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a b s t r a c t

The presence or absence of gender differences in working memory, localized in the prefrontal cortex
(PFC), has been debated in a few fMRI studies. However, the hypothesis of gender differences in PFC
function has not been elaborated, and comparisons among hemodynamic parameters designed to test
for gender differences are scarce. We utilized near-infrared spectroscopy during verbal N-back tasks on
26 male and 24 female healthy volunteers. Changes in the concentrations of oxy- (�[oxy-Hb]), deoxy-
(�[deoxy-Hb]) and total hemoglobin (�[tot-Hb]) were recorded simultaneously. �[oxy-Hb] and �[tot-
Hb] exhibited obvious gender differences, but �[deoxy-Hb] did not. Males showed bilateral activation
orking memory
refrontal cortex
emodynamics
ear-infrared spectroscopy

with slight left-side dominance, whereas females showed left activation. The activation in males was more
wide-spread and stronger than in females. Furthermore, females required a lower hemodynamic supply
than males to obtain comparable performance, and only females exhibited positive correlations between
hemodynamic parameters and behavioral performance. The results reinforce the existence of a gender
effect in hemodynamic-based functional imaging studies. Our findings suggest that females possess more
efficient hemodynamics in the PFC during working memory and emphasize the importance of studying

tific u
the PFC to further a scien

. Introduction

The issue of gender influences on performance has recently been
ighlighted in neuroscience [7]. Gender differences in performance
ave been recognized on various cognitive tasks [49,27]. Females
utperform males on verbal tasks [49,16,2], while males outper-
orm females on visual–spatial tasks [27].

It has been found that sex hormones may affect human pre-
rontal cortex (PFC) function. PFC and its neural circuitry are
uggested to be chief mediators of the influence of sex hormones
n cognition [26]. The replacement of estrogen or progesterone
oused robust and reliable activation of PFC in females with low
evels of sex hormones [5]. Use of estrogen can enhance the per-
ormance of PFC-dependent functions, such as working memory
WM) [8,10,17]. Thus, sex hormones may play an important role
n maintaining certain PFC functions and, thus, PFC functions may
ell show sexual differentiation.
One function distinctly linked with PFC is WM. A main feature of

M is to temporarily store and maintain information while simul-
aneously manipulating it, for example, by reordering or actively
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updating the stored contents of WM [13,3]. Given that PFC may well
demonstrate gender-specific functions and that WM is the most
common function of PFC, it is not unreasonable to expect that PFC
may be more likely to show gender differences in WM and should
be a prominent brain area for intensive study of gender influences.

Gender differences in WM have been researched using N-back
tasks with words, faces, letters and numbers [18,43,37], the audi-
tory Q3A-INT task [14] and number recognition [4]. These studies
were all based on functional magnetic resonance imaging (fMRI)
observations of the blood-oxygen-level-dependent (BOLD) signal.
These published gender differences in performance and activation
patterns are controversial. In behavior, despite the general con-
sensus that females and males are comparable [14,4,18,37], higher
accuracy and slightly slower responses in females have also been
observed [43]. In brain activation, some research has supported
a greater left-lateralization for females and a greater bias toward
right hemisphere for males [4,43], whereas others have reported
bilateral activation in females and left-sided PFC activation in males
[15] or similar lateralization patterns between the sexes [18,37].

Gender differences in brain function have been observed in
signals of blood flow [8], oxygen saturation of hemoglobin [24],

and concentration change of oxy-hemoglobin [25] on the basis
of neurovascular coupling. The fMRI BOLD signal is altered by
many hemodynamic factors, such as concentration changes in
oxy-, deoxy- and total hemoglobin (�[oxy-Hb], �[deoxy-Hb], and
�[tot-Hb], respectively), but it cannot identify which hemody-

ghts reserved.
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set at 2.89 cm, which allowed hemodynamic measurement depth of 2–3 cm from
the skin of the head, that is, the outer cerebral cortex [47]. The sampling rate was
4 Hz.

�[oxy-Hb], �[deoxy-Hb] and �[tot-Hb] were calculated as in [28,29]. A tem-
poral high-pass filter with a cutoff frequency of .005 Hz [23,39] was used to remove
the slowly drifting signal components. To correct the baseline in the rest period, we
Fig. 1. Experimental design of N-back

amic factor is altered or the quantitative contributions of each
f those hemodynamic factors [9,30,12]. Accordingly, the BOLD
ignal cannot address gender effects on concrete hemodynamic fac-
ors. In addition, in some cases, the BOLD signal might mistakenly
e interpreted as showing a gender difference in brain activation.
or example, females and males alter [deoxy-Hb] equally but alter
ther hemodynamic factors differently (e.g., [oxy-Hb] in Ref. [25]),
ut since [deoxy-Hb] is the major factor determining the BOLD sig-
al [46,22,40], the BOLD signal would merely obscure the gender
ifference [18,37]. Therefore, measuring multiple hemodynamic
arameters is recommended for fully and precisely exploring gen-
er effects on hemodynamics-based brain imaging studies.

Both functional near-infrared spectroscopy (fNIRS)
19,23,33,51] and fMRI measure hemodynamic responses to
nterpret brain activity. Compared to fMRI, fNIRS has the advan-
age of directly providing multiple measures, including �[oxy-Hb],

[deoxy-Hb] and �[tot-Hb] [46,44]. In addition, fNIRS can be mea-
ured real-life situations, improving the precision of interpreting
rain activations [45].

Here, fNIRS was employed to measure hemodynamic-
nterpreted PFC activation under N-back verbal WM (VWM) tasks.
ur hypothesis was that females and males might differ in PFC
ctivation in terms of �[oxy-Hb] or �[tot-Hb], but not clearly dif-
er in �[deoxy-Hb], at the same level of behavioral performance.
o obtain a deeper insight into gender influences, we further
ttempted to investigate gender differences in the brain–behavior
orrelation between the hemodynamic parameters and behavioral
ata.

. Materials and methods

.1. Participants

Fifty-four right-handed healthy volunteers (26 males, 28 females) were
ecruited from the university community by poster advertising. Subjects with a life-
ime history of neurological, psychiatric, or endocrine pathology or having first order
amily member with a psychotic disorder were excluded. The menstrual cycle was
onsidered [8] as it has been reported that the levels of sex hormones affect PFC func-
ion in females [1,38]. To reduce this effect, four females with irregular menstrual
ycles were excluded. Thus, at last, 24 females (who completed the experiment
uring the follicular phase) and 26 males were included.

The mean ages of the females and males were 21.3 years (range = 18–23 years)
nd 21.5 years (range = 18–23 years), respectively. The mean years of education for
en and women were 15.7 (range = 15–17 years) and 15.6 (range = 15–17 years),

espectively. Neither age nor education level differed significantly between the
exes. Every subject had normal or corrected-to-normal vision. Before the exper-
ment, subjects signed an informed consent provided by the Human Subjects
nstitutional Review Board at Huazhong University of Science and Technology. The
thics board of the university approved this study.
.2. VWM Task

The task (see Fig. 1) consisted of 4 fixation blocks and 3 task blocks, lasting
or 377 s. Fixation blocks lasted for 20 s. In each task block, first, the task name
as displayed for 3 s; then, a fixation sign was displayed for 6 s; and finally, 30
task. (a) Protocol; (b) Timing diagram.

random alphabetical letters were presented (see Fig. 1(a)). Each letter was presented
at the same font size for 0.5 s, followed by a 2.5-s interval during which the screen
was blank. The presentation order of task blocks was random. The subjects were
instructed to respond by pressing one button for yes and another for no depending
on whether the current letter had the same identity (regardless of case) as the one
presented just before (1-back), two before (2-back) or three before (3-back). In each
task block, 10 letters were set as yes cases.

2.3. Behavioral measurements

During the experiment, response time to each stimulus was collected with ms
precision, and response accuracy was recorded. After the experiment, the mean
response time and accuracy of each subject for each block was recorded. The behav-
ioral data were analyzed for differences between the sexes, as related to the task load.
A series of 3 (task load: 1-back, 2-back and 3-back) × 2 (gender) ANOVA analyses
were used to assess differences in response time and accuracy between groups.

2.4. fNIRS recording and data analysis

We used a 16-channel fNIRS imaging device [51,31] to measure �[oxy-Hb],
�[deoxy-Hb] and �[tot-Hb]. The probe was fixed with a black adjustable strap over
the subject’s bilateral PFC. The probing area was 4.4 cm × 15 cm, covering nearly the
whole forehead (Fig. 2). The separation between the light source and detector was
Fig. 2. fNIRS channel orientation. Light sources are shown as circles, detectors as
squares. “#” denotes “channel”.
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racy, but inverse correlations with response time; �[oxy-Hb] in the
1-back blocks also showed an inverse correlation with response
time; and �[deoxy-Hb] in the 1- and 2-back blocks also showed
positive correlations with accuracy, but no significant correlation

Table 1
Comparison of female and male correlations (r-value) between hemodynamic
parameters and behavioral data.

Hemodynamic Behavior Task Females Males

1-b −.033 .138
Fig. 3. Scatterplots of behav

alculated the mean values for the rest measurement and subtracted them from the
ean values for the task-induced active phase. Thereby, we obtained one value for

ach hemodynamic parameter under each task load.
The mean �[oxy-Hb], �[deoxy-Hb] and �[tot-Hb] values were analyzed by

eparate 3 (task load) × 2 (gender) × 16 (channel) ANOVAs. These mean values were
lso mapped according to channel locations and then superimposed on an anatomi-
al brain model (reconstructed from the Visible Chinese Human dataset [36]). These
mages were intended to illustrate the approximate coverage of fNIRS measure-

ents over the cortex and were not meant to be exact. Other post hoc tests were
ubsequently performed to analyze interaction effects of gender and other factors.
inally, gender differences in the relationship between the mean values of hemo-
ynamic parameters and the behavioral data were tested by calculating Spearman
orrelation coefficients. No correction for multiple comparisons was performed, and
esults were considered significant if P < .05.

. Results

.1. Behavioral data

Accuracy and response time did not differ significantly between
he sexes for each task load (see Figs. 3 and 4). In the figures,
1-b’ denotes ‘1-back’. The repeated measures ANOVA for accu-
acy showed a main effect of task load (F(2,50) = 42.00, P < .01),
ut no significant main effect of gender (F(1,50) = 0.08, P = .78) or
ender × task load interaction (F(2,50) = 2.21, P = .11). The repeated
easures ANOVA for response time also showed a main effect of

ask load (F(2,50) = 15.88, P < .01), but no significant main effect
f gender (F(1,50) = 0.22, P = .64) or gender × task load interaction
F(2,50) = 0.06, P = .94) was found.

.2. fNIRS data

A notable gender difference was present in PFC activation under
WM demands. The hemodynamic responses of females had sig-
ificantly lower amplitudes and were more spatially focused than
hose of males (Figs. 5 and 6).

A 3 × 2 × 16 (task load, gender, channel) repeated mea-
ures ANOVA for each hemodynamic parameter was performed.
he main effect of gender was not significant on �[deoxy-

b] (F(1,50) = .12, P = .731), but was significant on �[oxy-
b] (F(1,50) = 179.52, P < .001) and �[tot-Hb] (F(1,50) = 204.02,
< .001). The factors task load (F(2,50) > = 25.17, P < .001) and chan-
el (F(2,50) > = 3.00, P < .001) also exhibited significant main effects
n all hemodynamic parameters, which indicated that the acti-

ig. 4. Mean accuracy and mean response time for both sexes with relation to task
oad under verbal N-back tasks.
data for males and females.

vation altered with task load and was heterogeneous in PFC (see
Figs. 5 and 6). All interaction effects on all hemodynamic parame-
ters were not statistically significant. It is obvious in Figs. 5 and 6
that �[oxy-Hb] and �[tot-Hb] of males were always higher than
females under all task loads (F(1, 50) > 26.99, P < .001). Both males
and females increased �[oxy-Hb] and �[tot-Hb] when task load
increased to 3-back between 1- and 2-back, F(1,50 < .08, P > .780;
between 1-, 3-backs or between 2-, 3-backs, F(1,50) > 5.49, P < .026).

Here is the analysis of gender’s effect on the distribution of PFC
activation. Comparing between Figs. 5 and 6 for �[oxy-Hb] and
�[tot-Hb], females clearly show focused and left-lateralized activa-
tion, while males exhibit wide-spread and bilateral activation. Post
hoc analyses among channels revealed that females’ focused acti-
vated region displayed large effect sizes (P < .001, Cohen’s d > .80)
of the gender difference effect (for �[oxy-Hb] in channels 5–9, 15;
for �[tot-Hb] in channels 6, 8, 9, and 15). In other channels, the
Cohen’s d values for �[oxy-Hb] and �[tot-Hb] was within the range
of (.30, .80). Thus, the activation of the region of the PFC activated
in females during the task was more gender specific.

3.3. Brain–behavior correlations

Females showed positive correlations between hemodynamic
parameters and behavioral performance, while males did not
(Table 1). Specifically, in females, �[oxy-Hb] and �[tot-Hb] in the
3-back blocks showed significant positive correlations with accu-
�[oxy-Hb]

Accuracy 2-b −.352 −.222
3-b .863*** −.263

Response time
1-b −.449* −.184
2-b −.249 −.252
3-b −.473* −.170

([tot-Hb]

Accuracy
1-b −.033 .224
2-b .182 −.049
3-b .927*** −.263

Response time
1-b −.384 −.242
2-b −.374 −.239
3-b −.477* −.276

�[deoxy-Hb]

Accuracy
1-b .656** .290
2-b .785*** .369
3-b −.359 −.029

Response time
1-b .382 .000
2-b .084 .040
3-b .233 −.112

*P < .05, **P < .01, ***P < .0001; (two-tailed).
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Fig. 5. Mean activation maps of females

ith response time. Accordingly, in females, the responders with
igher accuracy tended to exhibit hemodynamic responses; in the
uicker responders, enhanced supplies of oxygen (�[oxy-Hb]) and
lood (�[tot-Hb]) were likely to be found. By contrast, males exhib-

ted no significant brain–behavior correlations.

. Discussion

The present study demonstrates specific effects of gender on
oth cognitive performance and functional activity in PFC as mea-
ured by hemodynamic responses during a verbal working memory
VWM) task. Males and females exhibited comparable accuracies
nd response times under various task loads. This result did not
eplicate the finding of a previous report of higher accuracy and
lower response times in females versus males during a 1- and 2-
ack VWM task [43]. The unequal gender distribution and limited
ample size in that study might have produced the biased result
37]. However, this finding is in line with many recent studies
n comparable performance across gender in cognitive activities
18,14,4,37,48]. In contrast to the gender similarities in behavioral
erformance, gender differences were apparent in PFC hemody-
amic responses, upholding our initial predictions and expanding
ur understanding of gender effects on the hemodynamic response

specified below).

The gender-specific activation patterns in PFC differed among
emodynamic parameters. �[oxy-Hb] and �[tot-Hb] exhibited
ignificant gender differences under all task loads, while �[deoxy-
b] did not. The amplitudes of �[oxy-Hb] and �[tot-Hb] were
verbal N-back tasks measured by fNIRS.

significantly higher in males than females. A prior fNIRS study has
also observed higher �[oxy-Hb] in PFC of males during a word flu-
ency task [25]. Another fNIRS study of a verbal fluency task did
not observe a clear influence of gender on �[oxy-Hb] in tempo-
ral PFC [20], which might be due to the differences in the task and
brain area of interest relative to ours. Of note, this gender-specific
brain activation evidenced by �[oxy-Hb] and �[tot-Hb] is similar
to results of two fMRI studies on gender differences in hemodynam-
ics during WM tasks that suggested a left lateralization in females
[4,43]. On the other hand, �[deoxy-Hb] mostly displayed gender
similarity. Since �[deoxy-Hb] has been suggested to be the major
factor determining the BOLD signal, it is understandable that no
clear [18,37] or reliable [14] gender differences can be observed by
fMRI during a WM task.

The measured gender-specific brain activation pattern during
a VWM task provides evidence relevant to the debate on gender-
specific activation during language processing. Some studies have
claimed bilateral activation in females and left-hemispheric domi-
nance in males in language processing [34,41,42,21], while others
have argued for left-lateralized activation in both sexes, and espe-
cially in women [18,35,6,50]. Our result is compatible with the
latter viewpoint. That is, males showed bilateral activation with
slight left-side dominance, whereas females mainly showed left
PFC activation. In addition, the strong activation of the left PFC in

both sexes also supports similarity of lateralization across the sexes
for language processing tasks, regardless of WM involvement [18].

The combination of behavioral performance and gender-specific
PFC activation points to females’ more efficient hemodynamic sup-
plies in PFC during a VWM task. Females displayed much lower
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Fig. 6. Mean activation maps of males u

mplitudes of ([oxy-Hb] and ([tot-Hb] than males (Figs. 5 and 6)
t the same level of performance (Figs. 3 and 4). The ampli-
udes of �[tot-Hb] and �[oxy-Hb] reflect an increased energy
upply for neural activity in the form of blood and oxygen. The
igher amplitudes of those in males indicate an enhancement of
he energy supply for brain activity; their lower amplitudes in
emales indicate more efficient execution of PFC functions. Addi-
ionally, females completed the task as well as males by engaging

smaller brain region. Particularly, females exhibited positive
orrelations between hemodynamic parameters and behavioral
erformance, but males exhibited no correlations at all. The find-

ng of the female-specific brain–behavior correlations, in line with
he inverse intelligence-activation relationship, provides hemo-
ynamic evidence for the neural efficiency hypothesis (e.g., less
ctivation in more capable individuals) [32,11,15].

The left PFC in females has been reported to play a crucial role
n relations among hormones, cognitive performance and brain
ctivity [38]. Here, similarly, females mainly showed enhanced
emodynamic supply in the left PFC. Together with the beneficial
ffects of estrogen on women’s WM in hormone replacement ther-
py [10,26], the hypothesized relationships of sex hormones, the
emodynamic supply in the left PFC and cognitive performance
eem to be plausible, and hence might be required to fully under-
tand the gender effect.

It should be pointed out that the employed fNIRS probe could

ot cover the whole PFC region. Measurement of the whole PFC
ould provide exhaustive results regarding the gender-specific acti-
ation. In addition, most subjects in the study majored in science
nd engineering. This has been taken into account by a counterbal-
nced design; however, future studies should recruit more subjects
erbal N-back tasks measured by fNIRS.

majoring in the arts, business, and other disciplines in both sex
groups.

In summary, this fNIRS study provides further evidence for
gender-specific PFC activation under VWM: (1) �[oxy-Hb] and
([tot-Hb], not �[deoxy-Hb], were shown to be sensitive indicators
of gender differences. Males showed bilateral activation with slight
left-dominance, whereas females showed left-lateralized activa-
tion; the females’ activated region was shown to be more sensitive
to gender than other regions. (2) Females, with positive correlations
between hemodynamic parameters and behavioral performance,
required a lower hemodynamic supply in a smaller region of PFC
than males to perform equally well on the task. Overall, this study
reinforces the effect of gender in hemodynamics-interpreted func-
tional imaging studies; provides further insights into the complex
interactions among gender, cerebral hemodynamics and behavioral
performance; and emphasizes the importance of PFC in unraveling
how females differ from males.

Acknowledgements

This work was supported by the Program for Changjiang Schol-
ars and Innovative Research Team in University, the 111 projects,
and the Ph.D. Programs Foundation of Ministry of Education of
China (Grant No. 20070487058).
References

[1] Amin Z, Epperson CN, Constable RT, Canli T. Effects of estrogen variation on neu-
ral correlates of emotional response inhibition. Neuroimage 2006;32:457–64.



in Res

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
Golaszewski S, Felber S, Fleischhacker WW. Sex differences in brain activation
T. Li et al. / Behavioural Bra

[2] Andreou G, Vlachos F, Andreou E. Affecting factors in second language learning.
J Psycholinguist Res 2005;34:429–38.

[3] Baddeley AD. Working Memory. New York: Oxford University; 1986.
[4] Bell EC, Willson MC, Wilman AH, Dave S, Silverstone PH. Males and females

differ in brain activation during cognitive tasks. Neuroimage 2006;30:529–38.
[5] Berman KF, Schmidt PJ, Rubinow DR, Danaceau MA, VanHorn JD, Esposito G,

Ostrem JL, Weinberger DR. Modulation of cognition-specific cortical activity by
gonadal steroids: a positron-emission tomography study in women. Proc Natl
Acad Sci USA 1997;94:8836–41.

[6] Buckner RL, Raichle ME, Petersen SE. Dissociation of human prefrontal cortical
areas across different speech production tasks and gender groups. J Neurophys-
iol 1995;74:2163–73.

[7] Cahill L. Why sex matters for neuroscience. Nat Rev Neurosci 2006;7:477–84.
[8] Cosgrove KP, Mazure CM, Staley JK. Evolving knowledge of sex differences in

brain structure, function, and chemistry. Biol Psychiat 2007;62:847–55.
[9] D’Esposito M, Deouell LY, Gazzaley A. Alterations in the bold FMRI signal

with ageing and disease: a challenge for neuroimaging. Nature Rev Neurosci
2003;4:863–72.

10] Duff SJ, Hampson E. A beneficial effect of estrogen on working memory in
postmenopausal women taking hormone replacement therapy. Horm Behav
2000;38:262–76.

11] Fink A, Neubauer AC. EEG alpha oscillations during the performance of ver-
bal creativity tasks: differential effects of sex and verbal intelligence. Int J
Psychophysiol 2006;62:46–53.

12] Garreffa G, Ken S, Macri MA, Giulietti G, Giove F, Colonnese C, Venditti E, De
Cesare E, Galasso V, Maraviglia B. BOLD signal and vessel dynamics: a hierar-
chical cluster analysis. Magn Reson Imaging 2006;24:411418.

13] Goldman-Rakic PS. Circuitry of primate prefrontal cortex and regulation of
behavior by representational memory. In: Plum F, Mountcastle V, editors.
Handbook of physiology—The nervous system. Bethesda: Waverly; 1987. p.
373–417.

14] Goldstein JM, Jerram M, Poldrack R, Anagnoson R, Breiter HC, Makris N, Good-
man JM, Tsuang MT, Seidman LJ. Sex differences in prefrontal cortical brain
activity during fMRI of auditory verbal working memory. Neuropsychology
2005;19:509–19.

15] Grabner RH, Fink A, Stipacek A, Neuper C, Neubauer AC. Intelligence and work-
ing memory systems: evidence of neural efficiency in alpha band ERD. Brain
Res Cogn Brain Res 2004;20:212–25.

16] Haldane M, Frangou S. New insights help define the pathophysiology of bipolar
affective disorder: neuroimaging and neuropathology findings. Prog Neuropsy-
chopharmacol Biol Psychiatry 2004;28:943–60.

17] Haskell SG, Richardson ED, Horwitz RI. The effect of estrogen replacement ther-
apy on cognitive function in women: a critical review of the literature. J Clin
Epidemiol 1997;50:1249–64.

18] Haut KM, Barch DM. Sex influences on material-sensitive functional lateral-
ization in working and episodic memory: men and women are not all that
different. Neuroimage 2006;32:411–22.

19] Herrmann MJ, Plichta MM, Ehlis AC, Fallgatter AJ. Optical topography during a
Go-NoGo task assessed with multi-channel near-infrared spectroscopy. Behav
Brain Res 2005;160:135–40.

20] Herrmann MJ, Walter A, Ehlis AC, Fallgatter AJ. Cerebral oxygenation
changes in the prefrontal cortex: effects of age and gender. Neurobiol Aging
2006;27:888–94.

21] Hill H, Ott F, Herbert C, Weisbrod M. Response execution in lexical decision tasks
obscures sex-specific lateralization effects in language processing: evidence
from event-related potential measures during word reading. Cereb Cortex
2006;16:978–89.

22] Huppert TJ, Hoge RD, Diamond SG, Franceschini MA, Boas DA. A temporal com-
parison of BOLD, ASL, and NIRS hemodynamic responses to motor stimuli in
adult humans. NeuroImage 2006;29:368–82.

23] Jasdzewski G, Strangman G, Wagner J, Kwong KK, Poldrack RA, Boas DA.
Differences in the hemodynamic response to event-related motor and
visual paradigms as measured by near-infrared spectroscopy. Neuroimage
2003;20:479–88.

24] Jausovec N, Jausovec K. Do women see things differently than men do? Neu-
roimage 2009;45:198–207.

25] Kameyama M, Fukuda M, Uehara T, Mikuni M. Sex and age dependencies of
cerebral blood volume changes during cognitive activation: a multichannel
near-infrared spectroscopy study. Neuroimage 2004;22:1715–21.
26] Keenan PA, Ezzat WH, Ginsburg K, Moore GJ. Prefrontal cortex as the site of
estrogen’s effect on cognition. Psychoneuroendocrinology 2001;26:577–90.

27] Kimura D. Sex, sexual orientation and sex hormones influence human cognitive
function. Curr Opin Neurobiol 1996;6:259–63.

28] Leon-Carrion J, Damas J, Izzetoglu K, Pourrezai K, Martin-Rodriguez JF, Martin
JMBY, Dominguez-Morales MR. Differential time course and intensity of PFC

[

earch 209 (2010) 148–153 153

activation for men and women in response to emotional stimuli: a functional
near-infrared spectroscopy (fNIRS) study. Neurosci Lett 2006;403:90–5.

29] Leon-Carrion J, Damas-Lopez J, Martin-Rodriguez JF, Dominguez-Roldan JM,
Murillo-Cabezas F, Barroso YMJM, Dominguez-Morales MR. The hemodynam-
ics of cognitive control: the level of concentration of oxygenated hemoglobin in
the superior prefrontal cortex varies as a function of performance in a modified
Stroop task. Behav Brain Res 2008;193:248–56.

30] Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A. Neurophysiological
investigation of the basis of the fMRI signal. Nature 2001;412:150–7.

31] Lv X, Zheng Y, Li T, Zhang Z, Gong H. A portable functional imaging instrument
for psychology research based on near-infrared spectroscopy. Front Optoelec-
tron Chin 2008;1:279–84.

32] Neubauer AC, Grabner RH, Fink A, Neuper C. Intelligence and neural efficiency:
further evidence of the influence of task content and sex on the brain-IQ rela-
tionship. Brain Res Cogn Brain Res 2005;25:217–25.

33] Obrig H, Villringer A. Beyond the visible - imaging the human brain with light.
J Cerebr Blood F Met 2003;23:1–18.

34] Ortigue S, Thut G, Landis T, Michel CM. Time-resolved sex differences in lan-
guage lateralization. Brain 2005;128:e28.

35] Pfleiderer B, Ohrmann P, Suslow T, Wolgast M, Gerlach AL, Heindel W, Michael
N. N-acetylaspartate levels of left frontal cortex are associated with verbal intel-
ligence in women but not in men: a proton magnetic resonance spectroscopy
study. Neuroscience 2004;123:1053–8.

36] Qian L, Hui G, Qingming L. Construction and visualization of high-resolution
three-dimensional anatomical structure datasets for Chinese digital human.
Chinese Sci Bull 2008;53:1848–54.

37] Schmidt H, Jogia J, Fast K, Christodoulou T, Haldane M, Kumari V, Frangou S. No
gender differences in brain activation during the N-back task: an fMRI study in
healthy individuals. Hum Brain Mapp 2009;30:3609–15.

38] Schoning S, Engelien A, Kugel H, Schafer S, Schiffbauer H, Zwitserlood P, Plet-
ziger E, Beizai P, Kersting A, Ohrmann P, Greb RR, Lehmann W, Heindel W, Arolt
V, Konrad C. Functional anatomy of visuo-spatial working memory during men-
tal rotation is influenced by sex, menstrual cycle, and sex steroid hormones.
Neuropsychologia 2007;45:3203–14.

39] Schroeter ML, Bucheler MM, Muller K, Uludag K, Obrig H, Lohmann G, Tittge-
meyer M, Villringer A, von Cramon DY. Towards a standard analysis for
functional near-infrared imaging. Neuroimage 2004;21:283–90.

40] Schroeter ML, Kupka T, Mildner T, Uludag K, von Cramon DY. Investigating the
post-stimulus undershoot of the BOLD signal – a simultaneous fMRI and fNIRS
study. NeuroImage 2006;30:349–58.

41] Shaywitz BA, Shaywitz SE, Pugh KR, Constable RT, Skudlarski P, Fulbright RK,
Bronen RA, Fletcher JM, Shankweiler DP, Katz L, et al. Sex differences in the
functional organization of the brain for language. Nature 1995;373:607–9.

42] Sommer IE, Aleman A, Bouma A, Kahn RS. Do women really have more bilat-
eral language representation than men? A meta-analysis of functional imaging
studies. Brain 2004;127:1845–52.

43] Speck O, Ernst T, Braun J, Koch C, Miller E, Chang L. Gender differences in
the functional organization of the brain for working memory. Neuroreport
2000;11:2581–5.

44] Strangman G, Culver JP, Thompson JH, Boas DA. A quantitative comparison of
simultaneous BOLD fMRI and NIRS recordings during functional brain activa-
tion. NeuroImage 2002;17:719–31.

45] Ting L, Li L, Qimgming L, Hui G. Assessing working memory in real-life situa-
tions with functional near-infrared spectroscopy. J Innovative Opt Health Sci
2009;2:11–6.

46] Toronov V, Walker S, Gupta R, Choi JH, Gratton E, Hueber D, Webb A. The
roles of changes in deoxyhemoglobin concentration and regional cerebral blood
volume in the fMRI BOLD signal. NeuroImage 2003;19:1521–31.

47] Toronov V, Webb A, Choi JH, Wolf M, Michalos A, Gratton E, Hueber
D. Investigation of human brain hemodynamics by simultaneous near-
infrared spectroscopy and functional magnetic resonance imaging. Med Phys
2001;28:521–7.

48] Walla P, Hufnagl B, Lindinger G, Deecke D, Lang W. Physiological evidence of
gender differences in word recognition: a magnetoencephalographic (MEG)
study. Cognitive Brain Res 2001;12:49–54.

49] Wegesin DJ. A neuropsychologic profile of homosexual and heterosexual men
and women. Arch Sex Behav 1998;27:91–108.

50] Weiss E, Siedentopf CM, Hofer A, Deisenhammer EA, Hoptman MJ, Kremser C,
pattern during a visuospatial cognitive task: a functional magnetic resonance
imaging study in healthy volunteers. Neurosci Lett 2003;344:169–72.

51] Yang HY, Zhou ZY, Liu Y, Ruan ZC, Gong H, Luo QM, Lu ZH. Gender difference in
hemodynamic responses of prefrontal area to emotional stress by near-infrared
spectroscopy. Behav Brain Res 2007;178:172–6.


	Gender-specific hemodynamics in prefrontal cortex during a verbal working memory task by near-infrared spectroscopy
	Introduction
	Materials and methods
	Participants
	VWM Task
	Behavioral measurements
	fNIRS recording and data analysis

	Results
	Behavioral data
	fNIRS data
	Brain–behavior correlations

	Discussion
	Acknowledgements
	References


