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Abstract. A time-resolved optical instrument allowing for noninvasive
assessment of cerebral oxygenation is presented. The instrument is
equipped with picosecond diode lasers, fast photodetectors, and time-
correlated single photon counting electronics. This technology en-
ables depth-resolved estimation of changes in absorption and, in con-
sequence, assessment of changes in hemoglobin concentrations in the
brain cortex. Changes in oxyhemoglobin �HbO2� and deoxyhemoglo-
bin �Hb� can be evaluated selectively in extra- and intracerebral tissue
compartments using the moments of distributions of times of flight of
photons measured at two wavelengths in the near-infrared region. The
combination of the data acquired from multiple sources and detectors
located on the surface of the head with the depth-resolved analysis,
based on the moments, enables imaging of cortex oxygenation. Re-
sults of the tests on physical phantoms as well as in vivo validation of
the instrument during the motor stimulation experiment are
presented. © 2007 Society of Photo-Optical Instrumentation Engineers.
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Introduction

bsorption of light in human tissues is relatively low in the
ear-infrared wavelength region. Thus, light from this so-
alled “biological optical window” can penetrate even several
entimeters into the tissue. However, high scattering at these
avelengths causes optical transmission/reflectance measure-
ents to have a limited spatial resolution. On the other hand,

ifferent spectral properties of oxy- and deoxyhemoglobin
easurements of the tissue absorption at several wavelengths

llow for estimation of tissue oxygenation.1,2 This functional
nformation may be important for clinical assessment of oxy-
enation of the brain,2–4 muscles,5,6 or for detection of breast
umors.7

Recently it has been shown that the spatial resolution of
ear-infrared spectroscopy �NIRS� can be improved by appli-
ation of modern measurement techniques. Frequency- and
ime-domain techniques were developed and applied in many
IRS studies. These methods are based on the emission of

ntensity modulated light or picosecond light pulses into the
issue. The specific advantage offered by these techniques is
hat they allow for direct measurement of mean photon path-
ength and the estimation of absolute concentrations of chro-

ophores. In the frequency-domain technique, analysis of the
hase shift between the initial wave and the light detected on
he surface of the tissue is carried out.8 The phase shift is
irectly related to the mean time of flight of photons. In time-
esolved near infrared spectroscopy �TRNIRS�, emission of
hort �picosecond� light pulses and the analysis of the broad-
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ening of the pulse during its travel between the points of
emission and detection is performed.9,10

NIRS has been successfully applied in the analysis of brain
oxygenation in neonates and infants.11,12 In such cases the
influence of the extracerebral tissue �skin, skull� on the signals
measured is small, and it can be neglected. Because of the
small size of the head, even the tomographic reconstruction of
absorption and the reduced scattering coefficient in the brain
tissue can be obtained.13–16 Application of frequency- or time-
resolved NIRS is beneficial, especially when the head of an
adult is examined and a depth-resolved analysis of the hemo-
globin concentration changes must be applied to estimate oxy-
genation of the brain tissue with higher accuracy. Recently,
the time-domain method has been shown to allow for evalu-
ation of changes of the optical properties, as well as changes
of oxy- and deoxyhemoglobin concentrations with depth
discrimination.17,18

Measurements of brain oxygenation changes caused by
neuronal stimulus are often challenging because of the diffi-
culties in determining the location of the focal point of stimu-
lation on the surface of the cortex. In particular, proper posi-
tioning of the optode on the surface of the head is important
when oxygenation changes are observed in neurophysiologi-
cal experiments, i.e., during motor or visual stimulations. The
NIRS technique has been extensively tested in monitoring
changes of brain oxygenation in acute stroke,19 during hypo-
thermic heart surgery,20 and in carotid artery
endarterectomy.21 Moreover, NIRS has been applied to esti-
mate brain perfusion by analysis of the inflow and the wash-
out of the optical contrast agent.22–24 In all these applications,
1083-3668/2007/12�3�/034019/14/$25.00 © 2007 SPIE
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large number of the emission and detection points located
n the surface of the head can be applied. In consequence, the
hanges of brain oxygenation and/or perfusion can be imaged,
nd the ischemic areas can be localized. Several optical sys-
ems allowing image changes of brain oxygenation have been
roposed. Continuous wave,25–27 frequency-domain,28,29 and
ime-domain30–34 systems have been reported.

We present a time-resolved optical instrument that allows
or noninvasive assessment of oxygenation of the brain cor-
ex. The depth-resolved changes in oxy- and deoxyhemoglo-
in levels can be calculated using the moments of distribu-
ions of times of flight of photons �DTOFs� measured at two
avelengths in the near-infrared region. The instrument is

quipped with picosecond diode lasers, fast photodetectors,
nd time-correlated single photon counting electronics. The
ombination of data from multiple sources that are switched
equentially and detectors distributed on the surface of the
ead, with the depth-resolved analysis based on the moments
f DTOFs, enables imaging of cortex oxygenation.

Methods
.1 Instrumentation
he TRNIRS system we developed is shown in Fig. 1. It
onsists of two semiconductor diode lasers and eight detection
hannels with time-correlated single photon counting elec-
ronics.

A laser diode driver �PDL 808 Sepia, PicoQuant, Berlin,
ermany� and two semiconductor laser heads operating at
avelengths of 832 and 687 nm were used. Light pulses from
oth diodes were generated with the repetition rate of
0 MHz. The light pulse trains from both diodes were shifted
n time by half of the repetition period. This temporal shift
llowed us to analyze distributions of times of flight of pho-
ons at both wavelengths. To introduce laser light from the

ig. 1 Time-resolved NIR topography system for cerebral oxygenation
nd SW2 are 1:9 optical switches, PMT is the photomultiplier tubes,
ingle photon counting.
wo laser heads into two optical fibers, an adjustable optical

ournal of Biomedical Optics 034019-
setup with a 50:50 glass beam splitter �Thin Film Imaging
Technologies, Incorporated, Greenfield, Massachusetts� was
constructed. After splitting the beams from the two lasers, the
light pulses are delivered sequentially to 18 locations on the
head �nine per each hemisphere� by using two optomechanical
switches �Piezosystem jena, GmbH, Jena, Germany�. The
switches are controlled with the PCI board NI-DAQ 6221
�National Instruments, Austin, Texas� at a switching fre-
quency of 10 Hz. The switching time is less than 5 ms. The
tips of the output fibers from the switches are positioned in a
3�3 array on each hemisphere, and they are located directly
on the surface of the head, together with the detecting fiber
bundles. An optode holder was constructed using a thermo-
plastic material �WFR/Aquaplast Corporation, Wyckoff, New
Jersey�, soft rubber, and Velcro strips �Figs. 2�a� and 2�b�� to
fix the source fibers and the detecting bundles. For every
source-detector pair, the interoptode distance is 3 cm. Differ-
ent sizes of the optode setups allowed us to fix the fibers and
bundles on heads of different sizes.

The diffusely reflected light was delivered to the detectors
using 1.5-m-long fiber bundles with a diameter of 4 mm and
NA=0.54 �Loptek, Berlin, Germany�. Eight photomultiplier
tubes �R7400U-02, Hamamatsu Photonics, Japan� were used
for detection of the diffusely reflected light. Each photomul-
tiplier was located separately in the electrically shielded box,
together with the high voltage unit and preamplifier. The
power of the light delivered to photomultipliers was adjusted
by the neutral density filters located between the fiber bundles
and the detectors. Independent PCI boards with time-
correlated single photon counting electronics �SPC-134,
Becker and Hickl, Berlin, Germany� were used for acquisition
of distribution of times of flight of photons. Recording of
DTOFs was triggered by the 10-Hz generator, which synchro-

g. SEPIA is the laser diode driver, LH1 and LH2 are lasers heads, SW1
is the preamplifiers and TCSPC is the PCI boards for time-correlated
imagin
AMP
nously controlled the optomechanical switches. To avoid data
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cquisition during the switching period, the trigger signal
rom the generator was delayed by 5 ms.

The software for acquisition of distribution of times of
ight of photons was developed in the LabView v.7 environ-
ent �National Instruments�.
The instrumental response function was measured by po-

itioning the source fibers in front of the detecting bundles.
he detecting bundles were covered with a sheet of white
aper to fill up the whole numerical aperture of the bundle.35

he instrumental response function as measured for every
ource-detector pair at both wavelengths was not longer than
00 ps �full width at half maximum �FWHM��. The measure-
ent system in the presented configuration allows us to

ecord distributions of times of flight of photons for 32
ource-detector pairs corresponding to 32 “banana” volumes,
orming a 4�4 array on each hemisphere. The acquisition of
TOFs starts after the switching period is finished, and for

very location of the source it is completed within 95 ms.
arallel acquisition of the two 4�4 spot maps takes about
.9 s.

.2 Data Analysis
or analysis of the measured data, algorithms based on a
athematical model of the light transport in the turbid
edia36 and a method of depth discrimination using moments

f the DTOFs18 were implemented. To separate information
rom the extra- and intracerebral layers of the head, so-called
ensitivity factors were computed from the model of light
ropagation in the tissue. These sensitivity factors bind the
alculated statistical moments of DTOFs with the changes in
he absorption coefficient at different depths in the tissue un-
er investigation.17,18,37

The phenomena of light propagation in the turbid medium
an be described by the time-dependent diffusion

38,39

ig. 2 Photography of �a� the optode holders of different size fixed on
b� the head of the manniquin.
quation. The photon fluence rate ��r , t� as a function of

ournal of Biomedical Optics 034019-
time t and position in the tissue described by vector r depends
on the optical properties of the medium:

1

c

�

�t
��r,t� − D�2��r,t� + �a��r,t� = S�r,t� , �1�

where S�r , t� describes the photon source, c is the velocity of
the light in the medium, D is the diffusion coefficient D
= �3�s��−1, �a is the absorption coefficient of the medium, and
�s� is the reduced scattering coefficient.40,41

By solving this equation for the semi-infinite, homogenous
medium, assuming a delta Dirac light source pulse, diffuse
reflectance Rh�� , t� can be derived as a function of time t and
distance � between the source and the detector38:

Rh��,t� = ��s��
−1�4�Dc�−3/2t−5/2 exp�−

�2

4Dct
− �act� .

�2�

Equation �2� describes light propagation in the medium with
absorption and the diffusion coefficient distributed homog-
enously over the whole volume. When a change of absorption
coefficient ��a appears in a small inclusion of a sampling
volume dVS inside the investigated medium in a location de-
fined by vector r, the time-dependent change of diffuse reflec-
tance �R�r ,� , t� on the surface of the medium at source-
detector separation � can be calculated:

�R�r,�,t� = − ��adVS���r,t� � E�r,�,t�� , �3�

where � means operation of convolution. Function � de-
scribes the time-dependent fluence rate of photons in the me-
dium at the location r. E is the escape function, which de-
scribes the probability that the photon emitted from location r
will reach the detector at distance � from the source
position.36

Distributions of times of flight of photons R diffusely re-
flected from the medium with the inclusion located at r can be
then calculated using the formula:

R�r,�,t� = Rh��,t� + �R�r,�,t� . �4�

Normalized moment of order k of the distribution R�t� is de-
fined by:

mk =�
0

�

tkR�t�dt��
0

�

R�t�dt . �5�

Changes in these moments of theoretical DTOFs caused by
local changes of absorption ��a in a sampling volume dVS
located at r can be calculated using the formulas18:

�A = − log� Ntot

Ntoth
� , �6�
�	t
 = 	t
 − 	t
h, �7�

May/June 2007 � Vol. 12�3�3



w
t
p
q

u
c
a
t
t
m
t

F
t
s
M
e

0
t
f
1
a
i

t
t
n
f
m
t

t
v
t
m
m
u

s
o
t
t
l
m

Kacprzak et al.: Time-resolved optical imager for assessment…

J

�V = V − Vh, �8�

here �A is the change in attenuation, Ntot=�0
�R�t�dt is the

otal number of photons, 	t
=m1 is the mean time of flight of
hotons, and V=m2−m1

2 is the variance of the DTOF. The
uantities with index h refer to a homogeneous medium.

Furthermore, the obtained changes in the moments can be
sed in the calculation of sensitivity factors describing
hanges of the moments �attenuation, the mean time of flight,
nd the variance of the DTOF� caused by changes of absorp-
ion in defined small volume dVS indexed by i. These sensi-
ivity factors, called the mean partial pathlength �MPP�, the

ean time sensitivity factor �MTSF�, and the variance sensi-
ivity factor �VSF�18 are:

MPPi =
�A

��a,i
, �9�

MTSFi =
�	t

��a,i

, �10�

VSFi =
�V

��a,i
. �11�

or the analysis of the in vivo data, it has been assumed that
he medium can be simulated by a layered structure with the
ensitivity factors for the layers obtained by summing up

PPi, MTSFi, and VSFi in volumes corresponding to extrac-
rebral and brain tissues.

Particularly, the medium was divided into voxels of size
.2�0.2�0.2 cm. The sensitivity factor of the extracerebral
issue was obtained by the integration of five layers of voxels
orming the tissue compartment of thickness 1 cm. The next
5 layers were assumed to correspond to intracerebral tissue,
nd the sensitivity factors for this layer were calculated by
ntegration of these layers.

The proposed method of calculation of the sensitivity fac-
ors by using the diffusion approximation is much faster than
he Monte Carlo algorithm described in Ref. 18. Unfortu-
ately, this method can only be used to calculate sensitivity
actors with the assumption that initially the medium is ho-
ogeneous, and it gives significant errors in the vicinity of

he source and the detector positions.
To provide the background optical properties for calcula-

ions of the sensitivity factors used for the analysis of the in
ivo data, �a and �s� were evaluated from the measurement of
he DTOFs on the head of the subject. The method of

oments42 was used to obtain the optical properties of the
edium with the assumption of homogeneity of the tissue

nder investigation.
In Ref. 18 the authors used changes in the moments mea-

ured at four interoptode separations for estimation of changes
f the absorption coefficient in ten layers of the tissue. Unfor-
unately, our imaging system does not allow for a multidis-
ance time-resolved measurement. Thus, we used the calcu-
ated sensitivity factors together with changes in three
oments measured at a single interoptode distance to estimate

ournal of Biomedical Optics 034019-
changes of the absorption coefficient in two layers of the me-
dium �corresponding to extra- and intracranial tissue� accord-
ing to the algorithm proposed in Ref. 18.

A system of equations with two unknowns: ��a1 in the
superficial layer and ��a2 in the deeper layer, and three
knowns represented by changes in three moments of DTOFs,
together with their sensitivity factors for each layer, was
solved using the least squares method.

Changes of absorption coefficient ��a,j in the two layers
�indexed by j� were estimated at two wavelengths. These
changes are related to the changes in concentrations of oxy-
and deoxyhemoglobin ��cHbO2

and �cHb, respectively�:

��a,j��� = 	HbO2
��� · �cHbO2j + 	Hb��� · �cHbj , �12�

where 	HbO2
��� and 	Hb��� are the molar extinction coeffi-

cients of oxy- and deoxyhemoglobin, respectively. The molar
extinction coefficients were taken from spectra published by
Wray et al.43

For every measured DTOF, background subtraction and
correction for differential nonlinearity of the TCSPC electron-
ics were performed. In calculation of the moments, integration
was carried out for that part of the DTOF in which the number
of counts dropped below 1% of its maximum value.

3 Results of the Phantom Experiments
3.1 Liquid Phantom
Stability, accuracy, and linearity of the imager were tested.
The protocols used were similar to those proposed by the
European Network MEDPHOT �optical methods for medical
diagnosis and monitoring of diseases�.44 For this purpose, the
physical, liquid phantom was constructed allowing for simul-
taneous data acquisition from 32 source-detector pairs. A fish
tank was filled with a solution of milk �3.5% fat� and water
�3:1�, with black ink �Rotring, Germany� added to obtain op-
tical properties in the range of the optical properties typical of
living tissue. All the optodes at the two source-detector arrays
were placed on the same surface of the phantom to provide
measurements in semi-infinite geometry and to obtain the
same homogenous conditions for all the measured source-
detector pairs. The optodes were located not closer than
10 cm apart from the walls of the fish tank, which minimized
influence of ambient light or interactions of photons with the
walls.

3.2 Stability of the Apparatus
32 DTOFs corresponding to all source-detector pairs were
measured during 90 min just after switching on all the sub-
units of the system. This test was repeated five times on con-
secutive days, on the liquid phantom described before. Typi-
cal time courses of the moments of DTOFs recorded during
these experiments are presented in Fig. 3.

For the total number of detected photons Ntot and for vari-
ance V in Fig. 3, a warm-up time necessary to avoid the low
frequency drift was about 40 min. After this time, Ntot and V
were stable, and the fluctuations of these signals were not
larger than ±2%. The mean time of flight of photons pre-
sented in line �b� in Fig. 3 demonstrates a drift even after
1.5 h. This effect was caused by the time drift of the laser

44
pulses, and it had a relatively low influence on the measured

May/June 2007 � Vol. 12�3�4
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hanges in the mean time of flight and the changes of the
bsorption coefficient in shorter time periods. Unfortunately,
his drift caused errors when the optical properties in absolute
alues were calculated. To minimize this error, the measure-
ents of the absolute values of the absorption and scattering

oefficients should be performed after a very long warm-up
ime �3 h� when the drift of the mean time of flight did not
xceed 10% per 1 h.

The noise level of the measurement was also evaluated by
alculation of the coefficient of variation of the moments of
TOFs for all the source-detector pairs. Coefficients of varia-

ions �CV� of the moments of DTOFs �see Fig. 4� were de-
ned as the ratios of standard deviation and the mean value:

CV�x� =

�x�
	x


* 100 % . �13�

he calculated coefficients of variations of the moments
howed that, for a typical range of number of counted photons
er second �from 30,000 to 2,000,000�, the noise level was
ower than 1%. For the variance, the noise level was higher,
nd it reached a few percent for a low number of the counted
hotons.

To prove the accuracy and linearity of the imager, phantom
xperiments were carried out with different absorption coeffi-
ients of the liquid. This experiment was carried out after a
ery long warm-up time period �3.5 h� to ensure small errors
esulting from the drift of the laser pulses. Statistics of the
esults of absorption and the reduced scattering coefficients
�a and �s�� measured in 32 source-detector pairs are pre-
ented in Fig. 5. Both coefficients were calculated from the
oments of DTOFs with the method described by Liebert et

l.42 The inaccuracy of the measurements of �a and �s� be-
ween all 32 measured spots did not exceed 18% for both
oefficients in the worst cases. The error of the measurement
ncreased with the ink concentration in the phantom because
f the lower number of detected photons during the 60-s-long

ig. 3 Stability of the system, presented as the moment time courses
fter switching on the system: �a� Ntot is the total number of photons,
b� mean time of flight of photons 	t
, and �c� variance V of the DTOF.
ata acquisition period.

ournal of Biomedical Optics 034019-
3.3 Depth Sensitivity
To validate depth sensitivity of the constructed imager, the
local change of the optical properties in the phantom was
introduced using a 2-mm-diam plastic black ball immersed
into the liquid and fixed using a transparent, thin fishing line
�diameter of 0.2 mm�. It was assumed that the absorption
coefficient of this small inclusion was very high and that the
ball did not scatter the light. The surface of the black ball was
rough, but it was possible that some light could be reflected
from that surface. The depth of the ball immersion in the
liquid was changed from 0.5 up to 3.5 cm with a step of
0.5 cm. The reduced scattering coefficient ��s�=7.0 cm−1�
and the absorption coefficient ��a=0.12 cm−1� of the me-
dium were estimated by calculating the moments of the mea-
sured DTOFs as it was proposed in Ref. 42. The source-
detector distance was 3 cm, thus the whole measurement area
was approximately 8.5�8.5 cm2 with a 4�4 pixel resolu-
tion. Changes in the moments of DTOFs obtained after im-

Fig. 4 Coefficients of variation �CV� of the moments of the DTOFs
versus number of photons collected. Statistics for all 32 source-
detector pairs are presented: �a� total number of photons Ntot, �b�
mean time of flight of photons 	t
, and �c� variance V of the DTOF.
Black dots represent a mean value, starlets stand for minimum and
maximum values of CV from all source-detector pairs.
mersion of the black ball, at various depths, were related to

May/June 2007 � Vol. 12�3�5
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he measurement in homogenous medium without this inclu-
ion. The results of Ntot /Ntot0, �	t
, �V for 4�4 pixels for
ix depths are presented in Fig. 6.

Changes in the moments of DTOFs were visualized for
arious locations of the ball in respect to the array of the
ptodes. In a series of experiments, the ball was located di-
ectly below the detecting bundle, directly below the source
ber, in a middle position between the two sources and two
etectors, and in the middle between the source fiber and the
etecting bundle.

It should be noted that the contrast in the Ntot /Ntot0 images
apidly decreases with the depth of the location of the inclu-
ion, whereas the contrast decrease for �	t
 and �V is much
lower. It can be also pointed out that an inclusion located
uperficially causes an increase of the mean time of flight and,
hen the inclusion is located deeper, the decrease of the mean

ime of flight occurs. A similar effect can be noted on the

ig. 5 Estimated absorption �a and reduced scattering �s� coefficients
tandard deviation, and maximum and minimum values calculated
epresent standard deviations of calculated coefficients; a horizontal
aximum and minimum levels.
aps obtained by the analysis of variance of the DTOFs. Ad-

ournal of Biomedical Optics 034019-
ditionally, a difference in the size of the inclusion positioned
at locations different in respect to the array optodes can be
noted.

The noted differences in the size and contrast of the inclu-
sion, as provided by the images of the different moments, are
related to a higher depth and longitudinal sensitivity of the
mean time of flight and variance of DTOF to the changes of
the absorption coefficient, as compared to the sensitivity of
Ntot.

18,45 The changes in the moments as a function of the
depth, obtained for inclusions located between the source and
the detector �case presented in Fig. 6�a��, are presented in Fig.
7�a�. The total number of photons showed the highest sensi-
tivity to the absorbing inclusion located superficially, but it
decreased rapidly with the depth. On the contrary, the mean
time of flight and, to an even higher extent, the variance,
shows a high sensitivity to absorption of an inclusion posi-
tioned deeply. Moreover, changes in variance are positive

concentration of the black ink in a 25% water solution. Mean value,
e full set of 32 source-detector pairs are presented. The rectangles
side rectangle is the median value; and vertical whiskers represent
versus
for th
line in
when a change of absorption appears in superficial layers, and

May/June 2007 � Vol. 12�3�6
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ig. 6 Maps of the moments of recorded DTOFs from the liquid phantom with the absorbing inclusion located at various positions in respect to the

rray of optodes.
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hey become negative when the absorbing inclusion is located
eeper. A similar phenomenon can be observed for the sensi-
ivity factor curves as a function of depth �see Fig. 7�b��.

Results of the In Vivo Experiment
o check the features of the system in the in vivo measure-
ents on the human head, several tests with volunteers during

unctional motor stimulation were performed. 15 healthy sub-
ects, the mean age of 30 years �nine females and six males�
ere examined. Before the experiment, all the volunteers
ave informed consents.

The motor cortex stimulation was carried out by a volun-
ary middle and index finger tapping with the thumb in a
elf-paced mode at a frequency of about 3 to 4 Hz. The vol-
nteer was examined in a comfortable sitting position, and the
ptode arrays were fixed on the head using flexible Velcro
trips. For every source fiber and detecting bundle, the hair
as removed carefully from the space between the skin and
ber/fiber bundle tip. The source fibers and fiber bundles were
xed in a stand that was positioned over the subject’s head to
void bending in the holder and movement of the fibers tips.
he optode arrays were positioned on the head in such a way

hat the source detector, in pair 10, on the left hemisphere and
espectively in pair 27 on the right hemisphere �see Fig. 8�

ig. 7 Sensitivities of moments of DTOFs to the absorbing perturbatio
ompared with �b� sensitivities of moments estimated theoretically fo
uide readers’ eyes.
atched the C3 and C4 locations �according to the 10-20

ournal of Biomedical Optics 034019-
EEG system� corresponding to the position of the motor area.
The finger tapping experiment lasted up to ten minutes and

was performed in a dark room. For all 15 subjects, two ex-
periments were carried out. 20 cycles of 15-s long left-hand
finger tapping was followed by 15 s of rest, and then the same
experiment was repeated after 5 min of rest with the right-

ed at different depths in the medium. �a� Results of measurements are
sponding optical properties of the medium. Lines are shown only to
n locat
r corre
Fig. 8 The locations of source-detector pairs �1÷32� on the head.

May/June 2007 � Vol. 12�3�8
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and finger tapping. The subjects were instructed visually and
y sound commands to start and finish the task.

The recorded DTOFs were analyzed by calculation of their
oments for both wavelengths. For every subject, the signals

f the moments were averaged synchronously with the cycles
f the finger tapping.

As an example, results of the motor stimulation experiment
or one selected subject, averaged changes in Ntot, 	t
, and V
or the selected emitter detector pair placed above the stimu-
ated area are presented in Fig. 9. The vertical lines mark the
eginning and end of the finger tapping period. In the subject
tudied, a typical change with the opposite polarity of the
ignal measured at the two wavelength appears in the mean
ime of flight and variance. These opposite changes in the

otor cortex activation are caused by changes of the absorp-
ion coefficients at two wavelengths. During the finger tap-

ig. 9 Results of the motor stimulation experiment for one selected
ubject. Time courses of changes of moments of the DTOFs averaged
ver all cycles of finger tapping: �a� Ntot /Ntot0 are the changes in total
umber of photons, �b� �	t
 is the changes in mean time of flight of
hotons, and �c� �V is the changes in variance of the DTOF. Changes
n moments are monitored at two wavelengths 687 nm �gray line� and
32 nm �black line�. Vertical lines mark the beginning and end of the
nger tapping task.
ing task, the concentration of oxyhemoglobin increases and

ournal of Biomedical Optics 034019-
the concentration of deoxyhemoglobin decreases. The total
absorption coefficient at 832-nm wavelength increases and the
mean time of flight and variance decreases, respectively. On
the other side of the isobestic point at 687 nm, the opposite
phenomenon was observed. The trend in the Ntot courses was
probably caused by the systemic changes in the blood flow
during the finger tapping or by movement artifacts.27 Similar
trends of changes of moments were observed in most of the
investigated subjects. The optical studies of motor-evoked re-
sponse are often characterized by a change in blood volume
rather than a significant change in oxygenation. If the blood
volume increases due to a sudden inflow of oxygenated blood
to the stimulated cortex area, then the absorption will increase
at wavelengths located on both sides of the isobestic point.
This effect may cause the observed drop of total number of
photons at both wavelengths used in our investigations �Fig.
9�a��.

Using the data analysis algorithms and theory described, a
separation of information originating from the intra- and ex-
tracerebral layers was performed. Reconstructed signals of the
changes in concentration of oxy- ��cHbO2

� and deoxyhemo-
globin ��cHb� in the intracerebral layer during the right-hand
finger tapping task are presented in Fig. 10. Positioning of
subplots presented in Fig. 10 correspond to the positioning of
source-detector pairs according to the array shown in Fig.
8�a�. In the left hemisphere, a distinct increase of �cHbO2

and
a decrease of �cHb can be observed. A minor contralateral
response of the motor cortex can also be observed.

Minor responses to the motor stimulation can be also noted
in the whole image. These responses can be explained by the
systemic responses or by cross talk effects, which cannot be
avoided in the data analysis process. Inaccuracy of the results
can appear because of the assumption on the thickness of the
extracerebral tissue layer. Another source of errors is the as-
sumption on homogeneity of the tissue used in calculation of
the sensitivity factors.

Time courses of �cHbO2
and �cHb presented in Fig. 10

were obtained in one selected subject. In most of the investi-
gated volunteers, much of the same trends were observed.

A sequence of images of �cHbO2
and �cHb during the mo-

tor cortex activation for both hemispheres is presented in Fig.
11.

The response of the motor cortex for the finger tapping
task is clearly visible on the contralateral side. An increase of
oxyhemoglobin is combined with a decrease of deoxyhemo-
globin. A minor response to the motor stimulation can be
observed in the whole monitored region of the tissue and also
in the ipsilateral site of the brain.

5 Discussion and Conclusions
Near-infrared spectroscopy enables us to assess the brain oxy-
genation level in clinical conditions at bedside. In recent
years, this method has been intensively explored by many
research groups. Continuous wave, frequency domain, and
most advanced time domain systems were used with various
values of wavelengths in the near-infrared region. For evalu-
ation of hemodynamics of the whole cortex regions �i.e., mo-
tor and visual cortex�, multidetector systems were developed.
A review of the NIRS imaging systems used in the experi-

46–55
ments on adult heads is presented in Table 1.
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Optical imaging systems developed in recent years have
een used in many phantom studies and in vivo applications.
n several reports, the authors used optical imaging systems
or tissue phantom studies,30,56 measurements on neonates,13,57

nd on animals.58–60 Comparison and review of these instru-
ents can be found in Refs. 61 and 62. The systems presented

n Table 1 were successfully applied to evaluate human brain
emodynamics in adults, particularly during the functional ac-
ivation.

In the last few years, most up-to-date systems have been
quipped with time-resolved data acquisition. Most of the ad-
anced instruments based on time-resolved spectroscopy are
quipped with a large number of source-detector pairs, and 1
o 3 wavelengths are used.

The original construction based on the intensified charge-
oupled device �CCD� is limited only to one wavelength and
nalysis of the time windows.33,55 Most of the time-domain
ystems that have recently been constructed are based on the
CSPC technique for recording distributions of time of flight
f photons. An interesting solution to increase the number of
etecting channels by providing four-anode photomultipliers
nd routing signals from them was proposed by the group
rom Politechnico di Milano, which applied only four TCSPC
oards.34,54 However, such a procedure leads to a decrease of
he number of photons collected in individual channels in pro-
ortion to their number, which decreases the signal-to-noise
atio.

The design of the instrument reported here is based on the
dea realized in Physikalisch-Technische Bundesanstalt in
erlin,53 in which four independent TCSPC channels were
sed with four photomultipliers and with a 1�9 fiber switch
o deliver the light pulses into nine points on the tissue under
nvestigation. In such a solution, one map consists of 16
ource-detector pairs for each of three wavelengths, and it can
e recorded in less than 1 s. The time-domain imager de-
cribed in the presented study is an extension of this design.
e construct a system with eight independent TCSPC chan-

els, which enable us to measure optical signals with very
igh photon count rates compared to the solutions where sig-

ig. 10 Time courses of reconstructed changes in oxy- �black line� an
ertical line marks the beginning and end of the right-hand finger tap
d deoxy- �gray line� hemoglobin in the �a� left and �b� right hemisphere. A
ping task.
al routing is applied. The time-resolved multichannel system

ournal of Biomedical Optics 034019-1
Fig. 11 Maps of oxy- and deoxyhemoglobin during the motor cortex
stimulation experiment �LH being the left hemisphere and RH the
right hemisphere�. During the right-hand finger tapping task, the
changes in chromophore concentration appear on the opposite

hemisphere.
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s developed for diffuse optical topography of the adult human
rain cortex oxygenation. The instrument allows for time-
esolved measurements in a set of 32 source-detector pairs on
he human head at two wavelengths. The instrument is

ounted in a trolley �h=140 cm, w=120 cm, d=60 cm�,
nd it can be easily transported within the hospital and used in
linical settings for monitoring of the brain function at bed-
ide.

In the choice of wavelengths, the spectral properties of
xy- and deoxyhemoglobin43 are considered. In recent studies
t has been shown that two wavelengths are sufficient for an
ccurate estimation of the changes in hemoglobin
oncentrations.27,63,64 We use wavelengths located on both
ides of the isosbestic point, at which the extinction coeffi-
ients of both hemoglobins are equal. A compromise is
eeded to choose proper wavelengths, considering the prop-
rties of photodetectors available for detection of diffusely
eflected light with/over large interoptode distances. Above
50 nm, the sensitivity of the photomultiplier tubes becomes
problem, and for short wavelengths �below 650 nm� absorp-

ion of light in tissue caused by hemoglobin is very high.
hese technical drawbacks and limitations, together with the
nalysis of recent studies on the cross talk of hemoglobin
oncentration calculation using attenuation of the optical
ignals65,66 and availability of wavelengths of picosecond la-
er diodes, prompted us to choose these wavelengths. The
avelengths that we adapt to our system—687 and
32 nm—fit with the sensitivity characteristics of the photo-

Table 1 Basic technical data of the optical syste

Ref. Group

46 to 49 Hitachi, Japan

25 and 26 Martinos Center for Biomedical
Imaging, Boston

50 and 51 Charite, Berlin, Germany

28 University of Pennsylvania,
Philadelphia

52 University College London

53 Physikalisch-Technische
Bundesanstalt, Berlin, Germany

34 and 54 Politechnico di Milano, Milan,
Italy

33 and 55 Martinos Center for Biomedical
Imaging, Boston

Present
study

Institute of Biocybernetics and
Biomedical Engineering, Warsaw,

Poland
ultipliers tubes that we used, and are optimal to assess the

ournal of Biomedical Optics 034019-1
changes in concentrations of oxy- and deoxyhemoglobin in
the tissue.27,63,64 The measurements at two widely spaced
wavelengths �687 and 832 nm� cause the volume of sampled
tissues to be different due to differences in optical properties
at these wavelengths. This difference in sampling volume may
lead to uncertainty of calculated changes of oxy- and deoxy-
hemoglobin concentration for inhomogeneous tissue struc-
tures.

The analysis of the recorded curves, using the calculation
of moments of DTOFs, allows us to evaluate the changes in
oxy- and deoxyhemoglobin with depth discrimination, and it
can be used for monitoring of the patient’s cerebral hemody-
namics in clinical settings.

The theoretical analysis of light propagation in tissue is
carried out with the use of diffusion approximation, and the
moments of distributions of times of flight of photons. This
analysis allows for a depth-resolved estimation of changes of
the absorption coefficient, and finally, estimation of changes
in oxygenation in intracerebral tissues.

The accuracy, stability, and linearity of the developed sys-
tem are verified using the technical test based on the protocols
provided by MEDPHOT.44 Standard deviation of the absorp-
tion coefficient measured at 32 source-detector pairs is about
5%. The signal-to-noise ratio analysis shows that for count
rates used typically in in vivo experiments, the coefficient of
variation is below 1% in all the calculated moments of
DTOFs.

The signal-to-noise ratio of the calculated moments de-

d for brain imaging in adults.

rces/
ectors

Continuous
wave/

frequency-
domain/

time-
domain Wavelengths

/8 CW 780 and 830 nm

/16 CW 690, 830, and 780 nm

/7 CW 760 and 850 nm

/4 FD 780 nm

/4 CW 785 and 850 nm

/4 TD 687, 803, 826 nm

/16 TD 690 and 820 nm

/18 TD–
gating

One wavelength
tuned in range
750 to 850 nm

8/8 TD 687 and 826 nm
ms use

Sou
det

8

8

8

9

8

9

18

32

1

creases with the order of the moment and is the poorest in
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ignals representing the changes in variance. This phenom-
non is related to the small number of late photons
etected.42,67 The signal-to-noise ratio can be improved by the
ncrease of the number of photons that arrive to the photode-
ector, which can be potentially increased by increase of the
ower of the laser source, but such a solution needs an appli-
ation of high power lasers and is restricted by ethical issues.
nfortunately, the number of photons escaping from the tis-

ue at large source-detector separations is very limited. Addi-
ionally, the high frequency pulses from the photomultiplier
annot be processed by time-correlated single photon count-
ng electronics because of the appearance of the pile-up effect.
onsidering these limitations, in the depth-resolved recon-

truction of oxy- and deoxyhemoglobin, a low noise level of
oments �in particular 	t
 and V� is needed, and the count

ates should be as high as possible.
For validation of the depth sensitivity of the instrument

nd the data analysis procedures, a liquid physical phantom is
onstructed in which the local absorption inclusion is located
t various depths. This local change of absorption is simulated
y the black plastic ball. Analysis of the recorded data con-
rms that the time-resolved measurement allows us to differ-
ntiate information from intra- and extracerebral tissues. The
easured distributions of times of flight of photons are ana-

yzed using their moments �attenuation, the mean time of
ight, and variance�. It has experimentally been confirmed

hat these moments of the DTOFs are differently sensitive to
he changes appearing in the superficial and deeper tissue lay-
rs. In particular, it is noted that an increase in absorption of
he superficial layer leads to an increase of 	t
 and V, whereas
n increase of absorption in the deeper layer causes a decrease
f both these moments. These phenomena may be very useful
n analysis of the responses caused by the cerebral functional
timulation. During such stimulations, a certain systemic in-
rease of oxygenation can be expected in both intra- and ex-
racerebral tissues. This increase should be discriminated from
he increase of oxygenation caused by the neuronal activation
riginating from the stimulated cortical area. The systemic
ncrease of absorption may potentially cause an increase of 	t

nd V originating from superficial tissues, which is superim-
osed with the corresponding decrease of the moments origi-
ating from the brain cortex. This superposition could lead to
suppression of the influence of the systemic stimulation of

ignals of the moments �	t
 and V� measured, and thus to a
ore adequate contrast of changes of absorption caused by

he neuronal stimulation reflected in these moments.
The results of the stimulation of the motor cortex by the

nger tapping task shows that the higher moments �	t
 and V�
llow us to image changes in the motor cortex area caused by
he functional stimulation with better contrast than the attenu-
tion data. In attenuation signals, nonphysiological responses
re present, which are manifested as synchronous drops of the
umber of photons at both wavelengths used. These responses
re present in all the optode positions on the head and can be
onnected with the movement artifacts, which are difficult to
void during finger tapping. Such problems tend to disappear
hen the mean time of flight or variance of DTOF is consid-

red.
The constructed instrument demonstrates relatively good
roperties when compared with other time-resolved spectros-

ournal of Biomedical Optics 034019-1
copy systems used in experiments on adults. The time-
correlated single photon counting method with the indepen-
dent acquisition channels allows us to measure DTOFs with
high count rates of the detected photons �more than 1.5 mil-
lion per second at one wavelength�. This characteristic of the
system allows us to switch the source position without a sig-
nificant decrease in the signal-to-noise ratio.

Our future work will focus on further testing of the system
on more realistic tissue phantoms as well as on comparison of
the time-resolved optical imager with other imaging modali-
ties, i.e., single photon emission computed tomography
�SPECT� and functional magnetic resonance imaging �fMRI�
in clinical settings. We also will consider an application of the
presented imager in measurements with exogenous dye.
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