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INTRODUCTION

In rheumatoid arthritis (RA), inflammatory changes
(i.e., synovial proliferation) in finger joints 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 first clinical results that the inflammation stage can
be evaluated [6, 7]. Representing the optical properties
in a joint using an optical tomographic imaging process
in comparison with an ultrasonic imaging process, it
was possible to correctly evaluate the inflammation
stage in primary diagnostics, too [8–10]. Despite the
high photon scattering in the volume of the finger joint,
a spatial resolution that would be sufficient for func-
tional imaging should be obtained by optimization of
the imaging process.

Studies up to now have been limited to continuous
wave imaging (also called DC imaging), in which a
light source is constantly switch on and the transmitted
light intensities are measured at various positions.
However, it is well known that so-called frequency
domain measurement, in which the source intensity is
sinusoidally modulated in the MHz range, can provide
better resolution and better separation between absorp-
tion and scattering effects. The transmission of inten-
sity-modulated light through diffusely scattering tissue
can be described as propagation of a wave of modulated
photon density, so-called photon density wave (PDW)
[11]. Detection of phase and modulation (amplitude) of
the waves delivers more information than a simple
intensity measurement obtained with DC imaging sys-
tems. Therefore, transillumination by means of PDW is
likely to improve both the detection of small differ-
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Abstract

 

—Biomedical optical imaging in the near-infrared (NIR) region provides the possibility to detect and
determine pathological and functional changes in human tissue without the drawback of ionizing radiation. Of
special promise is the application of this technology for the detection of joint diseases, such as rheumatoid
arthritis (RA). It has been shown that optical changes in the synovial fluid and the vasculature surrounding the
joints can be detected with optical methods. Applying optical tomographic methods one should be able to local-
ize and quantify these changes for detection of the onset of RA. The first studies have been limited to continuous
wave imaging. However, it is well known that enhanced resolution and better separation between absorption
and scattering properties of tissue can be achieved using intensity modulated light sources. Intensity modulation
of laser light in the MHz region leads to propagation of so-called diffuse photon density waves (PDW) through
the tissue In this study we report on basic experimental results to determine performance and sensitivity of
PDW-transillumination of tissue like phantoms. We used a vector network analyzer to generate and analyze
intensity modulation from 100 MHz up to 1 GHz via a diode laser and an avalanche photo diode. Scans were
performed across phantoms containing a layer with different absorbing and scattering properties bounded by
an edge. The thickness of the phantoms was chosen similar to human fingers to gain information for optimiza-
tion of tomographic imaging of finger joints. We experimentally determined the signal-to-noise ratio (SNR) of
the system and compared the results to theoretical predictions. Noise and SNR of amplitude and phase depend
on frequency of modulation. While the amplitude SNR decreases with frequency, phase SNR increases to
assume a maximum value. We found that the inserted layer can be better characterized using phase information,
which becomes more valuable as the source modulation frequency is increased. On the other hand, the sensi-
tivity to perturbations is highest in the amplitude data obtained at lower frequencies. Thus, for tomographic
imaging, optimal modulation frequencies should be found depending on the tissue type and nature of tissue
inhomogeneities.
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ences in the optical properties and the specification of
symptoms [12, 13].

In previous works, theoretical calculations and sim-
ulations were made to determine the resolving power of
the PDW-based transillumination of tissue, and the
results of experiments on phantoms were published
relating to the detectability and characterization of
inhomogeneities or of an edge spread function [14–18].
It turned out that the resolution generally increases with
the frequency rising, which is mostly due to the increas-
ing phase shift at higher frequencies. However, the
noise, as given by the standard deviation in the ampli-
tude and phase measurements, also increases with
increasing frequency. Therefore, an optimum modula-
tion frequency for maximum resolution and signal-to-
noise ratio (SNR) should exist. This optimum fre-
quency may differ depending on the tissue and the
transillumination geometry, as for example shown by
Boas et al. [14] in simulations studies, and by Toronov
et al. [19] in simulations and experimental studies.

Basic experimental investigations on the resolution
or SNR in the frequency domain have only been made
up to a few hundred megahertz [19–21]. Investigations
extending into the GHz domain were made via techni-
cally more demanding measurements in the time
domain and subsequent Fourier transformation [19,
22]. However, this approach does not take into account
the particular noise sources in frequency-domain mea-
surements.

In a recently published study, we investigated PDW
transillumination of small phantoms with high scatter-
ing and low absorbing properties [23]. We found a max-
imum in SNR at low frequencies, approximately
200 MHz.

Our experiments presented in this paper were aimed
at analyzing signal-to-noise ratio in tissue-like material
with finger joint-like properties depending on the PDW
frequency and at investigating contrast by inhomogene-
ities inserted into the phantom. For this purpose, a fre-
quency-domain measuring set-up was used covering a
frequency domain from 100 MHz to 1 GHz. In particu-
lar, we studied phantoms with an inserted layer of vary-
ing absorbing and scattering properties.

MATERIAL AND METHODS
The propagation of the photon density as a wave in

a homogeneous, infinite medium can be described in a
short form as an equation that is composed of a DC and
an AC part, i.e.,

(1)

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

 

M

 

 stands for the mod-
ulation factor of the light, 

 

µ

 

AC

 

 for an effective AC atten-
uation coefficient, 

 

k

 

 for the wave vector, 

 

r

 

 for the path
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 of the wave. 

 

µ

 

AC

 

 and 

 

k

 

depend primarily on the optical properties of the
medium, i.e., absorption and scattering, and the fre-
quency. The optical properties of scattering media are
described by the reduced scattering coefficient  and
the absorption coefficient 

 

µ

 

a

 

.

 

Noise Models

 

The noise in optical signal measurement is caused
by random fluctuation in dark signal (Johnson noise), in
variation of the signal current of the photo detector
(shot noise), and by other uncertainties, as for example
positioning inaccuracy or source power fluctuation. For
noise analysis, measurements are repeated and mean
(signal) and standard deviation (noise) of signal fluctu-
ation are calculated.

In experimental and theoretical investigations, Tor-
onov et al. found that noise in PDW imaging mainly
depends on shot noise [19]. The amplitude noise is pro-
portional to the square root of the DC intensity and
therefore independent of the frequency. The phase vari-
ations are also proportional to the square root of the DC
intensity divided by the frequency-dependent ampli-
tude:

(2)

The SNR is defined as

(3)

for amplitude and in the same fashion for phase. This
means that, according to Toronov et al., the frequency
characteristic of amplitude SNR only depends on the
amplitude behavior and phase SNR is influenced by
phase and amplitude characteristic:

(4)

Boas et al. supposed in their theoretical considerations
of the detection and characterization of inhomogene-
ities that the main sources of noise are shot noise and
inaccuracies in the source and detector positions [14].
Considering changes in amplitude and phase due to
perturbation by spherical scattering or absorbing inho-
mogeneities, they conclude that the amplitude noise
caused by shot noise should rise approximately expo-
nentially 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 exponentially with the frequency, while
the noise due to positioning inaccuracies increases lin-
early with the square root of the frequency.
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Contrast

 

A sufficient contrast in images is important to distin-
guish between regions with different properties. The
contrast due to the thin layer inserted in the phantoms
is the difference of the signal before and behind the
edge. The difference itself is not a good measure to
investigate an imaging technique, because it depends
on absolute values. Dividing the contrast by the noise
leads to a contrast-to-noise ratio (CNR) that gives infor-
mation about the sensitivity of the system to small per-
turbations,

(5)

where the subscripts 

 

H

 

 and 

 

L

 

 denote the homogeneous
part and the part containing the layer, respectively. The
definition for phase CNR is analogous.

 

Phantom

 

The phantoms were designed as a cuboid with thick-
ness of 20 mm similar to typical finger thickness and
with lateral dimensions high enough to avoid boundary
problems in transillumination (

 

x

 

, 

 

y

 

, 

 

z

 

 = 80, 70, 20 mm,
Fig. 1). The material we used was silicone (Elastosil®
RT 601, Wacker Chemie AG, Germany). This is a two-
component material that is processed in the liquid
phase before it hardens after some hours. Silicone is
clear without significant absorption or scattering in the
visible and near infrared spectrum with an index of
refraction of 

 

n

 

 = 1.41. We added homogeneously dis-
tributed TiO

 

2

 

 powder as scattering particles and a spe-
cial silicone dye (Silopren LSR, GE Bayer Silicones,
Germany). The tissue-like optical properties, i.e.,
absorption coefficient and reduced scattering coeffi-
cient of the phantom, were 

 

µ

 

a

 

 = 0.027 mm
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 and were controlled by measurement with an
integrating sphere system [24].

To investigate the sensitivity on small perturbations
we inserted a 1 mm thin layer of the same material in
the middle of three phantoms. This was done in a two
step pouring process. The edge of the plane is located
in the 

 

x

 

 direction in the middle of each phantom. The
optical properties of the planes were adjusted that one
plane is nearly totally absorbing and two planes have
the bulk optical properties but doubled absorption or
scattering, respectively (Table 1).

 

Experimental Set-Up

 

A vector network analyzer is used to modulate a
diode laser (670 nm) and to analyse the RF signals from
an avalanche photo diode (APD). Amplitude and phase
of the AC signal are measured in the frequency range
from 100 MHz up to 1 GHz (Fig. 2). The laser and
detector system are both mounted on a stepping motor
translation stage for coaxial scanning across the phan-
tom surface. A computer serves as a control unit. A
more detailed description of the experimental setup can
be found elsewhere [23].

 

Fig. 1.

 

 Silicone phantoms with tissue-like properties and inserted layer.
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Calibration

 

The network analyzer uses the modulation at the
output internally as a reference to the input signal. The
measured values are the amplitude 

 

A

 

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

 

Φ

 

 in the range [–

 

π

 

, 

 

π

 

]. Besides the transmission charac-
teristic of the transilluminated phantom, these mea-
sured values also contain the attenuation and phase
shift of the optical and electrical system, i.e.,

(6)

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
as calibration in a 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 filter does only damp
the intensity by constant factor and has no influence on
the frequency spectrum. The amplitude spectrum after
the filter thus reflects the system part of the AC attenu-
ation multiplied by the filter transmission factor F:

(7)

The correction is done by dividing the phantom mea-
surement by the calibration measurement:

(8)

Jmeasured

=  AphantomAsystem i φphantom φsystem ωt–+( )[ ].exp

Jcalibration FAsystem i φsystem ωt–( )[ ].exp=

Jphantom

Jmeasured

Jcalibration
-------------------=

=  
1
F
---Aphantom iφphantom( )exp

=  Aphantom' iφphantom( ).exp

Measurement

Prior to each measurement, the system’s dark signal
was measured and subtracted from the measured data.
For the calibration measurement, a combination of two
filters was used which jointly featured a transmission of
3.6 × 10–4 at 670 nm. The laser and the detector system
were coaxially scanned over the phantom in 1-mm
increments in the x direction at half the y height over a
range from –15 to 15 mm relative to the edge position,
starting in the homogeneous part. At each position the
laser was modulated over a frequency range from 100
MHz to 1 GHz in increments of 50 MHz and the ampli-
tude and phase were determined. The measurements of
dark signal, calibration, and the complete scanning of
the phantom each were repeated 10 times for statistical
signal analysis.

After signal correction by the calibration measure-
ment, the phase is corrected by 2π at phase jumps so
that there is a constant phase course. The total ampli-
tude and phase uncertainty thus consists of the dark sig-
nal, the measurements, and the calibration.

RESULTS

Dark Signal

The dark signal reflects the frequency characteristic
of the electronic fluctuations of the complete system
without light. The phase is affected by noise over the
total range of [–π, π]. Towards 1000 MHz the ampli-
tude increases slightly with some characteristic peaks
in the spectrum, the phase jitter diminishes a little.
These are systematic errors and are caused by the mod-
ulation input of the laser acting more and more as an
emitter with the frequency increasing. Therefore, the

Fig. 2. Experimental setup for scanning amplitude and phase measurement.
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detection system is subjected to an electromagnetic dis-
tortion by the RF signal.

Homogeneous Part of Phantoms

The frequency behavior of amplitude and phase is
represented in Figs. 3a and 3b. With increasing modu-
lation frequency, the amplitude decreases, and the
phase starts increasing approximately linearly with the
modulation frequency with a slight saturation to higher
frequencies.

In our experiments, the positioning error is on the
order of micrometers and can therefore be neglected.
The amplitude noise is almost constant but shows a
slight increase with frequency (Fig. 3c). The phase
noise increases to higher frequencies, about nearly pro-
portionally to σA/A or to an exponential fit (Fig. 3d).
Thus, our experimental data rather correspond to the
theoretical results predicted by Toronov et al. in Eq. (2).

The amplitude SNR in Fig. 4a decreases somewhat
faster than the best fit by the amplitude according to (4).
There seems to be a maximum around 200 MHz. The
phase SNR clearly rises with frequency (Fig. 4b). It
shows some kind of saturation above 800 MHz. The

product of phase and amplitude fitted in these data
shows a maximum around 900 to 1000 MHz.

Scanning the Edge

Approaching the totally absorbing edge at scanning
the phantom, the normalized amplitude Anorm =
A/max{A} starts getting smaller and drops behind the
edge (Fig. 5a). In the curves, no clear dependence on
frequency is visible up to 1000 MHz. While the phase
gets smaller close to the edge, it quickly rises behind it.
The minimum is a few millimeters before the edge.
With the frequency increasing, in the shifted phase
Φshift = Φ – Φx = 0 a more distinct minimum and a
steeper increase behind the edge can be seen (Fig. 5b).

The phantoms with increased scattering or absorp-
tion in the layer, respectively, show that the amplitude
drops a little towards and behind the edge due to the
increased attenuation and the phase increases or
decreases, respectively. The contrast is calculated by
taking the signal difference at 10 mm before and 10 mm
behind the edge. The dependence on the frequency is
depicted in Fig. 6. The data seems to be very noisy
above 400 MHz, but these deviations show a structure
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in the frequency spectrum and are probably caused by
electromagnetic RF distortion from the RF laser modu-
lation. Nevertheless, the trend of the data shows that
amplitude contrast is almost constant and nearly the
same for the absorbing and scattering layer. In phase,
the contrast is positive for scattering and negative for
the absorbing layer. The absolute values increase with
the frequency. The contrast at the scattering layer is a
little higher than at the absorbing one.

The CNR of the amplitude decreases with increas-
ing frequency in the same fashion for both inserted
planes. The absolute value of the phase CNR increases
with the frequency but also behaves very noisily above
400 MHz.

DISCUSSION

Signal and noise analysis show that both amplitude
and phase show some kind of maximum in SNR,
around 200 MHz for amplitude and above 800 MHz in
phase. In former studies, in which we used stronger
scattering and less absorbing phantoms, we found dif-
ferent SNR characteristic in amplitude and phase: both
showed a maximum around 200 MHz [23]. Consider-

ing the SNR, Toronov et al. investigated changes due to
absorbing inhomogeneities in the human brain by
Monte Carlo simulation. 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 of changes due to absorbing inho-
mogeneities regresses steadily to high frequencies.
When detecting scattering inhomogeneities, however,
the phase SNR reaches a maximum at about 500 MHz.
The amplitude SNR falls off steadily.

In PDW transillumination, amount and the fre-
quency characteristic of amplitude damping and phase
depend on the optical properties. Therefore, it is not
surprising that studies with different optical properties
show different characteristic and different frequencies
with optimal SNR. Scanning of the edge shows a char-
acteristic signal response. The contrast analysis for
detection of small layers with doubled absorption or
scattering compared to the bulk medium shows differ-
ent behaviour for amplitude and phase. Contrast in
amplitude seems to be the same for absorption and scat-
tering perturbation. It shows no clear frequency depen-
dence, whereas amplitude CNR clearly decreases
toward higher frequencies. However, phase contrast
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and CNR clearly increases with frequency having
opposite sign for the absorbing and scattering layer. In
the investigated frequency range, phase CNR is well
below amplitude CNR and reaches 1 at higher frequen-
cies only. Therefore, at low frequencies, sensitivity is
better in the amplitude signal, whereas phase gets more
sensitive with higher frequency. Characterization of the
kind of perturbation is better in phase than in ampli-
tude.

CONCLUSIONS AND OUTLOOK

The frequency dependence of noise and SNR in our
frequency domain experiments are in good agreement
to theoretical predictions. Amplitude and phase SNR
have maximum values but at opposite sites of the fre-
quency range from 100 MHz to 1 GHz covered in our
measurements. The characterization of perturbations is
better in phase signal than in amplitude whereas ampli-
tude CNR and therefore the sensitivity is better in the
amplitude signal. Here we see the same trend in the fre-
quency characteristic as for signal-to-noise analysis,
i.e., better phase CNR and worse amplitude contrast
toward higher frequencies.

We conclude that, for PDW imaging, in general it
would be useful to choose a single frequency around
500 MHz, not too low for good phase signal and not too
high for high amplitude SNR. For enhanced imaging

results, it would be better to use at least two frequencies
for separated amplitude and phase analysis.

For imaging of finger joints and particularly for
tomographic reconstruction of the optical properties in
finger joints, the use of both amplitude and phase
should decisively improve sensitivity and contrast com-
pared to conventional intensity measurements. Future
experiments with phantoms providing in more detail
the anatomic structure and specific optical properties of
finger joints should show how sensibly a frequency
domain reconstruction method is to spatial changes of
the optical properties as they occur in joint diseases.
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