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Bilateral prefrontal cortex oxygenation responses
to a verbal fluency task: a multichannel time-resolved
near-infrared topography study
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Abstract. The letter-fluency task-induced response over the prefrontal
cortex is investigated bilaterally on eight subjects using a recently
developed compact, eight-channel, time-resolved, near-IR system.
The cross-subject mean values of prefrontal cortex oxygen saturation
(SO2) were 68.863.2% (right) and 71.063.6% (left), and of total he-
moglobin concentration (tHb) were 69.669.6 mM (right) and 69.5
69.9 mM (left). The typical cortical activation response to the cogni-
tive task [characterized by an increase in oxyhemoglobin (O2Hb)
with a concurrent decrease in deoxyhemoglobin (HHb)] at each mea-
surement point is observed in only four subjects. In this subset, the
amplitude of the O2Hb increase and HHb decrease is uniform over
each prefrontal cortex area and comparable between the two hemi-
spheres. These findings agree with previous studies using continuous
wave functional near-IR spectroscopy and functional magnetic reso-
nance imaging, therefore demonstrating the potential of a time-
resolved spectroscopy approach. In addition, a significant increase in
SO2 levels was observed in the right (1.160.5%) compared to left side
of the prefrontal cortex (0.960.5%) (P50.005). A different pattern of
cortical activation (characterized by the lack of HHb decrease or even
increased HHb) was observed in the remaining subjects. © 2005 Society
of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1851512]

Keywords: near-infrared spectroscopy; time-resolved spectroscopy; brain; verbal
fluency task; cortical activation.
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1 Introduction
Starting almost 27 years ago with the pioneering work of
Jobsis,1 noninvasive near-IR spectroscopy~NIRS! was ini-
tially employed to investigate brain oxygenation in neonates
and adults both experimentally and clinically, and later to as
sess muscle oxidative metabolism in pathophysiology~for re-
views see Refs. 2–4!. In spite of the powerful, high-cost tools
for human brain mapping such as positron emission tomogra
phy ~PET! and functional magnetic resonance imaging
~fMRI !, since 1993,5–7 functional NIRS~fNIRS! using a con-
tinuous wave~cw! has been largely used to investigate func-
tional activation of the human cerebral cortex~for reviews see
Refs. 8–11!. fNIRS enables investigation~without discomfort
and interference related to the intrinsic limitations of PET and
fMRI ! of regional changes in oxyhemoglobin(O2Hb) and
deoxyhemoglobin~HHb! concentration in small vessels in-
cluding capillary, arteriolar, and venular beds of the brain cor-
tex.

The physiological significance of increasedO2Hb and de-
creased HHb on cortical activation has been extensively in

Address all correspondence to Valentina Quaresima, University of L’Aquila, De-
partment of Biomedical Sciences and Technologies, 67100 L’Aquila, Italy. Tel:
39-0862-433516; Fax: 39-0862-433433; E-mail: vale@univaq.it
011012Journal of Biomedical Optics
-

vestigated in a rat brain model12 and in humans.13 O2Hb is the
most sensitive indicator of changes in cerebral blood flow a
the direction of the changes in HHb is determined by t
degree of venous blood oxygenation and volume. In addit
studies combining either PET or fMRI with fNIRS have dem
onstrated that changes in oxygenation~reflecting the dynamic
balance between oxygen supply and oxygen consumpti!,
measured by fNIRS, correspond to signal intensity increa
detected by fMRI~Refs. 14–16! and PET~Refs. 17 and 18!.

To date, the most common approach of fNIRS is to m
sure light attenuation at two wavelengths between a pai
optical fibers set normal to the tissue surface at a known r
tive distance, to assume a fixed value of the scattering co
cient (ms8), and, by applying the Lambert-Beer law, to trac
the relative concentration changes in HHb andO2Hb. This
rather straightforward technique has been developed o
time, resulting in instruments that operate at more wa
lengths, with multiple-source and/or multiple-detector geo
etries. In particular, this latter feature offers the possibility
simultaneously probe different tissue regions to produce fu
tional maps.
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Quaresima et al.
In the last 7 yr, multichannel fNIRS systems have been
developed and tested to provide spatial maps19 ~with a spatial
resolution of about 0.5 cm! of changes in oxygenation in fron-
tal, temporal, parietal, and visual cortical areas following dif-
ferent stimuli.20–24 In particular, the prefrontal cortex~the an-
terior portion of the frontal lobe! and the frontal lobe~the
front part of the brain involved in planning, organizing, prob-
lem solving, selective attention, etc.!, both involved in higher
cognitive functions and in the determination of the personal
ity, have been studied using various neuropsychological tes
including mental calculation tasks, continuous performance
task, Wisconsin Card Sorting task, color-word matching
Stroop task, etc.25–44

Another cognitive paradigm known to activate the prefron-
tal cortex is the verbal fluency task~VFT!. The VFT is a
neuropsycological task that enables assessment of the su
ject’s ability to retrieve nouns based on a common criterion
The letter fluency version is based on a phonological criterion
that requires the subject to pronounce as many words as po
sible beginning with a certain letter. Performances have bee
regarded to be mainly associated with frontal lobe function
particularly the left hemisphere.45 During the execution of
VFTs, maximum task-induced activation was observed in the
left frontal regions, particularly in the left middle prefrontal
girus and/or left inferior prefrontal girus using different meth-
ods including133Xe inhalation method,46 fMRI ~Ref. 47!, PET
~Ref. 48!, and single-photon emission computed
tomography49 ~SPECT!. Some authors,50–53using fMRI, have
reported task-induced bilateral activation, particularly in the
dorsolateral prefrontal and posterior parietal cortex.

To date, few fNIRS data about the prefrontal and frontal
lobe involvement during VFT@using one/two-channel cw NIR
(NIRcw) systems! are available.26,30,36,43The prefrontal cortex
of both hemispheres was activated by the VFT, i.e.,O2Hb
increased and HHb decreased significantly with respect to th
corresponding baselines. Using multichannel fNIRS on both
hemispheres, a significant increase inO2Hb not accompanied
by a decrease in HHb was found;44 conversely, a significant
increase inO2Hb accompanied by a decrease in HHb was
found in another study.38

The results of these fNIRS studies confirm that the perfor
mance of the VFT leads to the activation in specific areas o
the prefrontal cortex, without revealing a left lateralized acti-
vation. On the other hand, there is no strong evidence that c
fNIRS is sufficiently sensitive to reveal HHb changes, con-
ventionally detected by fMRI.

The key limitations of the cw fNIRS technique are the
coupling between the absorption and scattering coefficient
(ma ,ms8) resulting in the lack of quantitative assessment, sen
sitivity to artifacts and experimental conditions. A possible
way to uncouplema from ms8 is based on the use of sinusoi-
dally modulated laser sources, and on the measurement
signal phase and amplitude changes induced by propagatio
The frequency-domain~FD! technique extracts both the mean
ms8 and ma of the probed medium provided that a nontrivial
calibration of collection efficiencies is performed. This ap-
proach has been successfully applied to measure tissue ox
genation, and has led to the first identification of a rapid
change inms8 following a cerebral stimulus.54 The dual ap-
proach is the study of photon migration in the time domain
011012Journal of Biomedical Optics
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and was first introducedin vivo by Chance et al.55 and Delpy
et al.56 Furthermore, the temporal dispersion of a short la
pulse traveling through a diffusive medium can provide bo
the meanms8 andma using a proper model of photon migra
tion. In the past, the cost, size, and complexity of the tim
resolved reflectance spectroscopy~TRS! instrumentation have
prevented this technique from being effectively employed
study tissue oxygenation.

We have recently reported the development of a comp
multichannel TRS tissue oximeter57 (NIRTRS). This system
operates with two wavelengths, two injection points, and ei
independent collection points, and has a typical acquisit
time of 166 ms. Considering the controversial cw fNIRS r
sults concerning the effects of the VFT on the prefrontal c
tex, the aim of this study was to use our eight-channelNIRTRS
system to further investigate bilateral effects of the VF
induced response within the prefrontal cortex.

2 Methods
2.1 System Setup
A compact two-source eight-channelNIRTRS system was em-
ployed in this study. A pair of semiconductor pulsed las
~PDL, Picoquant, Germany!, working at 685 and 780 nm
with an 80-MHz repetition rate and a 1-mW average pow
were used as light sources. Multimode graded-index fib
~50/125mm! of different lengths and a fiber optics integrate
device~VIS/NIR 232 fused splitter, OZ Optics, Canada! were
used to multiplex in time the output pulses of the two las
heads so as to create two independent injection points. A c
pact 16-anode photomultiplier~R5900-01-L16, Hamamatsu
Japan! integrated with a 16-channel router~PML-16,
Becker&Hickl, Germany! and a PC board~SPC-630,
Becker&Hickl, Germany!, for time-correlated single-photon
counting ~TCSPC!, were used to detect and acquire tim
resolved reflectance curves. Due to 20% optical cross
among adjacent channels, only 8 out of 16 channels were u
by placing optical fiber on odd channels~1,3,5,...,15!. In this
configuration, the crosstalk was lower than 3%. The typi
measurement time for the parallel acquisition of time-resolv
curves from the 8 channels was 166 ms~6 Hz!. A detailed
description of the system is reported elsewhere.57 In the most
severe configuration for TCSPC, the maximum count r
should not exceed83105 photons/s~i.e., 0.01 photons de-
tected per signal period with a 80-MHz repetition rate lase!.
Furthermore, the TCSPC board we employed in this study
125-ns dead time~equivalent to a maximum acquisition fre
quency of 8 MHz! and a minimum acquisition time of 0.1 ms
Taking into account that the typical count rate from biologic
tissues is less than106 photons/s, the combination of the la
sers and the TCSPC board sets no practical limits to the
tection of photons in TRS.

2.2 Data Analysis
Simultaneous estimation ofms8 and ma can be achieved by
best fitting time-resolved reflectance curves with a stand
model of diffusion theory.58 Therefore, to reduce dispersion o
the fitted absorption coefficient values, we employed
modified Lambert-Beer law.59 First, for each wavelength, a
reference time-resolved reflectance curveR0(r,t,l) was de-
rived by averaging the curves corresponding to an initial re
-2 January/February 2005 d Vol. 10(1)
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Bilateral prefrontal cortex oxygenation responses . . .
ing period~typically 0.5 min!. Fitting of R0(r,t,l) yielded a
reference absorption valuema0(l), thenDma(l), the varia-
tion from the reference value, was derived according to

ma~l!5ma0~l!1Dma~l!, ~1!

Dma~l!52
1

vt
lnF R~r,t,l!

R0~r,t,l!G . ~2!

Improvement over the standard methods was more effec
tive when the absorption was high. In this condition, standard
fitting with the nonlinear least-squares methods yielded high
dispersion in the fitted data.60 A fitting range from 80% of the
peak of TRS curve in the leading edge and 1% in the trailing
edge of the TRS curve was chosen to estimatema0(l). For
the estimation ofDma(l) from Eq. ~2!, the fitting range was
70 to 1% of both limits in the trailing edge, so as to enhance
the contribution of late photons rather than early photons.

Assuming that O2Hb and HHb are the major chro-
mophores that contribute to tissue absorption, their respectiv
concentrations are easily derived using the extinction
coefficient.61 Indeed water absorption in this spectral region is
much lower than hemoglobin absorption.61 A constant absorp-
tion ~30%! was attributed to water and subtracted fromma

prior to calculation of HHb andO2Hb concentration. The total
hemoglobin concentration(tHb5O2Hb1HHb) and tissue
oxygen saturation(SO25O2Hb/tHb, in percent! could then
be derived.

During data analysis an integration time of 1 s was used to
increase the SNR. This operation consisted in summing si
time-resolved reflectance curves, each of which was acquire
with a measurement time of 166 ms. After fitting the time-
resolved reflectance curves, a 5-s average was applied to t
data~i.e., data in Figs. 2 to 5 in Sec. 3 are represented with a
effective sampling time of 5 s!. Note that TCSPC uncertainty
~i.e., the standard deviation over the average! in the estimation
of ma is dramatically reduced when sampling time is aug-
mented~either directly by incrementing the acquisition time,
or indirectly by summing up several time-resolved reflectance
curves acquired with a shorter acquisition time! since the total
number of photons per curve is increased.

2.3 Subjects
Eight normal, right-handed, healthy volunteers~34.668.7 yr!
participated in this study. Informed consent was obtained
from each subject after a full explanation of the nature of the
procedure to be used and the noninvasiveness of the stud
Throughout the study, subjects were lying on a comfortable
bed in a quiet room. Right-handedness was evaluated by th
Edinburgh Inventory of Handedness.62 Cardiac frequency was
monitored by a pulse oximeter~N-200; Nellcor, Puritan Ben-
nett, St. Louis, Missouri! with the sensor attached to the index
finger of the right hand. The heart rate did not vary between
the pretask and the task periods in all subjects~data not
shown!.

2.4 Verbal Fluency
A 2-min letter version of the VFT was adopted in this study.30

Following a 2-min baseline~with eyes closed!, subjects~pre-
liminarily instructed properly! were asked to produce~overt
011012Journal of Biomedical Optics
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speech! as many nouns as possible beginning with the lett
‘‘S,’’ ‘‘P,’’ ‘‘F,’’ and ‘‘C’’. Each letter was acoustically pre-
sented every 30 s. No repetitions or proper nouns were
mitted. Correct verbal responses were recorded for each
ject. As a control task, subjects were requested to listen
2-min story.

The optical probe was placed over the head to cover
underlying prefrontal cortex and was centered~according to
the international 10–20 system for the EEG electrode pla
ment! at the Fp1 and Fp2 for left and right sides, respectiv
~Fig. 1!. The frontal sinuses are located slightly below t
lines between Fp1/Fp2. Only in some cases, the lines ove
the upper edge of the sinus. Therefore, the influence of
frontal sinuses on the NIRS measurements was consid
negligible. The source-detector distance was 3 cm. No do
ward sliding of the fiber holders was observed at the end
the measurements in any subject.

Custom-made fibers holders were designed to keep fib
normally to the forehead by black plastic hollow tubes. Ho
ers were kept in place on the head of the subject by biadhe
tape. The minimum distance between the light source loca
on the left~right! forehead and detectors placed over the rig
~left! forehead was 5 cm, to avoid crosstalk between opt
signals detected simultaneously in the two areas.

2.5 Statistics
Changes~D! in SO2 , tHb, O2Hb, and HHb measured on th
prefrontal cortex during the VFT were calculated by the d
ference between the rest condition~mean value over the 1.5
to 2-min baseline! and the end of the VFT~mean value over
the last 30 s!. The means and standard deviations ofSO2 ,
tHb, O2Hb, and HHb values within left and right prefronta
cortex were determined separately and compared.

Fig. 1 Schematic representation of the optical probe and the eight
measurement sites over the prefrontal lobe. The optical probes were
centered at the Fp1 and Fp2 (according to the international 10–20
system for the EEG electrode placement) for the left (L) and right (R)
sides (LS and RS), respectively. The source-detector distance was 3
cm.
-3 January/February 2005 d Vol. 10(1)



C

s

e
r

-

a

s

r

r

t

-
S
nd

d

ub-
s

cts,
In

ery
d at

side
5

n
-

d-

eous

y

pre-
he
ha-
h
tiv-

een
ler
sk-
ns
-
as

the
er,
has
re-

y
a-
that
ith
ers
ifi-
re-
isu-

Quaresima et al.
Statistics evaluation was carried out using the SPSS P
version 12.0 program~SPSS, Inc., Chicago, Illinois!. Three-
way repeated measures analysis of variance~RMANOVA !
was applied toSO2 , O2Hb, HHb, and tHb as a dependent
variable, with factors of side(d f51, left and right!, measure-
ment point(d f57), and condition(d f51). All three factors
as well as two-way and three-way interactions among factor
were included in the model.

When there was a significant main effect or interaction, we
performed the RM ANOVA. Significant differences were
identified using the Tukey’s honestly significant difference
multiple comparison test. The pairedt test was used to com-
pare theSO2 , tHb, O2Hb, and HHb values corresponding to
each pair of left and right prefrontal cortex positions. The
criterion for significance wasP,0.05.

3 Results
The absolute values~average over the 1.5- to 2-min baseline!
of SO2 , O2Hb, HHb, and tHb for each subject are reported in
Table 1. The baseline values~grand average over the eight
subjects! of O2Hb, HHb, and tHb were homogeneous over the
right prefrontal area. Some differences were found among th
measurement points within the left hemisphere. Grand ave
ageSO2 values of the most lateral measurement points~R4
and L4! were relatively lower than remaining ipsilateral val-
ues. Comparing paired measurements points~grand average
values! in both hemispheres~R1 versus L1, R2 versus L2,
etc.!, no difference was found inO2Hb, HHb, and tHb be-
tween left and right sides. Considering the grand average o
SO2 values, only L3 and L4 significantly differed from corre-
sponding contralateral measurement points(P50.01).

During the VFT, the subjects achieved a mean of 33.5
610.3 number of correct responses for the four letters, show
ing similar performances in each of the four letter conditions
~S57.962.4, P58.663.3, F58.662.6, C58.462.6!.

The response in terms of prefrontal cortical oxygenation
~measured asDO2Hb, DHHb, and DtHb! to the VFT was
variable amongst the subjects investigated. In particular,
typical prefrontal cortex activation response~measured indi-
rectly by fNIRS! upon the VFT was30 observed only in four
~subjects: A, B, C, D! out of the seven subjects~one subjects
was excluded from the data analysis due to motion artifact
during the task!. Figure 2 shows a single individual~subject
A! as a representative of a typical prefrontal cortexDO2Hb,
DHHb, andDtHb response. In this subject,O2Hb started to
increase at the beginning of the VFT to reach a maximum
change within the VFT, and it decreased progressively afte
the end of the task. Concomitantly, HHb decreased~not
specularly! during the VFT, and it did not return to the pretask
value within the observation time. The amplitude of theO2Hb
increase and HHb decrease was not uniform over the fou
measurement points within the right or the left side. The cor-
responding change inSO2 is also reported in Fig. 2.

The larger increase ofSO2 and O2Hb in the right com-
pared to left hemisphere~Fig. 2! was no more evident when
the response at each measurement site was averaged over
four subjects~A to D! ~Fig. 3!.

A significant VFT-mediated effect was found inSO2 (P
,0.001), HHb(P,0.0001), O2Hb(P,0.001), and
tHb(P,0.05) changes. A significant hemisphere-associated
011012Journal of Biomedical Optics
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effect was also observed in bothSO2 (P,0.05) and
HHb(P,0.01), but not in O2Hb and tHb changes. No sig
nificant influence of the measurement point factor on fNIR
parameters was found. In addition, no interaction was fou
between the three factors considered~task, hemispheres, an
eight measurement points!.

The time course of the grand average over the four s
jects of each measured parameter~average of the response
over the four measurement points in the left or right side! is
shown in Fig. 4.

The pattern of theO2Hb, HHb, tHb, andSO2 response to
the VFT was variable among the three remaining subje
with none comparable to that displayed in Figs. 2 and 3.
these subjects, an increase inSO2 , O2Hb, and tHb was ob-
served during the task. Concomitantly, HHb decreased v
rarely and, in most of the cases, did not change or increase
some measurement points. Furthermore, theO2Hb, tHb, and
SO2 amplitude increase was not homogeneous over each
of the prefrontal cortex within the same subject. Figure
shows an individual~subject F! as a representative of a
atypicalDO2Hb, DHHb, andDtHb response over the prefron
tal area. Interestingly these three subjects~E, F, and G! had
the same VFT performances as the others.

In all subjects,O2Hb, HHb, tHb, andSO2 tracings over
the 2-min control task were not different from the correspon
ing baseline tracings.

4 Discussion
Verbal fluency tasks are designed to evaluate the spontan
production of words beginning with a given letter~letter flu-
ency; syntactic or phonetic association! or words beginning to
a given class~category fluency; semantic association!, within
a limited amount of time.45 These letter and category fluenc
paradigms~with a differential brain activation pattern! are fre-
quently used in the assessment of patients with suspected
frontal disorders. Deficits in word retrieval are probably t
most serious impediment to effective communication in ap
sics. Therefore, it is particularly important to identify whic
verbal fluency mechanisms can recover. Regional brain ac
ity during phonological and semantic processing has b
studied using fMRI, PET, SPECT, and transcranial Dopp
sonography. During the execution of the VFT, maximum ta
induced activation was observed in the left frontal regio
particularly in the left middle prefrontal girus and/or left in
ferior prefrontal girus by different methods/techniques such
133Xe inhalation method,46 fMRI ~Ref. 47!, PET ~Ref. 48!,
and SPECT~Ref. 49!. Some authors,50–53 using fMRI, have
reported task-induced bilateral activation, particularly on
dorsolateral prefrontal and posterior parietal cortex. Howev
the category fluency task, and not the letter fluency task,
been reported to provoke a bilateral prefrontal activation
sponse using63 SPECT.

A recent study64 evaluating whether VFT may specificall
induce relatively greater left- than right-hemispheric activ
tion in the dorsolateral prefrontal cortex has demonstrated
the desired effect could be achieved only in individuals w
good performances on the VFT and not by poor perform
who showed marked right-hemispheric activation. A sign
cant bilateral blood flow velocity increase in the middle ce
bral arteries was observed in response to 13 verbal and v
-4 January/February 2005 d Vol. 10(1)



Bilateral prefrontal cortex oxygenation responses . . .
Table 1 Right (R) and left (L) prefrontal cortex SO2 , tHb, HHb, and O2Hb at the eight measurement points.

Subject Parameter R1 R2 R3 R4 L1 L2 L3 L4

A SO2(%) 71.6(0.5) 73.9(0.5) 71.9(0.4) 69.4(0.5) 74.2(0.2) 73.0(0.3) 73.2(0.3) 72.7(0.4)

tHb (mM) 80.3(0.8) 72.3(0.7) 55.6(0.4) 63.4(0.5) 69.3(0.3) 59.2(0.3) 51.2(0.3) 64.5(0.4)

HHb (mM) 22.9(0.3) 18.8(0.2) 15.6(0.1) 19.4(0.2) 17.9(0.1) 16.0(0.2) 13.7(0.1) 17.6(0.2)

O2Hb (mM) 57.5(0.9) 53.4(0.9) 40.0(0.5) 44.0(0.6) 51.4(0.3) 43.2(0.4) 37.5(0.3) 46.9(0.5)

B SO2(%) 73.7(0.3) 72.4(0.3) 68.0(0.5) 65.1(0.7) 75.6(0.3) 73.1(0.3) 74.3(0.3) 73.0(0.4)

tHb (mM) 90.6(0.6) 86.4(0.6) 84.0(0.8) 82.6(0.9) 90.6(0.5) 83.1(0.4) 76.7(0.3) 82.7(0.5)

HHb (mM) 23.8(0.2) 23.8(0.2) 26.9(0.3) 28.8(0.4) 22.1(0.2) 22.3(0.2) 19.7(0.2) 22.3(0.3)

O2Hb (mM) 66.8(0.6) 62.6(0.6) 57.2(0.8) 53.8(1.1) 68.5(0.6) 60.8(0.5) 56.9(0.4) 60.4(0.6)

C SO2(%) 69.2(0.3) 69.8(0.5) 68.4(0.4) 69.0(0.6) 71.0(0.3) 69.1(0.3) 70.6(0.3) 69.7(0.5)

tHb (mM) 85.0(0.5) 77.3(0.6) 72.7(0.5) 72.7(0.7) 83.5(0.3) 77.6(0.5) 73.1(0.3) 71.6(0.4)

HHb (mM) 26.2(0.2) 23.4(0.3) 23.0(0.2) 22.5(0.3) 24.2(0.2) 24.0(0.2) 21.5(0.2) 21.7(0.3)

O2Hb (mM) 58.8(0.5) 53.9(0.8) 49.8(0.5) 50.2(0.8) 59.2(0.4) 53.7(0.5) 51.6(0.4) 49.9(0.6)

D SO2(%) 67.5(0.6) 67.3(0.6) 63.5(0.5) 63.3(0.6) 68.7(0.3) 72.8(0.5) 69.4(1.0) 68.8(0.6)

tHb (mM) 60.9(0.5) 67.6(0.6) 60.4(0.4) 64.5(0.6) 53.4(0.3) 62.9(0.4) 50.5(0.6) 53.8(0.4)

HHb (mM) 19.8(0.3) 22.1(0.3) 22.1(0.3) 23.5(0.3) 16.7(0.1) 17.1(0.3) 15.4(0.4) 18.9(0.2)

O2Hb (mM) 41.1(0.7) 45.5(0.7) 38.4(0.5) 38.1(0.7) 36.7(0.3) 45.8(0.5) 35.0(0.8) 34.8(0.6)

E SO2(%) 61.6(0.7) 71.1(0.7) 67.6(0.7) 63.4(0.8) 69.2(0.4) 69.8(0.6) 70.3(0.5) 66.6(0.6)

tHb (mM) 55.2(0.7) 60.3(1.0) 53.0(0.7) 58.1(0.9) 64.6(0.8) 61.7(1.0) 58.2(0.7) 65.7(1.3)

HHb (mM) 21.2(0.3) 17.4(0.3) 17.2(0.3) 21.3(0.4) 19.9(0.2) 18.6(0.2) 17.3(0.2) 21.9(0.3)

O2Hb (mM) 34.0(0.7) 42.9(1.0) 35.8(0.8) 36.9(1.0) 44.8(0.8) 43.1(1.0) 40.9(0.8) 43.8(1.2)

F SO2(%) 72.0(0.3) 74.9(0.4) 75.3(0.4) 76.0(0.4) 79.1(0.3) 77.4(0.4) 76.4(0.3) 76.6(0.4)

tHb (mM) 44.0(0.3) 63.4(0.6) 65.2(0.7) 69.5(0.6) 58.6(0.4) 70.3(0.4) 63.1(0.3) 72.3(0.5)

HHb (mM) 12.3(0.1) 15.9(0.1) 16.1(0.2) 16.7(0.2) 12.2(0.1) 15.9(0.2) 14.9(0.1) 16.9(0.2)

O2Hb (mM) 31.7(0.4) 47.5(0.6) 49.1(0.8) 52.8(0.7) 46.4(0.5) 54.4(0.6) 48.2(0.3) 55.4(0.6)

G SO2(%) 68.7(0.4) 69.2(0.4) 67.4(0.4) 62.5(0.5) 68.5(0.4) 67.4(0.5) 68.5(0.5) 66.4(0.4)

tHb (mM) 77.4(0.5) 76.5(0.5) 73.1(0.4) 76.7(0.6) 81.1(0.4) 78.6(0.6) 77.8(0.4) 83.8(0.5)

HHb (mM) 24.2(0.2) 23.6(0.2) 23.8(0.2) 28.7(0.2) 25.6(0.3) 25.6(0.3) 24.5(0.3) 28.1(0.3)

O2Hb (mM) 53.2(0.6) 53.0(0.6) 49.3(0.5) 47.9(0.7) 55.5(0.5) 53.0(0.7) 53.3(0.6) 55.7(0.6)
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ospatial tasks by using transcranial Doppler sonography.65

Five verbal tasks showed a significant left-hemispheric later
alization that can best be elicited by linguistic tasks that re
quire active or creative processing of the verbal material suc
as constructing a sentence with given words or retrieving
words. The bilateral increase of blood flow velocity in the
middle cerebral arteries on VFT is consistent with the increas
of O2Hb observed during VFT in this study byNIRTRS and in
other studies using a one-/two-channelNIRcw systems26,30,36,43
011012Journal of Biomedical Optics
and by multichannelNIRcw systems.38,44 Although the in-
crease ofO2Hb on VFT is usually accompanied by a small
decrease in HHb, in our study, this pattern was not obser
in three out of the seven subjects. For this reason the oxyg
ation response to VFT was averaged over four subjects o
~Figs. 3 and 4!. However, the letter version of the VFT
adopted in our study and the recorded number of correct
bal responses were comparable to those reported in a re
study.30
-5 January/February 2005 d Vol. 10(1)
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Fig. 2 Typical topographic presentation of the time courses of DSO2 , DO2Hb, DHHb, and DtHb on VFT over eight measurement sites on the right
(R) and left (L) prefrontal cortex (subject A). Arrangement of results resembles the measurement positions in Fig. 1. Continuous vertical lines indicate
total duration of the VFT, which is in turn subdivided by the three dotted vertical lines in four intervals. Each interval represents the allocated time
for each subject to produce as many nouns as possible beginning with the corresponding reported letter (upper left panel).

Table 1 (Continued.)

Subject Parameter R1 R2 R3 R4 L1 L2 L3 L4

H SO2(%) 66.9(0.4) 69.2(0.3) 67.1(0.4) 64.9(0.6) 65.9(0.3) 68.0(0.4) 67.6(0.3) 65.0(0.4)

tHb (mM) 70.1(0.5) 67.0(0.4) 69.4(0.5) 72.8(0.8) 75.1(0.5) 68.9(0.5) 68.2(0.4) 71.8(0.4)

HHb (mM) 23.2(0.2) 20.6(0.2) 22.8(0.2) 25.6(0.3) 25.6(0.2) 22.0(0.2) 22.1(0.2) 25.2(0.2)

O2Hb (mM) 46.9(0.6) 46.4(0.5) 46.6(0.6) 47.2(0.9) 49.4(0.5) 46.9(0.6) 46.1(0.4) 46.6(0.5)

Grand average SO2(%) 68.963.8 71.062.6 68.763.5 66.764.6* 71.564.4 71.363.4 71.363.1∧ 69.964.0+∧

tHb (mM) 70.4616.0 71.468.5 66.7610.3 70.067.9 72.0612.9 70.368.8 64.9610.9+ 70.869.8

HHb (mM) 21.764.3 20.763.0 20.964.1 23.364.3 20.564.8 20.263.8 18.663.9+ 21.663.8

O2Hb (mM) 48.8612.5 50.766.3 45.767.2 46.466.3 51.569.7 50.166.3 46.267.8+ 49.268.1

The site number referred to is in Fig. 1.
The numbers in parenthesis represent the SD of the mean values of each fNIRS parameter over the corresponding 1.5- to 2-min baseline.
Grand average data are presented as means6SD.
N58.
*Significantly different from R2 (P,0.01).
+Significantly different from L1 (P,0.05).
∧Significantly different from the corresponding contralateral one (P50.01).
011012-6Journal of Biomedical Optics January/February 2005 d Vol. 10(1)



Bilateral prefrontal cortex oxygenation responses . . .
Fig. 3 Topographic presentation of the time courses of DSO2 , DO2Hb, DHHb, and DtHb on VFT over eight measurement sites on the right (R) and
left (L) prefrontal cortex. Arrangement of results resembles measurement positions in Fig. 1, expressed as the average over four subjects. Continuous
vertical lines indicate total duration of the VFT, which is in turn subdivided by the three dotted vertical lines in four intervals. Each interval
represents the allocated time for each subject to produce as many nouns as possible beginning with the corresponding reported letter (upper left
panel).
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With respect to the amplitude of the cortical activation
response between hemispheres, taking into account intersu
jects variability, onlySO2 increase during VFT was signifi-
cantly higher in right~1.160.5%! compared to left prefrontal
cortex ~0.960.5%! (P50.005). The VFT-related change in
the remaining measured parameters(O2Hb, HHb, and tHb, as
reported by other groups30,38! is superimposable over both left
and right sides of the prefrontal cortex~Fig. 4!. Our results
confirm that, in some cases, the oxygenation response to th
VFT is bilateral and symmetrical. Recently, hemodynamic
differences in the activation of the prefrontal cortex during
VFT and attention tasks~letter cancellation and continuous
performance test! have been investigated using43 a two-
channel NIRS. WhileO2Hb bilaterally increased with a con-
current decrease in HHb during the VFT, bothO2Hb and HHb
bilaterally increased during the activation due to the task o
attention. It was suggested that HHb measurement may ther
fore provide an objective index of the subjective effort to pay
attention. The impairment of prefrontal lobe functions has
been repeatedly documented in major psychiatric disorders
with O2Hb increases during VFT significantly lower in asso-
ciation with major depressive disorders and bipolar
disorders.36 This result is not explained by differences of per-
formance, since no difference in the number of words an
swered was found among these three groups. In addition, n
significant difference of HHb response was found.36
011012Journal of Biomedical Optics
-

e

-

,

The different cortical activation pattern observed in thr
out of the seven subjects, characterized by a lack of H
decrease or even an HHb increase during the VFT~Fig. 5!
may be partly explained by the involvement of addition
mechanisms~i.e., of attention, association, etc.! besides the
specific ones for the letter fluency task. In this manner, ot
cortical areas~not under investigation! could have been con
comitantly activated and/or the oxygen consumption in
investigated area could have been higher43 than that one ob-
served in the subjects with an activation response chara
ized by a marked increase inO2Hb and tHb, and a decrease i
HHb. This latter cortical response~found in four out of the
seven subjects!, defined as the typical one, is interpreted a
mismatch between a major increase in the regional cere
blood flow ~and blood volume! and a minor increase in oxy
gen consumption over the activated cortical area.66 On the
other hand, the constant level of HHb~found in most mea-
surement points of three out the seven subjects! could have
resulted from an increase in the regional cerebral metab
rate for oxygen, compensated by an increase in the regi
cerebral blood flow. Therefore, the increase in HHb~found in
some measurement points of three out of the seven subje!
may result from a further increase in oxygen consumpt
with a consequent mismatch between blood flow increase
oxygen consumption increase this time in favor of the lat
one.
-7 January/February 2005 d Vol. 10(1)
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Fig. 4 Grand average over the four subjects of the time course of DSO2 , DO2Hb, DHHb, and DtHb on the VFT. For each subject, the response of
each parameter to VFT is reported as the mean of the responses of four measurement points on the right or the left prefrontal cortex. Continuous
vertical lines indicate total duration of the VFT, which is in turn subdivided by the three dotted vertical lines in four intervals. Each interval
represents the allocated time for each subject to produce as many nouns as possible beginning with the corresponding reported letter (upper left
panel).
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The lack of HHb decrease may be also explained by the
decrease in blood flow velocity probably due to the increase
resistance of the capillary venous wind kessel. Indeed, HHb i
washed out of the activated cortical area faster than it is gen
erated~typical response!, as demonstrated by the increase in
blood flow velocity.65 Another possible reason of a lack of
HHb decrease could be the diverse neuroanatomy of the thre
subjects with respect to the others. Since, in this study th
fNIRS measurements were not combined with those from
MRI or computed tomography~CT!, and/or fMRI, PET, tran-
scranial Doppler sonography, and angiography, it is difficult
to provide a concrete interpretation of HHb behavior in the
three anomalous subjects~E, F, and G!.

In this study, no significant heart rate changes were found
during the VFT. Therefore, during the VFT,SO2 , O2Hb, and
HHb changes observed at each measurement point were tas
related responses and not the consequence of a generaliz
increase in cerebral blood flow, as would be expected in th
case of an increased heart rate.22

A brief summary of current NIRS instrumentation for
muscle and brain studies can be found elsewhere.57 A detailed
review on technological advantages/disadvantages of cw, FD
and TRS instrumentation in fNIRS studies has been reporte
previously.11 Here, we focus on the advantages and/or disad
vantages of using fNIRS in cognitive studies over other func-
tional imaging techniques. First, it is possible to indepen-
011012Journal of Biomedical Optics
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dently quantitate temporal changes inO2Hb, HHb, and tHb.
Furthermore, if TRS or FD are employed,SO2 can also be
estimated, providing a further indicator of brain activatio
Second, there is no noise associated with fNIRS measurem
techniques, whereas noise associated with fMRI could in
fere with auditory stimuli and subject attention levels. Third
high SNR enables the observation of changes in oxygena
even in response to a single trial, as previously show67

Fourth, fNIRS has fewer artifacts due to head motion th
fMRI. Fifth, fNIRS makes it possible to detect overt verb
responses that may provoke artifacts in fMRI. Sixth, fNIR
has a high temporal resolution together with the unique
vantage of being compact and transportable, enabling m
surements in a natural environment. Conditions under wh
tests are performed using fMRI or PET do not fit classic
neuropsychological test conditions, i.e., sitting at a table o
front of a computer screen in a quite room.

On the other hand, fNIRS measurements are restric
mainly to the cortical surface, the spatial accuracy during
cal hemodynamic changes is limited due to the effect of lig
diffusion and the contribution of extracranial artifacts shou
be carefully evaluated.68 A recent study, performed on 17 sub
jects, has demonstrated that in Fp1 the depth of the cor
surface from the skin is69 13.562.2 mm. This means that th
optical path length differs among individuals by about 5 m
-8 January/February 2005 d Vol. 10(1)
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Fig. 5 Topographic presentation of the time courses of DSO2 , DO2Hb, DHHb, and DtHb on VFT over eight measurement sites on the right (R) and
left (L) prefrontal cortex (subject F). Arrangement of results resembles measurement positions in Fig. 1. Continuous vertical lines indicate total
duration of the VFT, which is in turn subdivided by the three dotted vertical lines in four intervals. Each interval represents the allocated time for
each subject to produce as many nouns as possible beginning with the corresponding reported letter (upper left panel).
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Different cortical depths among channels can cause a simila
problem of varying optical path lengths when a large area is
measured by multichannel NIRS. The problems of spatial ac
curacy, signal contamination by superficial fluctuations, and
spatial nonhomogeneity of head tissues could be resolved u
ing multiple source-detector probes and applying new meth
ods of 3-D reconstruction currently under development.13,24,70

The sensitivity of the NIRS signal to cortical activity changes
depends on both the depth of the inner skull and the thicknes
of the cerebrospinal fluid, as well as the partial path length in
the brain and, hence, cannot be predicted from the depth o
the brain surface alone.68,69 Differences in optical path length
cause71 crosstalk betweenO2Hb and HHb. As previously sug-
gested, an image reconstruction algorithm that predicts th
path length in the activated region of the brain might reduce
the crosstalk in the measurement more effectively than a ca
culation using the mean optical path length.13

NIRTRS estimates absolute concentration values~averaged
over the investigated tissue volume! of O2Hb and HHb, from
which tHb can be derived. The possibility to map tHb, which
strictly relates to tissue blood volume, over a large cortica
area may enable regional evaluation of vasodilatation and/o
capillary recruitment. Furthermore, by measuringO2Hb and
HHb, NIRTRS enables the quantification ofSO2 in the tissue
blood volume considered. Cerebral cortexSO2 predominantly
reflects saturation of the intracranial venous compartment o
circulation.72 SO2 measurements are extremely important in
011012Journal of Biomedical Optics
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clinics suggesting potential use ofNIRTRS instruments for
cortical SO2 mapping ~i.e., to evaluate the cerebrovascul
reactivity in the neurovascular diseases and/or to evaluate
efficacy of stroke therapy/rehabilitation!. For example, a dif-
ference between asymptomatic and symptomatic patients
fering from carotid occlusive disease has been recently d
onstrated~in terms of SO2 increase! using a FD oximeter
during aCO2 reactivity test.73 For medical applications, the
normal range of tHb andSO2 in the brain must be studied in
a large population to determine normal and abnormal va
ranges. The cross-subject meanSO2 values in our study
~Table 1! were 68.863.2% ~right! and 71.063.6% ~left! and
are similar to those reported using a FD oximeter.73,74 The
cross-subject average tHb values~Table 1! were 69.669.6
mM ~right! and 69.569.9 mM ~left! and are also similar to
those obtained using a FD oximeter.74

It is foreseen that theNIRTRS system may have advantage
overNIRcw systems, especially in terms of increased pene
tion depth. In particular, in contrast to cw systems, in whi
sensitivity to depth is obtained by increasing the distance
tween source and detector, the TRS system sensitivity
depth can be obtained at a fixed source detector distanc
selecting late photons.75,76 However, to exploit information
encoded in the late photons, it is necessary to make sevea
priori assumptions on the structure of the head~typically
modeled as a layered medium consisting of scalp, skull, c
-9 January/February 2005 d Vol. 10(1)
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brospinal fluid, and brain! and on its optical properties.76 Cur-
rently, however, there is little knowledge of thein vivo optical
properties of brain tissues, making the interpretation of ex
perimental data difficult in terms of a layered model. Here, we
used a homogeneous model for photon diffusion to estimat
changes inma as for standard approaches used by cw instru
mentation ~Hamamatsu NIRO-300, Hitachi ETG-100, etc!.
Yet, as described in the Sec. 2, we derivedDma by using
photons in the tail of the TRS curve that have therefore
probed deeper structures, when compared to cw measur
ments performed at the same source-detector distance.

5 Conclusion
The mapping of brain functions by fNIRS is today no longer
a challenge, with promising results obtained using simple cw
instruments and more recently even FD systems have bee
successfully employed. In this paper, we reported the use of
TRS system to monitor brain hemodynamic responses to
cognitive paradigm. For the first time, to our knowledge, we
reported the possibility to mapSO2 as well asO2Hb, HHb,
and tHb simultaneously and bilaterally over a large area of th
prefrontal cortex at ‘‘rest’’ and during cognitive stimuli, such
as the VFT. Furthermore, we reported~in four out of the seven
subjects! that after the beginning of the VFT a bilateralO2Hb
increase is accompanied by a HHb decrease. Our results are
agreement with similar experiments performed using cw
fNIRS and fMRI, demonstrating the potentiality of a TRS
approach. Although the correlation between variables of dif-
ferent neuroimaging techniques must be further elucidated
the clear activation in right and left hemispheres upon a verba
task ~such as encoding words! suggests that fNIRS may be
better at detecting cerebral activation than other conventiona
neuroimaging techniques. Finally, considering the necessity t
map broader brain areas to better investigate the relationsh
between different brain regions, work is in progress to im-
prove our instrument replacing the fused splitter with a fiber
optics switch, to further increase the number of injection
points from two to nine, and reduce the acquisition times to
100 ms. Also, by means of a newly developed photomultiplier
tube, it is foreseen to double the number of independent co
lection channels.
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