should
decrease towards higher frequencies. Also, the absorp-
tion coefficient for clinical finger measurements should
be rather higher than that set in the phantoms used here.
This would reduce the influence of the boundaries.

On the level of the edge, the diffuse photon paths in
the medium lead to an attenuation of the amplitude by
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Fig. 4. Edge phantom: (a) amplitude and (b) phase at
100 MHz compared to homogeneous phantom in reference
to neutral density filter.
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more than half (Fig. 4a). The closer to the edge one
gets, the more photons are absorbed which, on their
way to the detector, would have passed the level of the
edge several times, thus, e.g., hitting the edge after hav-
ing passed from the reverse side. With the frequency
increasing, the amplitude regresses more steeply on the
edge (Fig. 5a). If we suppose the PDW going through
the scattering medium was a wave composed of many
individual ones which are generated in each scattering
event, according to Huygen’s principle, all parts travel-
ing a longer distance are attenuated more strongly
because of the attenuation with exp(–rµAC)/r [15].
Since the effective attenuation coefficient µAC rises with

the frequency, to an increasing extent, only parts which
propagate through the medium by the shortest route are
detected. At the same time, the medium path length
decreases. Due to this, the phase gets smaller near the
edge (Fig. 5b). Behind the edge, the mean path length
ascends drastically, and the phase increases.

The demodulation MD in Fig. 7 demonstrates after
normalization that the DC transmission falls off quicker
in relation to the AC part on the edge and that this dif-
ference becomes larger with the modulation frequency.
The larger the demodulation on the edge, the later the
AC amplitude starts regressing.
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Fig. 5. (a) Normalized amplitude at the edge phantom compared to homogeneous. Connecting lines are used only for better illus-
tration. (b) Phase at the edge phantom compared to homogeneous; each curve is normalized to its value at position x = –10 mm.
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Referring to the noise, Toronov et al. analytically
derived for pure shot noise that the phase variations rise
proportionally to 1/AC and that the amplitude noise
occurs independently of the frequency [20]. Boas et al.
supposed in their theoretical considerations on the
detection and characterization of inhomogeneities that
the main sources of noise are shot noise and inaccura-
cies in the source and detector positions [14]. Consid-
ering changes in amplitude and phase due to perturba-
tion by spherical scattering or absorbing inhomogene-
ities, they conclude that the amplitude noise caused by
shot noise should rise circa exponentially with the root
from the frequency, while the positioning-error related
noise increases circa linearly with the square root of the
frequency. In the phase the shot, noise rises exponen-
tially with the frequency, while the noise due to posi-
tioning inaccuracies increases linearly with the square
root of the frequency.

In our experiments, the amplitude noise is almost
independent of the frequency (Fig. 9a). The phase noise
increases less sharply than in the theoretical models,
about exponentially with the square root of the fre-
quency (Fig. 9b). Thus, our experiments correspond to
the results of Toronov et al. Considering the SNR, Tor-
onov et al. investigated changes due to absorbing inho-
mogeneities in the human brain by Monte Carlo simu-
lation. They found a maximum in the phase SNR
between 300 to 500 MHz. According to Boas et al., who
looked at photon-density waves in a 6-cm-thick slab,
SNR regresses steadily to high frequencies. During
detection of scattering inhomogeneities, however, the
phase SNR reaches its maximum at about 500 MHz.
The amplitude SNR falls off steadily. In our experi-
ments, we determined a maximum around 200 MHz,
which is most likely due to different phantom geome-
tries and optical properties. This discrepancy has to be
further investigated.

CONCLUSIONS AND OUTLOOK

The experiments referring to the PDW transillumi-
nation of a tissuelike phantom with an absorbent edge
qualitatively showed a signal course along the edge and
a signal dependence on the modulation frequency that
had been predicted in theoretical investigations. 

After climbing to a maximum at 150–200 MHz, the
SNR regresses with the frequency, more quickly in the
amplitude than in the phase. Even at 1 GHz, the edge
can still be represented in the amplitude with a suffi-
cient SNR. Due to the strong phase noise increase, the
edge in the phase was clearly recognizable only to
approximately 700 MHz. Because a limited geometry
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had been selected for the phantom used, the signal was
slightly influenced by the boundaries. 

The results lead to the conclusion that, due to the
small geometric dimensions of finger joints, transillu-
mination using PDW up to and in excess of 500 MHz
seems reasonable despite the high attenuation. The
availability of additional data compared to conven-
tional intensity measurements should decisively
improve the tomographic reconstruction of the optical
properties in joints. A detailed analysis of how sensi-
tively a frequency domain reconstruction method
responds to spatial changes of the optical properties
should be made with a finger phantom reflecting in
more detail the anatomical structure and which permits
the optical parameters to be specifically varied.
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