Journal of Biomedical Optics 10(1), 011012 (January/February 2005)

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.

167100 L'Aquila, Italy The cross-subject mean values of prefrontal cortex oxygen saturation

(SO,) were 68.823.2% (right) and 71.0%+3.6% (left), and of total he-
Alessandro Torricelli moglobin concentration (tHb) were 69.629.6 uM (right) and 69.5
Lorenzo Spinelli +9.9 uM (left). The typical cortical activation response to the cogni-
Antonio Pifferi tive task [characterized by an increase in oxyhemoglobin (O,Hb)
Rinaldo Cubeddu with a concurrent decrease in deoxyhemoglobin (HHb)] at each mea-
Politecnico di Milano surement point is observed in only four subjects. In this subset, the
IPITJaFZ'\;‘;DLf;:E:HEnéOa il/'”fésl'gz and IFN-CNR amplitude of the O,Hb increase and HHb decrease is uniform over
20133 Milan, ltaly 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
SO, levels was observed in the right (1.1+0.5%) compared to left side
of the prefrontal cortex (0.9%0.5%) (P=0.005). 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. [DOIl: 10.1117/1.1851512]
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1 Introduction vestigated in a rat brain modéhnd in humang® O,Hb is the
Starting almost 27 years ago with the pioneering work of Most sensitive indicator of changes in cerebral blood flow and
Jobsist noninvasive near-IR spectroscopiIRS) was ini- the direction of the changes in HHb is determined by the

tially employed to investigate brain oxygenation in neonates degree of venous blood oxygenation and volume. In addition,
and adults both experimentally and clinically, and later to as- studies combining either PET or fMRI with fNIRS have dem-
sess muscle oxidative metabolism in pathophysioldgy re- onstrated that changes in oxygenatieeflecting the dynamic
views see Refs. 294In spite of the powerful, high-cost tools  balance between oxygen supply and oxygen consumption
for human brain mapping such as positron emission tomogra- measured by fNIRS, correspond to signal intensity increases
phy (PET) and functional magnetic resonance imaging detected by fMRI(Refs. 14—1fand PET(Refs. 17 and 18
(fMRI), since 1993, functional NIRS(fNIRS) using a con- To date, the most common approach of fNIRS is to mea-
tinuous wave(cw) has been largely used to investigate func- sure light attenuation at two wavelengths between a pair of
tional activation of the human cerebral cortéor reviews see  optical fibers set normal to the tissue surface at a known rela-
Refs. 8—1] fNIRS enables investigatiofwithout discomfort tive distance, to assume a fixed value of the scattering coeffi-
and interference related to the intrinsic limitations of PET and cient (1.), and, by applying the Lambert-Beer law, to track
fMRI) of regional changes in oxyhemoglob{i©;Hb) and  the relative concentration changes in HHb aBgHb. This
deoxyhemoglobin(HHb) concentration in small vessels in-  rather straightforward technique has been developed over
cluding capillary, arteriolar, and venular beds of the brain cor- ime resulting in instruments that operate at more wave-
tex. ) ] o ] lengths, with multiple-source and/or multiple-detector geom-
The physiological significance of increas@gHb and de-  gyries. In particular, this latter feature offers the possibility to
creased HHb on cortical activation has been extensively in- simultaneously probe different tissue regions to produce func-

- - — - tional maps.
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In the last 7 yr, multichannel fNIRS systems have been and was first introduceih vivo by Chance et al® and Delpy
developed and tested to provide spatial Mapsith a spatial et al>® Furthermore, the temporal dispersion of a short laser
resolution of about 0.5 cjrof changes in oxygenation in fron-  pulse traveling through a diffusive medium can provide both
tal, temporal, parietal, and visual cortical areas following dif- the meanu, and u, using a proper model of photon migra-
ferent stimuli?®=2*In particular, the prefrontal cortethe an- tion. In the past, the cost, size, and complexity of the time-
terior portion of the frontal lobeand the frontal lobgthe resolved reflectance spectroscaprS instrumentation have
front part of the brain involved in planning, organizing, prob- prevented this technique from being effectively employed to
lem solving, selective attention, etcboth involved in higher study tissue oxygenation.
cognitive functions and in the determination of the personal-  We have recently reported the development of a compact
ity, have been studied using various neuropsychological testsmultichannel TRS tissue oximefér(NIRzg). This system
including mental calculation tasks, continuous performance operates with two wavelengths, two injection points, and eight
task, Wisconsin Card Sorting task, color-word matching independent collection points, and has a typical acquisition
Stroop task, eté>~* time of 166 ms. Considering the controversial cw fNIRS re-

Another cognitive paradigm known to activate the prefron- Sults concerning the effects of the VFT on the prefrontal cor-
tal cortex is the verbal fluency tasi/FT). The VFT is a  tex, the aim of this study was to use our eight-chami&rrg
neuropsycological task that enables assessment of the subsystem to further investigate bilateral effects of the VFT-
ject’s ability to retrieve nouns based on a common criterion. induced response within the prefrontal cortex.

The letter fluency version is based on a phonological criterion

that requires the subject to pronounce as many words as pos2 Methods

sible beginning with a certain_ letter. I_Derformances have k_)een2.1 System Setup

regarded to be mainly associated with frontal lobe function,
particularly the left hemisphef®. During the execution of
VFTs, maximum task-induced activation was observed in the
left frontal regions, particularly in the left middle prefrontal

A compact two-source eight-chanié¢lRrg system was em-
ployed in this study. A pair of semiconductor pulsed lasers
(PDL, Picoquant, Germany working at 685 and 780 nm,

irus and/or left inferior prefrontal girus using different meth- with an B0-MHz repetition rate and a 1-mW average power,
9 P 9 9 were used as light sources. Multimode graded-index fibers

. . 3 . . 6
ods including'®Xe inhalation method; MRI (Ref. 47, PET (50/125um) of different lengths and a fiber optics integrated

(Ref. 48, and single-photon emission computed devi : ;

53, evice(VIS/NIR 2X2 fused splitter, OZ Optics, Cangdaere
tomography® (.SPEC-D' Spme authoré‘? _using f.MRl’ haye used to multiplex in time the output pulses of the two laser
reported task-induced bilateral activation, particularly in the heads so as to create two independent injection points. A com-

dorsolateral prefrontal and posterior parietal cortex. pact 16-anode photomultipligiR5900-01-L16, Hamamatsu,
To date, few fNIRS data about the prefrontal and frontal Japap integrated with a 16-channel routefPML-16,

lobe involvement during VFTusing one/two-channel cw NIR Becker&Hickl, Germany and a PC board(SPC-630,
(NIR,) systemsare availabléf'3°'36'43The prefrontal cortex  gecker&Hickl, Germany, for time-correlated single-photon
of both hemispheres was activated by the VFT, i@Hb counting (TCSPQ, were used to detect and acquire time-
increased and HHb decreased significantly with respect to the,ggglved reflectance curves. Due to 20% optical crosstalk
corresponding baselines. Using multichannel fNIRS on both among adjacent channels, only 8 out of 16 channels were used
hemispheres, a_significant increasedsHb not acco_mp_a_nied by placing optical fiber on odd channdls,3,5,...,15. In this
by a decrease in HHb was foufiticonversely, a significant  configuration, the crosstalk was lower than 3%. The typical
increase inO,Hb accompanied by a decrease in HHb was measurement time for the parallel acquisition of time-resolved
found in another stud’ curves from the 8 channels was 166 (6sHz). A detailed
The results of these fNIRS studies confirm that the perfor- description of the system is reported elsew¥ére. the most
mance of the VFT leads to the activation in specific areas of severe configuration for TCSPC, the maximum count rate
the prefrontal cortex, without revealing a left lateralized acti- should not excee®x 10° photons/s(i.e., 0.01 photons de-
vation. On the other hand, there is no strong evidence that cwtected per signal period with a 80-MHz repetition rate laser
fNIRS is sufficiently sensitive to reveal HHb changes, con- Fyrthermore, the TCSPC board we employed in this study had
ventionally detected by fMRI. 125-ns dead timéequivalent to a maximum acquisition fre-
The key limitations of the cw fNIRS technique are the quency of 8 MH2 and a minimum acquisition time of 0.1 ms.
coupling between the absorption and scattering coefficients Taking into account that the typical count rate from biological
(ma,mq) resulting in the lack of quantitative assessment, sen- tissues is less thah0® photons/s, the combination of the la-
sitivity to artifacts and experimental conditions. A possible sers and the TCSPC board sets no practical limits to the de-
way to uncoupleu, from w is based on the use of sinusoi- tection of photons in TRS.
dally modulated laser sources, and on the measurement of
signal phase and amplitude changes induced by propagation2.2 Data Analysis
The frequency-domaiffD) technique extracts both the mean  Simultaneous estimation qi, and u, can be achieved by
e and u, of the probed medium provided that a nontrivial best fitting time-resolved reflectance curves with a standard
calibration of collection efficiencies is performed. This ap- model of diffusion theorﬁ?Therefore, to reduce dispersion of
proach has been successfully applied to measure tissue oxythe fitted absorption coefficient values, we employed the
genation, and has led to the first identification of a rapid modified Lambert-Beer law? First, for each wavelength, a
change inu following a cerebral stimulu¥ The dual ap- reference time-resolved reflectance cuRgp,t,\) was de-
proach is the study of photon migration in the time domain rived by averaging the curves corresponding to an initial rest-

Journal of Biomedical Optics 011012-2 January/February 2005 * Vol. 10(1)



Bilateral prefrontal cortex oxygenation responses . . .

ing period(typically 0.5 min. Fitting of Ry(p,t,\) yielded a
reference absorption valyg,o(\), thenA w, (M), the varia-
tion from the reference value, was derived according to

Ma(N)=pao(N)+Aua(N), (1)

1

R(p,t,\
ApaM)=— =i (p.t.h)

Ro(p,t,\)

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 daf§ 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 estimatg(\). For
the estimation ofA u,(\) 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 thatO,Hb and HHb are the major chro-
mophores that contribute to tissue absorption, their respective
concentrations are easily derived using the extinction Fig. 1 Schemat.ic representation of the optical probe and the eight
coefficient®® Indeed water absorption in this spectral region is measurement sites over the prefrontal .Iobe. The qucal probes were

. . centered at the Fp1 and Fp2 (according to the international 10-20
muc;h lower than he‘.m09|0bm absorpu?}m constant absorp- system for the EEG electrode placement) for the left (L) and right (R)
tion (30%) was attributed to water and subtracted frou sides (LS and RS), respectively. The source-detector distance was 3
prior to calculation of HHb an®,Hb concentration. The total ~ cm.
hemoglobin concentratior{ftHb=O,Hb+HHb) and tissue
oxygen saturatior{ SO,= O,Hb/tHb, in percent could then

be der!ved. . . L speech as many nouns as possible beginning with the letters
During data analysis an integration timelos was used to “3,” “P,” “F,” and “C”. Each letter was acoustically pre-

![ncrease lthedSNfF' ;I'hls operation co}r:s?teg. '?1 summing .S')élsented every 30 s. No repetitions or proper nouns were per-
Ime-resoived refiectance curves, each of which was acquired yiyaq  correct verbal responses were recorded for each sub-

with a measurement time of 166 ms. After fitting th'.e time- ect. As a control task, subjects were requested to listen to a
resolved reflectance curves, a 5-s average was applied to th “min story

data(i_.e., data in Figs. 2to 5in Sec. 3 are represented with an  T1he optical probe was placed over the head to cover the
effective sampling time of 5)sNote that TCSPC uncertainty underlying prefrontal cortex and was centefegcording to

Ge., the standard deviation over the avebagqhe estimation o international 10-20 system for the EEG electrode place-
Of pa IS (_jramat_lcally redl_Jced whe_n sampling time Is aug- men) at the Fpl and Fp2 for left and right sides, respectively
mented(either directly by incrementing the acquisition time, (Fig. 1). The frontal sinuses are located slightly below the

or indirectly _by sur_nming up several_ti_me-resqlved reflectance lines between Fpl/Fp2. Only in some cases, the lines overlap
CUWES ac?mkr]ed e ashorter.aqqmsmondt)mmce the total the upper edge of the sinus. Therefore, the influence of the
number of photons per curve Is increased. frontal sinuses on the NIRS measurements was considered
negligible. The source-detector distance was 3 cm. No down-
2.3 Subjects ward sliding of the fiber holders was observed at the end of

Eight normal, right-handed, healthy volunteég4.6+8.7 yn the measurements in any subject.

participated in this study. Informed consent was obtained  Custom-made fibers holders were designed to keep fibers
from each subject after a full explanation of the nature of the normally to the forehead by black plastic hollow tubes. Hold-
procedure to be used and the noninvasiveness of the study€rs were kept in place on the head of the subject by biadhesive
Throughout the study, subjects were lying on a comfortable tape. The minimum distance between the light source located
bed in a quiet room. Right-handedness was evaluated by theon the left(right) forehead and detectors placed over the right
Edinburgh Inventory of Handedne¥Cardiac frequency was  (left) forehead was 5 cm, to avoid crosstalk between optical
monitored by a pulse oximetéN-200; Nellcor, Puritan Ben-  Signals detected simultaneously in the two areas.

nett, St. Louis, Missouyiwith the sensor attached to the index

finger of the right hand. The heart rate did not vary between o 5 g4istics

the pretask and the task periods in all subje@ata not ChangegA) in SO,, tHb, O,Hb. and HHb measured on the

. 2

shown. prefrontal cortex during the VFT were calculated by the dif-
ference between the rest conditiomean value over the 1.5-
2.4 \Verbal Fluency to 2-min baselingand the end of the VFTmean value over
A 2-min letter version of the VFT was adopted in this stddly.  the last 30 5 The means and standard deviationsS&,,
Following a 2-min baselinéwith eyes closeq subjects(pre- tHb, O,Hb, and HHb values within left and right prefrontal
liminarily instructed properly were asked to produc@vert cortex were determined separately and compared.
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Statistics evaluation was carried out using the SPSS PCeffect was also observed in botl$0O, (P<0.05 and
version 12.0 prograniSPSS, Inc., Chicago, lllinoisThree- HHb (P<0.01), but not in O,Hb and tHb changes. No sig-

way repeated measures analysis of varia(RMANOVA) nificant influence of the measurement point factor on fNIRS
was applied t0SO,, O,Hb, HHb, and tHb as a dependent parameters was found. In addition, no interaction was found
variable, with factors of sidéd f=1, left and righy, measure-  between the three factors considefeask, hemispheres, and

ment point(df=7), and condition(d f=1). All three factors eight measurement points

as well as two-way and three-way interactions among factors  The time course of the grand average over the four sub-

were included in the model. jects of each measured parametaverage of the responses
When there was a significant main effect or interaction, we over the four measurement points in the left or right side

performed the RM ANOVA. Significant differences were shown in Fig. 4.

identified using the Tukey's honestly significant difference The pattern of thed,Hb, HHb, tHb, andSO, response to

multiple comparison test. The pairédest was used to com-  the VFT was variable among the three remaining subjects,

pare theSO,, tHb, O,Hb, and HHb values corresponding to  with none comparable to that displayed in Figs. 2 and 3. In

each pair of left and right prefrontal cortex positions. The these subjects, an increaseS®,, O,Hb, and tHb was ob-

criterion for significance wa®<0.05. served during the task. Concomitantly, HHb decreased very

rarely and, in most of the cases, did not change or increased at

some measurement points. Furthermore,@hklb, tHb, and

3 Results SO, amplitude increase was not homogeneous over each side

The absolute value@verage over the 1.5- to 2-min base)ine  of the prefrontal cortex within the same subject. Figure 5

of SO,, O,Hb, HHb, and tHb for each subject are reported in  shows an individual(subject § as a representative of an

Table 1. The baseline valuégrand average over the eight atypicalAO,Hb, AHHb, andAtHb response over the prefron-

subjects of O,Hb, HHb, and tHb were homogeneous over the ta| area. Interestingly these three subje@s F, and G had

right prefrontal area. Some differences were found among thethe same VFT performances as the others.

measurement points within the left hemisphere. Grand aver- | gl subjects,0,Hb, HHb, tHb, andSO, tracings over

age SO, values of the most lateral measurement poiité the 2-min control task were not different from the correspond-
and L4 were relatively lower than remaining ipsilateral val- jng baseline tracings.

ues. Comparing paired measurements pofgtand average
values in both hemisphere$R1 versus L1, R2 versus L2, . .
etc), no difference was found i®,Hb, HHb, and tHb be- 4 Discussion
tween left and right sides. Considering the grand average of Verbal fluency tasks are designed to evaluate the spontaneous
SO, values, only L3 and L4 significantly differed from corre-  production of words beginning with a given lettgetter flu-
sponding contralateral measurement po{irs=0.01). ency; syntactic or phonetic associati@m words beginning to
During the VFT, the subjects achieved a mean of 33.5 a given clasgcategory fluency; semantic associajiowithin
+10.3 number of correct responses for the four letters, show- a limited amount of timé® These letter and category fluency
ing similar performances in each of the four letter conditions paradigmgwith a differential brain activation patterare fre-
(S=7.9£2.4, P=8.6+£3.3, F=8.6+2.6, C=8.4+2.6). guently used in the assessment of patients with suspected pre-
The response in terms of prefrontal cortical oxygenation frontal disorders. Deficits in word retrieval are probably the
(measured a2\O,Hb, AHHb, and AtHb) to the VFT was most serious impediment to effective communication in apha-
variable amongst the subjects investigated. In particular, asics. Therefore, it is particularly important to identify which
typical prefrontal cortex activation respongaeasured indi- verbal fluency mechanisms can recover. Regional brain activ-
rectly by fNIRS upon the VFT wa¥ observed only in four ity during phonological and semantic processing has been
(subjects: A, B, C, Dout of the seven subjectene subjects studied using fMRI, PET, SPECT, and transcranial Doppler
was excluded from the data analysis due to motion artifacts sonography. During the execution of the VFT, maximum task-
during the task Figure 2 shows a single individugubject induced activation was observed in the left frontal regions
A) as a representative of a typical prefrontal corte®,Hb, particularly in the left middle prefrontal girus and/or left in-
AHHb, andAtHb response. In this subjed,Hb started to ferior prefrontal girus by different methods/techniques such as
increase at the beginning of the VFT to reach a maximum 33Xe inhalation method® fMRI (Ref. 47, PET (Ref. 48,
change within the VFT, and it decreased progressively after and SPECT(Ref. 49. Some author®~>%using fMRI, have

the end of the task. Concomitantly, HHb decreagadt reported task-induced bilateral activation, particularly on the
specularly during the VFT, and it did not return to the pretask dorsolateral prefrontal and posterior parietal cortex. However,
value within the observation time. The amplitude of @gHb the category fluency task, and not the letter fluency task, has

increase and HHb decrease was not uniform over the four been reported to provoke a bilateral prefrontal activation re-
measurement points within the right or the left side. The cor- sponse usirfj SPECT.
responding change i80, is also reported in Fig. 2. A recent stud$? evaluating whether VFT may specifically
The larger increase o680, and O,Hb in the right com- induce relatively greater left- than right-hemispheric activa-
pared to left hemispher@-ig. 2) was no more evident when tion in the dorsolateral prefrontal cortex has demonstrated that
the response at each measurement site was averaged over thie desired effect could be achieved only in individuals with
four subjectqA to D) (Fig. 3. good performances on the VFT and not by poor performers
A significant VFT-mediated effect was found BO, (P who showed marked right-hemispheric activation. A signifi-
<0.00), HHb(P<0.000), O,Hb(P<0.00), and cant bilateral blood flow velocity increase in the middle cere-
tHb (P<0.05 changes. A significant hemisphere-associated bral arteries was observed in response to 13 verbal and visu-
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Table 1 Right (R) and left (L) prefrontal cortex SO,, tHb, HHb, and O,Hb at the eight measurement points.

Subject  Parameter RT R2 R3 R4 L1 12 13 L4
A SO, (%) 71.6(0.5)  73.9(0.5)  71.9(0.4)  69.40.5)  74.2(0.2)  73.000.3)  73.2(0.3)  72.7(0.4)
tHb (M) 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 (uM)  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)

O,Hb(uM)  57.5(0.9)  53.400.9)  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 5O,(%) 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 (M) 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 (kM)  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)

O,Hb(uM)  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 SO, (%) 69.2(0.3)  69.8(0.5)  68.4(0.4)  69.0(0.6)  71.00.3)  69.100.3)  70.6(0.3)  69.7(0.5)
tHb (M) 85.0(0.5)  77.3(0.6) 727(0.5  727(0.7)  83.5(0.3)  77.6(0.5)  73.1(0.3)  71.6(0.4)

HHb (uM)  26.2(0.2)  23.4(0.3)  23.00.2) 225(0.3) 242(0.2) 24.000.2)  21.50.2) 21.7(0.3)
O,Hb(uM)  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 5O,(%) 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 (M) 60.9(0.5)  67.6(0.6)  60.4(0.4)  64.50.6)  53.4(0.3)  62.9(0.4)  50.5(0.6)  53.8(0.4)
HHb (M) 19.8(0.3)  22.1(0.3)  22.1(0.3)  23.50.3)  16.7(0.1)  17.1(0.3)  15.4(0.4)  18.9(0.2)

O,Hb(uM)  41.1(07)  45.5(0.7)  38.4(0.5  38.100.7)  36.7(0.3)  45.8(0.5  35.0(0.8)  34.8(0.6)

E SO, (%) 61.60.7)  71.1(0.7)  67.6(0.7)  63.40.8)  69.2(0.4)  69.8(0.6)  70.3(0.5)  66.6(0.6)
tHb (M) 552(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 (kM)  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)

O,Hb(uM)  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 5O,(%) 72.000.3)  74.9(0.4)  75.3(0.4)  76.00.4)  79.1(0.3)  77.4(0.4)  76.4(0.3)  76.6(0.4)
tHb (M) 44.0(0.3)  63.400.6)  65.2(0.7)  69.50.6)  58.6(0.4)  70.3(0.4)  63.1(0.3)  72.3(0.5)
HHb (M) 12.300.1)  159(0.1)  16.100.2)  167(0.2)  12.2(0.1)  15.9(0.2)  14.90.1)  16.9(0.2)

O,Hb (uM)  317(0.4)  47.5(0.6)  49.1(0.8)  52.8(0.7)  46.4(0.5)  54.400.6)  48.2(0.3)  55.4(0.6)

G SO, (%) 68.7(0.4)  69.2(0.4)  67.4(0.4)  62.5(0.5)  685(0.4)  67.40.5)  685(0.5)  66.4(0.4)
tHb (M) 77.4(05) 765005  73.1(0.4)  767(0.6)  81.1(0.4)  78.6(0.6)  77.8(0.4)  83.8(0.5)

HHb (uM)  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)
O,Hb(uM)  53.2(0.6)  53.0(0.6)  49.3(0.5) 47.9(0.7)  55.5(0.5)  53.0(07)  53.3(0.6)  55.7(0.6)

ospatial tasks by using transcranial Doppler sonogrdphy. and by multichanneNIR,, systems&** Although the in-

Five verbal tasks showed a significant left-hemispheric later- crease 0fO,Hb on VFT is usually accompanied by a smaller
alization that can best be elicited by linguistic tasks that re- decrease in HHb, in our study, this pattern was not observed
quire active or creative processing of the verbal material such in three out of the seven subjects. For this reason the oxygen-
as constructing a sentence with given words or retrieving ation response to VFT was averaged over four subjects only
words. The bilateral increase of blood flow velocity in the (Figs. 3 and % However, the letter version of the VFT
middle cerebral arteries on VFT is consistent with the increase adopted in our study and the recorded number of correct ver-
of O,Hb observed during VFT in this study BYyIRtgsand in bal responses were comparable to those reported in a recent
other studies using a one-/two-chanhgR,, system&> 303643 gydy®°
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Table 1 (Continued.)

Subject Parameter R1 R2 R3 R4 L1 L2 L3 L4

H SO,(%)  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 (kM)  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 (uM)  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)

O,Hb (uM)  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  SO,(%)  68.9+3.8 71.0+2.6 687+35 667+4.6* 715+4.4 713+3.4 713+3.19 69.9+4.07
tHb (uM)  70.4+16.0 71.4%+8.5 66.7+10.3 70.0+7.9 72.0+12.9 70.3+8.8 64.9+10.9° 70.8+9.8

HHb (kM)  21.7+4.3 207+3.0 20.9+4.1 23.3+4.3 20.5+4.8 20.2+3.8 18.6=3.9° 21.6+3.8

O,Hb (uM) 48.8=12.5 507+6.3 457+7.2 46.4+63 51.5+97 50.146.3 46.2+7.8  49.2+8.1

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 means=SD.

N=8.

*Significantly different from R2 (P<0.01).

oSignificantly different from L1 (P<0.05).

OSignificantly different from the corresponding contralateral one (P=0.01).
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Fig. 2 Typical topographic presentation of the time courses of ASO,, AO,Hb, AHHb, and AtHb 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).
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Fig. 3 Topographic presentation of the time courses of ASO,, AO,Hb, AHHb, and AtHb 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).

With respect to the amplitude of the cortical activation

The different cortical activation pattern observed in three

response between hemispheres, taking into account intersubout of the seven subjects, characterized by a lack of HHb

jects variability, onlySO, increase during VFT was signifi-
cantly higher in right(1.1+0.5%) compared to left prefrontal
cortex (0.9+0.5% (P=0.005. The VFT-related change in
the remaining measured parametgsHb, HHb, and tHb, as
reported by other group®®® is superimposable over both left
and right sides of the prefrontal cortékig. 4). Our results

decrease or even an HHb increase during the VIHg. 5
may be partly explained by the involvement of additional
mechanismgi.e., of attention, association, etdesides the
specific ones for the letter fluency task. In this manner, other
cortical areagnot under investigationcould have been con-
comitantly activated and/or the oxygen consumption in the

confirm that, in some cases, the oxygenation response to thenvestigated area could have been highénan that one ob-

VFT is bilateral and symmetrical. Recently, hemodynamic
differences in the activation of the prefrontal cortex during
VFT and attention taskéletter cancellation and continuous
performance teythave been investigated usffiga two-
channel NIRS. Whil&D,Hb bilaterally increased with a con-
current decrease in HHb during the VFT, b&@pHb and HHb
bilaterally increased during the activation due to the task of

served in the subjects with an activation response character-
ized by a marked increase @yHb and tHb, and a decrease in
HHb. This latter cortical responséound in four out of the
seven subjecjsdefined as the typical one, is interpreted as a
mismatch between a major increase in the regional cerebral
blood flow (and blood volumgand a minor increase in oxy-
gen consumption over the activated cortical &fe@n the

attention. It was suggested that HHb measurement may there-other hand, the constant level of HHfbund in most mea-

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 O,Hb increases during VFT significantly lower in asso-
ciation with major depressive disorders and bipolar
disorders’® This result is not explained by differences of per-
formance, since no difference in the number of words an-

surement points of three out the seven subjectsild have
resulted from an increase in the regional cerebral metabolic
rate for oxygen, compensated by an increase in the regional
cerebral blood flow. Therefore, the increase in Hiftlund in
some measurement points of three out of the seven subjects
may result from a further increase in oxygen consumption
with a consequent mismatch between blood flow increase and

swered was found among these three groups. In addition, nooxygen consumption increase this time in favor of the latter

significant difference of HHb response was foiifid.
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Fig. 4 Grand average over the four subjects of the time course of ASO,, AO,Hb, AHHb, and AtHb 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).

The lack of HHb decrease may be also explained by the dently quantitate temporal changes@aHb, HHb, and tHb.
decrease in blood flow velocity probably due to the increased Fyrthermore, if TRS or FD are employe80, can also be
resistance of the capillary venous wind kessel. Indeed, HHb is estimated, providing a further indicator of brain activation.
washed out of the activated cortical area faster than it is gen- gecond, there is no noise associated with fNIRS measurement
erated(typical res_posns)e as demonstrated by the increase in ochniques, whereas noise associated with fMRI could inter-
blood flow velocity” Another possible reason of a lack of  fore with auditory stimuli and subject attention levels. Third, a
HHt.) decre{;\se could be the diverse neqroana}tomy of the threanigh SNR enables the observation of changes in oxygenation
subjects with respect to the others. Sl.nce, in this study the even in response to a single trial, as previously sh&wn.
I\'/I\lll?iT?)r ?sﬁstii?fgﬁovizreh&% C;g%?i&é‘:”gé?fénf_mm Fourth, fNIRS has fewer artifacts due to head motion than

: P grap ‘ ) L fMRI. Fifth, fNIRS makes it possible to detect overt verbal
scranial Doppler sonography, and angiography, it is difficult responses that may provoke artifacts in fMRI. Sixth, fNIRS

to provide a concrete interpretation of HHb behavior in the has a high temporal resolution together with the unique ad
three anomalous subjedts, F, and G. '9 np utl 9 Wi uniqu A
vantage of being compact and transportable, enabling mea-

In this study, no significant heart rate changes were found . . " .
during the VFT. Therefore, during the VF$0,, O,Hb, and surements in a natural environment. Conditions under which

HHb changes observed at each measurement point were task€StS are performed using fMRI or PET do not fit classical
related responses and not the consequence of a generalizeB€Uropsychological test conditions, i.e., sitting at a table or in
increase in cerebral blood flow, as would be expected in the front of a computer screen in a quite room.
case of an increased heart r&e. On the other hand, fNIRS measurements are restricted
A brief summary of current NIRS instrumentation for Mmainly to the cortical surface, the spatial accuracy during fo-
muscle and brain studies can be found elsewPetedetailed cal hemodynamic changes is limited due to the effect of light
review on technological advantages/disadvantages of cw, FD,diffusion and the contribution of extracranial artifacts should
and TRS instrumentation in fNIRS studies has been reportedbe carefully evaluatetf A recent study, performed on 17 sub-
previously' Here, we focus on the advantages and/or disad- jects, has demonstrated that in Fpl the depth of the cortical
vantages of using fNIRS in cognitive studies over other func- surface from the skin 8 13.5-2.2 mm. This means that the
tional imaging techniques. First, it is possible to indepen- optical path length differs among individuals by about 5 mm.
011012-8
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Fig. 5 Topographic presentation of the time courses of ASO,, AO,Hb, AHHb, and AtHb 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).

Different cortical depths among channels can cause a similarclinics suggesting potential use ®fIRtrs instruments for

problem of varying optical path lengths when a large area is cortical SO, mapping (i.e., to evaluate the cerebrovascular
measured by multichannel NIRS. The problems of spatial ac- reactivity in the neurovascular diseases and/or to evaluate the
curacy, signal contamination by superficial fluctuations, and efficacy of stroke therapy/rehabilitatiprFor example, a dif-
spatial nonhomogeneity of head tissues could be resolved Ustgrence between asymptomatic and symptomatic patients suf-
ing multiple source-detector probes and applying new %‘eth' fering from carotid occlusive disease has been recently dem-
ods of 3D rgconstructlon cu_rrently unde_r devel_oprﬁéﬁf: onstrated(in terms of SO, increasg using a FD oximeter
The sensitivity of the NIRS signal Fo cortical activity chgnges during aCO, reactivity tesf® For medical applications, the
depends on both the depth of the inner skull and the thlcknessnormal range of tHb an@0, in the brain must be studiéd in

of the cerebrospinal fluid, as well as the partial path length in . .
A . a large population to determine normal and abnormal value
the brain and, hence, cannot be predicted from the depth of . .
ranges. The cross-subject me&®, values in our study

the brain surface alorf&®° Differences in optical path length .
causé! crosstalk betwee®,Hb and HHb. A:F;) prev?ously sugg- (Table ) were 68.8-3.2% (right) and 71.0-3.6% (left) and
are similar to those reported using a FD oximétéf. The

gested, an image reconstruction algorithm that predicts the )
path length in the activated region of the brain might reduce CroSS-subject average tHb valuekable J were 69.6-9.6

the crosstalk in the measurement more effectively than a cal-#M (right) and 69.5:9.9 uM (left) and are also similar to
culation using the mean optical path length. those obtained using a FD oximefér.

NIR;gs estimates absolute concentration val(mgeraged Itis foreseen that thBlIRrrs system may have advantages
over the investigated tissue voluma O,Hb and HHb, from overNIR, systems, especially in terms of increased penetra-
which tHb can be derived. The possibility to map tHb, which tion depth. In particular, in contrast to cw systems, in which
strictly relates to tissue blood volume, over a large cortical Sensitivity to depth is obtained by increasing the distance be-
area may enable regional evaluation of vasodilatation and/ortween source and detector, the TRS system sensitivity to
capillary recruitment. Furthermore, by measuri@gHb and depth can be obtained at a fixed source detector distance by
HHb, NIR1gs enables the quantification &0, in the tissue  selecting late photorS:"® However, to exploit information
blood volume considered. Cerebral core®, predominantly encoded in the late photons, it is necessary to make seweral
reflects saturation of the intracranial venous compartment of priori assumptions on the structure of the heggbically
circulation’? SO, measurements are extremely important in modeled as a layered medium consisting of scalp, skull, cere-
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brospinal fluid, and brajnand on its optical properti€§.Cur-
rently, however, there is little knowledge of threvivo 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 estimate

changes inu, as for standard approaches used by cw instru- 8

mentation (Hamamatsu NIRO-300, Hitachi ETG-100, ketc
Yet, as described in the Sec. 2, we derivkg, by using 9
photons in the tail of the TRS curve that have therefore
probed deeper structures, when compared to cw measure-
ments performed at the same source-detector distance.

11.

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 been

successfully employed. In this paper, we reported the use of al3.

TRS system to monitor brain hemodynamic responses to a
cognitive paradigm. For the first time, to our knowledge, we
reported the possibility to maO, as well asO,Hb, HHb,

and tHb simultaneously and bilaterally over a large area of the
prefrontal cortex at “rest” and during cognitive stimuli, such
as the VFT. Furthermore, we reportéd four out of the seven
subject$ that after the beginning of the VFT a bilate@jHb

increase is accompanied by a HHb decrease. Our results are ifi5.

agreement with similar experiments performed using cw
fNIRS and fMRI, demonstrating the potentiality of a TRS

approach. Although the correlation between variables of dif- 1,

ferent neuroimaging techniques must be further elucidated,
the clear activation in right and left hemispheres upon a verbal
task (such as encoding worfsuggests that fNIRS may be
better at detecting cerebral activation than other conventional
neuroimaging techniques. Finally, considering the necessity to
map broader brain areas to better investigate the relationship
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 1s,

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 col-
lection channels.
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