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bstract. We report the first path-length-resolved perfu-
ion measurements on human skin measured with a
hase-modulated low-coherence Mach-Zehnder interfer-
meter with spatially separated fibers for illumination and
etection. Optical path lengths of Doppler shifted and un-
hifted light and path-length-dependent Doppler broaden-
ng of multiply scattered light from skin are measured from
he Doppler broadened interference peaks appearing in
he power spectrum. Perfusion and its variations during
cclusion are measured in real time for a given optical
ath length, and the results are compared with the perfu-
ion signal obtained with a conventional laser Doppler
erfusion monitor. © 2007 Society of Photo-Optical Instrumentation En-
ineers. �DOI: 10.1117/1.2823141�
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The poorly established and biologically uncertain scatter-
ng and absorption properties of tissue often complicate non-
nvasive optical diagnosis in turbid tissues. For instance, in
aser Doppler perfusion monitor �LDPM�, the mean number
f interactions with red blood cells depends on the paths tra-
ersed by the detected photons as they penetrate the tissue,
nd perfusion values averaged over different and basically
nknown path lengths are measured.1 The depth of light pen-
tration in the tissue depends on the wavelength of the light
ource, the distance between the transmitting and receiving
bers, and the optical properties of the tissue. This depen-
ence leads to uncertainties in interpreting the Doppler shifted
nd nonshifted fraction of photons and also in discriminating
he fraction of light scattered from superficial �nutrient� and
eeper �thermoregulatory� layers of skin. As such, depth-
esolved perfusion information could be obtained by multi-
avelength systems,2–4 by varying the distance between trans-
itting and receiving fibers,5 or by using a multichannel laser
oppler probe.6 A multiwavelength laser system relies on

hort wavelength lasers, which are bulky, expensive, and dif-
cult to stabilize.4 An alternate approach to depth discrimina-

ion based on coherence modulation of semiconductor lasers
as presented using the variable coherence properties of the

emiconductor laser.7 In this technique, they exploited dra-
atic variations in effective coherence length properties of
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certain types of laser diodes by simply regulating the input
drive current to these devices. For a long coherence length, all
photons interfere, while for a short coherence length only
photons with almost the same path length will interfere. This
will relatively suppress the deep photons, since the �few� deep
photons will only interfere with the few deep photons but not
with the �many� shallow photons. However, these methods
still give no control over the optical path length traveled by
the detected light.

Detection of multiple scattered light and its Doppler spec-
tra as a function of path length may result in more quantitative
and reliable tissue structural and functional information. Path-
length-resolved photon intensity, and the associated Doppler
spectra on completely dynamic media, can be measured using
low coherence interferometry.8–11 Path length distributions in
almost static and mixed static-dynamic media can be mea-
sured by modulating the optical path length in the reference
arm.12 This will enable path-length-resolved measurements in
mixed media such as tissue perfused with blood. Furthermore,
we validated the optical path length distributions and path-
length-dependent diffusion broadening of multiple scattered
light with Monte Carlo simulations, and diffusive wave spec-
troscopy, respectively.13

In this study, we show the first results on path-length-
resolved laser Doppler perfusion measurements in skin. For a
given optical path length, perfusion was measured in real time
before, during, and after an occlusion of the upper arm. In all
measurements, perfusion was measured simultaneously with a
conventional LDPM.

We use a fiber optic Mach–Zehnder interferometer with a
superluminescent diode �Inject LM2-850, �=832 nm,
��FWHM=17 nm, coherence length LC=18 �m� that yields
2 mW of power from the single-mode pigtail fiber as the light
source. We use a single-mode fiber �mode field diameter
=5.3 �m, NA=0.14� for illumination and multimode graded-
index fiber �core diameter=100 �m, NA=0.29� for detec-
tion with a center-to-center separation of 300 �m. The use of
multimode fiber provides a large detection window with a
small modal dispersion. The reference beam is polarized using
a linear polarizer and the phase is sinusoidally modulated at
6 kHz using an electro-optic broadband phase modulator
�New Focus Model 4002� with a peak optical phase shift of
2.04 radians applied to the modulator, so that the power spec-
trum contains interference peaks at both the phase modulation
frequency and higher harmonics. The AC photocurrent is
measured with a 12-bit analog-to-digital converter �National
Instruments�, sampling at 40 kHz, averaged over 1000 spec-
tra, and was measured in steps of 200 �m in air.12–14

The fundamental output quantity of a LDPM is the first
moment of the power spectrum P��� of the detector signal; in
general, the i’th moment is being defined as

Mi =�
a

b

P����id� . �1�

Here a and b are device dependent low and high cut-off fre-
quencies. With i=0, a quantity is obtained that is proportional
to the concentration of moving red blood cells, while i=1
describes red blood cell flux, which is the product of concen-
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ration and the root mean square of the red cell speed, at least
or low blood concentrations.15 The conventional LDPM
PF5000, Perimed AB, Sweden� uses a laser diode �780 nm�
s the light source, a bandwidth of 20 Hz to 13 kHz �a and b
n Eq. �1��, and a time constant of 0.2 s was used for moni-
oring. The fiber optic probe �Probe 408, standard probe� con-
ists of two spatially separated fibers �core diameter
125 �m, NA=0.37� with a center-to-center separation of
50 �m.

Optical path length distributions are obtained by adding
he areas of all interference peaks �after subtraction of the
ackground noise, and within a bandwidth of ±2 kHz around
ll center frequencies� in the power spectrum. The area of the
oppler broadened peak, excluding the statically scattered

ight contribution at the interference peaks, forms an estima-
ion of the amount of Doppler shifted light at that specific
ptical path length. The average Doppler shift corresponding
o the Doppler shifted light is calculated from the weighted
rst moments �M1 /M0� of the heterodyne peak at the modu-

ation frequency, after correction for the homodyne signal
rom the sample arm �skin� and for the reference arm noise �in
bandwidth of 50 Hz to 2 kHz close to the phase modulation

requency and its higher harmonics, indicated by a and b in
q. �2��.

Mi = �
j=1

3 �
j�m+a

j�m+b

P����� − j�m�id� . �2�

Path length distribution measurements were performed on
he skin of the dorsal side of the right forearm of a dark-
kinned healthy human volunteer in the sitting position. The
ber optic probe was inserted into a probe holder �PH 08� that
as attached to the skin with a double-sided adhesive tape.
he subject rested approximately 10 min prior to the mea-
urements. For monitoring the perfusion changes in real time,
he signal was sampled at 40 kHz for 2.6 s to get an average
f 100 spectra. Simultaneous measurement of perfusion was
erformed with the PF5000 at a position approximately 3 cm
istant to the probe of the low coherence interferometer. The
erfusion was recorded for 30 s before occlusion, 90 s during
cclusion, 105 s between occlusions, a second occlusion for
nother 90 s, and final measurements for 30 s.

We observed that during the arterial occlusion, the broad-
ning of the interference peaks resulting from the Doppler
hift imparted by the moving red blood cells to the multiply
cattered photons is reduced, whereas the area of the peaks,
hich represents the intensity of detected photons within a

ertain optical path length, does not change. The intensity of
oppler shifted and nonshifted photons measured in skin as a

unction of optical path length are shown in Fig. 1. The frac-
ion of Doppler shifted photons and nonshifted photons aver-
ged over the entire optical path length measured from the
espective areas of the optical path lengths are 22 and 78%,
espectively. As shown in Fig. 1, the weighted first moment

M1 /M0 of the Doppler shifted light, which represents the av-
rage Doppler shift, increased with the optical path length due
o the greater probability of interaction of photons with mov-
ng scatterers for large optical path lengths.

Figure 2 shows the perfusion signal measured in skin in
eal time for an optical path length difference of 1.7 mm in
ir. The occlusion results in the suppression of mean flow
ournal of Biomedical Optics 060508-
velocity of red blood cells to nearly zero values �biological
zero�. The flux of red blood cells �Fig. 2, left, bottom� and the
Doppler-shifted fraction of photons are reduced due to occlu-
sion �Fig. 2, left, top�. Since the realization of occlusion takes
some time, the perfusion decreases gradually and finally drops
to biological zero values. After the occlusion is released, the
perfusion signal increases above the normal value, an effect
called postocclusive reactive hyperemia �PORH�. PF5000
traces recorded with a time constant of 0.2 s are averaged for
the same measurement time used in our measurements
�2.6 s�. Real-time measurements performed with our setup
show similar trends as the perfusion readings measured with
the PF5000. However, smoother perfusion signals are shown
from the PF5000 compared to the fluctuating perfusion signal
obtained with our LCI set up. Although the mean depth is of
the order of 1 mm, in PF5000, perfusion values averaged over
all optical path lengths are measured, which often spans a
range of zero to 5 mm. In our setup, the coherence length of
the light source acts as a bandpass filter in selecting the pho-
tons that have traveled a specific optical path length �for in-

Fig. 1 Intensity of Doppler-shifted, nonshifted photons and the aver-
age Doppler shift as a function of optical path length measured in
skin.

Fig. 2 Real-time monitoring of perfusion measured with our setup
�left� for an optical path length of 1.7 mm and simultaneous measure-
ments with PF5000 �right�.
November/December 2007 � Vol. 12�6�2
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tance, 1.7 mm� in the skin with a tolerance of ±50 �m, as
efined by the path length resolution of the setup. Hence, in a
DPM, due to the large coherence length of the light source,
ore photons are involved in the interference process, leading

o a large signal-to-noise ratio of the raw signal, and a more
table estimation of its spectral moments. The lowest value
ecorded with PF5000 is relatively lower during occlusion,
nd the PORH peak with LDPM is shorter in time than with
CI. These variations could result from the fact that both

echniques probe different positions �spatial separation of
cm� and our probe measures physiological perfusion in the

uperficial layers �with an optical path length of 1.7 mm�
ompared to the perfusion averaged over all path lengths and
epths. Also, we only have heterodyne detection, while in
DPM the signal power spectrum is composed of mutual in-

erference of the Doppler-shifted and nonshifted light detected
rom the tissue. Temporal resolution of 2.6 s makes it difficult
o follow all physiologic changes, such as cardiac cycle and
eactive hyperaemia responses. During occlusion, the ob-
erved discrepancy between the calibrated zero of the instru-
ent �PF5000� and the “biological zero” level is attributed to

he fact that though the blood perfusion is arrested by the
nflated cuff, minor Doppler components are recorded by the
nstrument due to the no-flow laser Doppler signal from va-
omotion, Brownian motion from within the vascular com-
artment and of macromolecules in the inter- and intracellular
uids, and the effects of cuff compression.16 The zero on the
ertical scale �Fig. 2, left� represents the calibrated instrumen-
al zero of our instrument. The offset between the perfusion
eadings during occlusion and the calibrated zero of LCI rep-
esents the perfusion signal corresponding to the biological
ero for an optical path length difference of 1.7 mm. The
owest value recorded with LCI during occlusion is relatively
igher compared to PF5000. With an optical path length dif-
erence of 1.7 mm, perfusion from superficial layers is only
easured. Due to the smaller and more shallow measurement

olume in LCI for an OPL of 1.7 mm, the maximum perfu-
ion within the probed volume is smaller, since fewer vessels
re probed. Hence, the maximum perfusion value is relatively
ower, which makes the minimum perfusion value during oc-
lusion relatively larger.

In this work, we have presented the first path-length-
esolved Doppler measurements of multiply scattered light
rom skin, using a phase-modulated low coherence Mach-
ehnder interferometer with spatially separated fibers for illu-
ination and detection. Optical path length distributions of
ultiply scattered light, spanning a range of 0 to 5 mm, have

een measured. The path-length-resolved perfusion measured
n real time with our setup, for an optical path length of
.7 mm, and its variations during artery occlusion, showed
orrelation with the perfusion signal measured using a con-
ournal of Biomedical Optics 060508-
ventional LDPM. The Doppler-shifted fraction of photons,
which is related to the blood volume and the flux of red blood
cells measured from the first moment, are decreased during
occlusion. In general, the path-length-resolved perfusion mea-
surements presented here will overcome the influence of pho-
ton path lengths on the measured perfusion signal, and make
it possible to perform depth-resolved perfusion measure-
ments. Also, our method allows us to discriminate between
the Doppler-shifted and nonshifted fraction of photons in the
detected photodetector signal. Further in vivo studies were
performed to measure the variations in perfusion to external
stimuli, inter-and intraindividual variations in optical path
lengths and path-length-resolved Doppler shifts, and to com-
pare these results with the perfusion signal measured with a
conventional LDPM. These results will be reported separately
in the near future.
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