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Abstract

Simultaneous color contrast and color constancy are memory processes associated with color vision, however, the
gender-related differences of ‘physiologic color space’ remains unknown. Color processing was studied in
16 (8 men and 8 women) right-handed healthy subjects using functional transcranial Doppler (fTCD) technique.
Mean flow velocity (MFV) was recorded in both right (RMCA) and left (LMCA) middle cerebral arteries in dark and
white light conditions, and during color (blue and yellow) stimulations. The data was plotted in a 3D quadratic
curve fit to derive a ‘physiologic color space’ showing the effects of luminance and chromatic contrasts. In men,
wavelength-differencing of opponent pairs (yellow-blue) was adjudged by changes in the RMCA MFV for Yellow
plotted on the Y-axis, and the RMCA MFV for Blue plotted on the X-axis. In women, frequency-differencing for
opponent pairs (blue-yellow) was adjudged by changes in the LMCA MFV for Yellow plotted on the Y-axis, and the
LMCA MFV for Blue plotted on the X-axis. The luminance effect on the LMCA MFV in response to white light with
the highest luminous flux, was plotted on the (Z - axis), in both men and women. The 3D-color space for women
was a mirror-image of that for men, and showed enhanced color constancy. The exponential function model was
applied to the data in men, while the logarithmic function model was applied to the data in women. Color space
determination may be useful in the study of color memory, adaptive neuroplasticity, cognitive impairment in stroke
and neurodegenerative diseases.

Introduction
Simultaneous color contrast and color constancy are
memory processes associated with color vision [1-8],
however, the gender-related differences of ‘physiologic
color space’ remains unknown. Simultaneous color con-
trast is the phenomenon that surrounding colors pro-
foundly influence perceived color [1,9]. The mechanism
for simultaneous color contrast involves wavelength-
differencing [10]. However, recently, it was suggested
that, simultaneous color contrast involved wavelength-
differencing in men [11], while in women, implicated
frequency-differencing [12]. The latter study implemen-
ted functional transcranial Doppler spectroscopy
(fTCDS) technique, which demonstrated the process of
wavelength-encoding, whereby the effects of longer
wavelength color (Yellow) was accentuated over shorter
wavelength color (Blue). The converse process of

energy-encoding accentuated the effects of higher
frequency color (Blue), over lower frequency color
(Yellow). Wavelength-differencing involves wavelength-
encoding main effect at subcortical peaks, and energy-
encoding effects at cortical peaks [11]. On the other
hand, frequency-differencing involved energy-encoding
main effect at cortical and subcortical peaks [12].
Beyond the physiologic evidence, genetic studies suggest
gender-related differences in color vision in primates.
Whereas both trichromatic and dichromatic color vision
occurs among female monkeys, males appear exclusively
dichromatic [13]. It was proposed that unlike humans,
squirrel monkeys have only a single photopigment locus
on the X chromosome [13]. The presumed genetic and
psychophysiologic effects of the physical qualities of
light underlie the proposal for light hypothesis of cere-
bral asymmetry [12].
Color constancy relates to the invariance of hue, or

perceived color of a surface under variation in the spec-
tral content of illumination [3,14,15]. More specifically,
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color constancy refers to the unchanging nature of the
perceived color of an object despite considerable varia-
tion in the wavelength composition of the light illumi-
nating it [16]. The processes underlying color constancy
and simultaneous color contrast are functionally inte-
grated within the color space in the brain. However, the
mechanisms implicated in the integration of chromatic
and achromatic contrasts remains unclear.
It has been proposed that there may exist a color

space comprising chromatic axes (red-green and blue-
yellow) and achromatic (black-white) luminance axis [8].
However, obtaining non-invasive physiologic measure-
ments at the neural substrates to characterize the ‘color
space’ in humans has not been feasible until now. The
main neural substrates for color processing have been
identified within the visual pathways and extrastriate
cortex ‘color centres’ [17], which lie within the distribu-
tion territories of the posterior cerebral arteries (PCAs)
[18-20] and middle cerebral arteries (MCAs) [18,20,21].
The superior parietal aspects of the optic radiation
receive blood mainly from the MCA, whereas the infer-
ior aspects are supplied by the PCAs [22]. The macular
cortical region receives blood supply, from both the cal-
carine artery (a branch of the internal occipital artery of
the PCA distribution), and branches of the MCA, which
explains macular sparing with PCA occlusion [18]. It is
therefore plausible to determine the ‘color space’ in the
primary visual cortex and extrastriate areas using mea-
surements of changes in blood flow velocity in the
MCAs during color stimulation [21]. Prior studies in
our laboratory using non-invasive transcranial Doppler
measurement of mean flow velocity (MFV) in the
MCAs, have examined changes in color space in men
during head-down rest, and demonstrated neuroplasti-
city over 25 hours of recordings [11], or more, if testing
was continued. These findings have been related to for-
mation of the phenomena of long-term potentiation
(LTP) and long-term depression (LTD), implicating role
for NMDA receptors [11].
The phenomena of LTP [23] and LTD [24], have been

applied to explain potential mechanisms of memory, pri-
marily because they exhibit numerous properties
expected of a synaptic associative memory mechanism,
such as rapid induction, synapse specificity, associative
interactions, persistence, and dependence on correlated
synaptic activity. Given these important features, LTP
and LTD remains only models of the synaptic and cellu-
lar events that may underlie memory formation.
Recently, it was demonstrated using functional transcra-
nial Doppler spectroscopy (fTCDS) technique, that color
processing occurred within cortico-subcortical circuits
[11,12]. It was demonstrated that in men, wavelength-
differencing of Yellow/Blue pairs occurred within the
right hemisphere by processes of cortical long-term

depression (CLTD) and subcortical long-term potentia-
tion (SLTP). On the other hand, in women, frequency-
differencing of Blue/Yellow pairs occurred within the
left hemisphere by processes of cortical long-term
potentiation (CLTP) and subcortical long-term depres-
sion (SLTD) [11,12]. In both genders, there was lumi-
nance effect in the left hemisphere, while in men it was
along an axis orthogonal to chromatic effect, in women
it was along a parallel axis [11,12]. It therefore, may be
possible to describe mechanisms for color memory for-
mation using fTCD and fTCDS techniques.
In the present work, it was hypothesized that, the

brain functionally integrates within a three-dimensional
physiologic ‘color space’, luminance effect in the left
hemisphere with wavelength-differencing activity in the
right hemisphere in men, but with frequency-differen-
cing activity in the left hemisphere in women. This
functional integration in color space could be mathema-
tically modelled and could have potential applications in
the study of color memory, adaptive neuroplasticity in
stroke management and rehabilitation, as well as in neu-
rodegenerative diseases.

Methods
The study included 8 men of mean ± SD age of 24.6 ± 2
years, and 8 women of mean ± SD age of 24 ± 2 years,
all were right handed on hand preference questionnaire
[25]. Testing of visual acuity by Snellen chart, color
vision by Ishihara pseudoisochromatic plates and color
recognition were normal [26]. There were no abnormal-
ities uncovered during routine evaluation of the cardio-
vascular, neurologic and respiratory systems. All were
urged to maintain the usual restrictions for cognitive
studies [27]. All subjects gave written informed consent
according to the Declaration of Helsinki; and the Insti-
tutional Ethics Board approved the study protocol. The
experimental procedure including TCD scanning have
been used for cognitive studies and described in detail
elsewhere [11,21]. In summary, TCD studies were per-
formed using two 2 MHz probes of a bilateral simulta-
neous TCD instrument (Multi-Dop T, DWL, Singen,
Germany), with sample volume placed in the RMCA
and LMCA main stems at a depth of 50 mm. The mea-
surements in the MCAs which supply about 80% of
brain blood flow [28], would provide a more global
characterization of the color space than those from the
PCAs. The recordings were performed with the subject
lying supine, with head and trunk elevated at 30 degrees.

Tasks
The tasks were designed in our laboratory and the
detailed rationale described elsewhere [21]. These tasks
have proven to be consistent and reliable with TCD
ultrasonography in prior studies [11,21]. In summary,
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specially adapted 3D-viewing device (Viewmaster, Port-
land, OR) was painted inside with black paint. The right
aperture of the device was closed to light, but the left
aperture was open, to be backlit from white light
reflected from a remotely placed light source. In other
words, there was left eye monocular vision, with light
path from the left visual hemifield reaching the right
side of the left eye retina, and crossing at chiasm to pro-
ject contralaterally to the right visual cortex, while the
light path from the right visual hemifield reaching the
left side of the left eye retina, project ipsilaterally to
the left visual cortex. The rationale relates to the fact
that, in primates including humans, there is virtually
total binocular vision; the left half of each retina project
to the left visual cortex and the right half of each retina
project to the right visual cortex. This means that the
right visual cortex receives all its input from the left
visual field and the left visual cortex receives all its
inputs from the right visual field [29]. Color processing
cells, receiving inputs from only one eye are grouped
together within the same area of the striate cortex,
extending from the upper to the lower cortical layers,
and are referred to as ocular dominance column (blobs)
[15,30,31]. On the other hand, those receiving inputs
from both eyes are called hypercolumn [30,32]. During
binocular vision, there is binocular interaction due to
stereopsis, the perception of depth [15]. It is inappropri-
ate to mix the inputs, from both retinas in a single
neuron, before the information of color vision has been
extracted [15].
The light source was projected onto a white surface

flat screen, placed 125 cm from the lamp. The screen
was positioned 80 cm from the nose ridge of the sub-
ject. The light source was a tungsten coil filament, of a
general service lamp ran at a constant 24 V and 200 W,
with a color temperature of about 2980 K and approxi-
mately 20 lumens/watt.
Color stimulation was performed using optical homo-

genous filters placed on the reel of the Viewmaster, in
the light path. Kodak Wratten filters: Deep Blue (No.
47B) with short dominant wavelength (l) of Sl = 452.7
nm; and Deep Yellow (No. 12) with medium dominant
wavelength (l) of Ml = 510.7 nm were used. The manu-
facturer’s manual provides the excitation purity and
luminous transmittance for each filter [33].

Visual Stimulation and Recording
Measurements in dark condition were considered as
light absent condition, as well as including background
effects of scotopic vision [19,34]. It is known that black
may evoke a color experience [34]. A continuous train
of velocity waveform envelopes, was recorded for 60-s
simultaneously, for the RMCA and LMCA, respectively,

for each stimulus condition. The baseline condition was
dark resting state, with the subject mute, still, and atten-
tion focused and eyes fixed at the centre within the dark
visual field, with no mental or manual tasks to perform.
An observer monitored the subject for movement arte-
facts, which were marked and removed from recordings.
During color stimulation the condition was identical to
that of baseline, except for use of slides that were Blue,
and Yellow, respectively. Measurements with the left
aperture on the reel open to white light reflected from
the remote light source was considered as White light
stimulation. Velocity waveform envelopes for the rele-
vant 60-s intervals were first averaged in 10-s segments,
to produce six values for each measurement condition.
The resulting values were used for further calculations.
Electrophysiological monitoring of pulse and respiration
rates were recorded. Self-perceived anxiety levels were
monitored with a state-trait anxiety inventory (STAI) in
pre-test and post test conditions [35,36].

Three Dimensional Color Space
It could be presumed that opponency was accomplished
across two orthogonal coordinates of blue and yellow,
respectively [11]. In men, wavelength-differencing activ-
ity was captured by changes in the RMCA MFV for
Yellow plotted on the Y-axis, and the RMCA MFV for
Blue plotted on the X-axis [11]. In women, frequency-
differencing [12] was captured by changes in the LMCA
MFV for Yellow plotted on the Y-axis, and the LMCA
MFV for Blue plotted on the X-axis. The luminance
effect on the LMCA MFV in response to White light
with the highest luminous flux, was plotted on the (Z -
axis), in both men and women [11]. The 3D-color space
plots were reconstructed using the quadratic function
[11], fitted by the procedure that has the general form:

Z X X Y XY     a a a Y a a ao 1 2 3
2

4
2

5 .

The 3D-surface plot offers a flexible tool, for approxi-
mating the relationships between observed variables.
The quadratic surface plot does not flex to accommo-
date local variations in data. When the overall pattern of
changes in MFV dataset follows some segment of the
quadratic surface, then a good fit could be achieved.
The goodness of fit was examined, by displaying the raw
data spikes on the surface, and the influence of outliers
was assessed. The MFV gradient produced color scale
sequence ranges (printed in color online), from mini-
mum (green) to maximum (red) of Z-values of lumi-
nance effect. The color sequence ranges were used to
adjudge the level of luminance effect required for wave-
length-differencing activity in men, and frequency-
differencing activity, in women.
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Exponential Function Model
In men, the 3D-graph was examined to uncover the
relationship between luminance effects on the LMCA
MFV for White light (Z-axis) and wavelength-differen-
cing on the RMCA MFV for Yellow (Y-axis). The obser-
vation suggested that, the data could be fitted to an
exponential function model. The LMCA MFV for White
light (Y-axis) and RMCA MFV for Yellow (X-axis) were
fitted to an exponential function of a 2D graph, given
the following:
The exponential function with positive base b >1 is

the function

y b x.

It is defined for every real number x. The graph is
shown in Figure 1A for any base b.
There are two important things to note:

• The y-intercept is at (0, 1). For, b0 = 1.
• The negative x-axis is a horizontal asymptote. For,
when x is a large negative number – e.g. b-10,000 -
then y is a very small positive number.

Logarithmic Function Model
In women, the 3D-graph was examined to uncover the
relationship between luminance effect on the LMCA
MFV for White light (Z-axis) and frequency-differencing
on the LMCA MFV for Blue (X-axis). The observation
suggested that, the data could be fitted to a logarithmic
function. The LMCA MFV for White light (Y-axis) and
LMCA MFV for Blue (X-axis) were fitted to a logarith-
mic function of a 2D graph, given the following:
The logarithmic function with base b is the function

y xb . log

b is normally a number greater than 1 (although it
need only be greater than 0 and not equal to 1). The

function is defined for all x >0. Figure 1B shows the
graph for any base b. The negative y-axis is a vertical
asymptote.

Inverse relations of Exponential and Logarithmic
Functions
The inverse of any exponential function is a logarithmic
function. For, in any base b:

i b xb
x) , log 

and

ii b xb
x) . log 

Rule i) embodies the definition of a logarithm: logbx is
the exponent to which b must be raised to produce x.
Now, let

( ) ( ) .x b f x xx
b and log

Then Rule i) is l(f(x)) = x.
And Rule ii) is f(l(x)) = x.
These rules satisfy the definition of a pair of inverse

functions. Therefore for any base b, the functions

( ) ( )x b f x xx
b and log

are inverses.
This defines the well established relationship between

wavelength (l) and frequency (f), respectively, that is
given by:

  c f/ .

where c is the speed of light in a vacuum and remains
constant at 3.00 × 108 m/s.

Results
Table 1 shows the Mean ± SE of MFV obtained during
visual stimulation in men and women, respectively.

Figure 1 A shows the exponential function curve used for any base b, and horizontal asymptote: Figure 1B shows the logarithmic
function curve used for any base b, and vertical asymptote.
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Figure 2(A-B) shows the 3D surface quadratic plots of
MFV changes in color space for men (Figure 2A) and
women (Figure 2B), respectively. In men, the 3D-
surface quadratic plot (Figure 2A) was funnel shaped,
indicating overall that, wavelength-differencing activity
was narrowed at low luminance effect, but broadened
with increasing luminance effect. In men, there was an
exponential relationship between right hemisphere
wavelength-differencing and contralateral left hemi-
sphere luminance effect, as demonstrated in the 2D
graph (Figure 3A), showing all subjects within the 95%
confidence band. The exponential function model
in men (Figure 3A) indicated that brain functional
integration of luminance effects and wavelength-
differencing activities was maintained within a ‘narrow
physiologic range ’ of MFV of 50 to 85 cm/s in the
RMCA and LMCA.
Conversely, the 3D-surface quadratic plot in women

was the mirror-image of that observed in men, showing
a closed ‘cone shape’ with a widespread base
(Figure 2B). The base of the cone shape suggests that at
very low luminance effect on LMCA MFV, frequency-
differencing activity occurred over a very wide range.
However, with increasing luminance effect, frequency-
differencing activity narrowed. In women, there was a
logarithmic relationship between ipsilateral left hemi-
sphere frequency-differencing and luminance effect, as
demonstrated in the 2D graph of logarithmic function
(Figure 3B), showing all subjects but two, within the
95% confidence band. The logarithmic function model
in women (Figure 3B) indicates that, brain functional

integration of luminance effect and frequency-differen-
cing activities was maintained within a ‘narrow physiolo-
gic range’ of MFV of 60 to 106 cm/s in the LMCA,
somewhat wider range and shifted upwards than that
for men.

Discussion
This is the first published report in literature, using non-
invasive fTCD to determine gender-related differences in
‘physiologic color space’. Overall, the gender-related dif-
ferences could be summarized as follows: (1) In men,
wavelength-differencing activity was enhanced at high
luminance effect, conversely, in women, frequency-
differencing activity was enhanced at low luminance
effect. (2) In men, luminance effect varied exponentially
with wavelength-differencing activity, while in women,
luminance effect varied logarithmically with frequency-
differencing activity. (3) The physiologic range of MFV in
the MCA territories for the relationship between lumi-
nance effect and wavelength-differencing activity in men,
was narrower than that for frequency-differencing activity
in women.
It has been suggested that the right hemisphere was

implicated in color processing [11,12,19,37,38] and the
left hemisphere in color memory [39,40]. Functional
magnetic resonance studies demonstrated that memory
for colors activated the same cortical regions associated
with color perception in the left fusiform gyrus [39,40].
This has led some investigators to suggest that, color
memory is a constructive process reflecting the synthesis
of features each of which are processed in the different

Table 1 Mean ± SE of MFV (cm/s) during Visual Stimulations in Men and Women

Dark Light Blue Yellow

RMCA LMCA RMCA LMCA RMCA LMCA RMCA LMCA Men

64 ± 1.26 63.9 ± 1.8 65.7 ± 1.2 64.2 ± 1.67 66.8 ± 1.28 65.6 ± 1.8 65.6 ± 1.26 64.4 ± 1.7

RMCA LMCA RMCA LMCA RMCA LMCA RMCA LMCA Women

81.6 ± 2 80.7 ± 1.8 82.3 ± 2 81.26 ± 1.7 83.8 ± 1.9 81.6 ± 1.77 82.57 ± 1.86 81.3 ± 1.6

Figure 2 (A-B) shows the 3D surface quadratic plots of MFV changes in color space for men (Figure 2A) and women (Figure 2B),
respectively.
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cortical regions [40-43]. The functional integration of
color processing and luminance effect could provide a
model for the study of the functional integration of
color processing and color memory within the color
space. Given what is known thus far, it could be pro-
posed that in men, wavelength-differencing within the
right hemisphere by processes of cortical long-term
depression (CLTD) and subcortical long-term potentia-
tion (SLTP) [12], occurred simultaneously with contral-
ateral cortical short-term depression (CSTD) and
subcortical short-term potentiation (SSTP) in the left
hemisphere, marked by exponential decaying increase in
synaptic strength that appears to involve NMDA recep-
tors as well [44,45], but decays after reaching the asymp-
totic levels of MFV (Figure 3A). Thus, it could be
postulated that in men, in the contralateral left hemi-
sphere, memory activation implicated ‘exponential
expansion’ by CSTD and SSTP processes. On the other
hand, in women, frequency-differencing within the
left hemisphere occurred by processes of cortical long-
term potentiation (CLTP) and subcortical long-term
depression (SLTD) [12], concurrently, with ipsilateral
cortical short-term potentiation (CSTP) and subcortical
short-term depression (SSTD) in the left hemisphere
[12,44,45], characterized by logarithmic decaying
decrease in synaptic strength that may also involve
NMDA receptors, but decays after reaching the asymp-
totic levels of MFV (Figure 3B). Thus, in women, in the
ipsilateral left hemisphere memory activation involved
‘logarithmic compression’ by CSTP and SSTD processes.
Analogous synaptic and cellular activities have been
observed in animal experiments [44,45].
The holistic-synthetic versus analytic gender-related

cognitive styles have been proposed for hemispheric
asymmetry for facial processing [46-48], and general
intelligence [49-51]. The synthetic versus analytic divide
may underscore that, color processing did not impose

any new constraints on the brain other than that imple-
mented for other stimuli [46-51]. It could be presumed
that, the constructive synthetic processing of color
memory in men, implicated synaptic and cellular activ-
ities that accomplished exponential expansion in mem-
ory in the contralateral left hemisphere. On the other
hand, in women, the synaptic and cellular activities
accomplished logarithmic compression in memory in
the ipsilateral left hemisphere. Given that the construc-
tive synthetic memory processing in men, would require
encoding and retrieval processes through trans-callosal
pathways from the right hemisphere to the contralateral
left hemisphere, both temporal and quantitative color
memory formation would be expected to be less effi-
cient in comparison to ipsilateral left hemisphere analy-
tic processing in women. Furthermore, the ipsilateral
left hemisphere processing of frequency-differencing and
luminance effect, in women, would allow greater flexibil-
ity for color constancy in women than in men [52]; as
well as the co-localization, may enhance color memory
and naming capabilities in women [53-58]. Some have
identified that, women access a larger repertoire of
words to describe colors across ages, languages and cul-
tures, and are better at color matching from memory
[53-58].
The existence of wavelength-differencing in men and

frequency differencing in women, which implement
inverse exponential and logarithmic functions respec-
tively, may be related to the dual nature of light as a
wave and as particulate energy referred to as quanta
[11,12]. The reason for the male preference for right
hemisphere wavelength-differencing, and female prefer-
ence for left hemisphere frequency-differencing remains
unknown. However, according to the light hypothesis
for cerebral asymmetry, which posits that, the phenoty-
pic neuroadaptation to environmental physical con-
straints of light as a wave and as quanta energy led to

Figure 3 (A-B) shows the exponential function model fitted to the data in men (Figure 3A), and the logarithmic function model fitted
to the data in women (Figure 3B). All subjects were plotted with the 95% confidence band shown.
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phenotypic evolution, and genetic variation of X-Y gene
pairs that determine hemispheric asymmetry [12].
Hence, the evolutionary trend is towards optimization of
perception of the ‘whole’ environment by functional
coupling of the genes for complementarity of both
hemispheres within self, and between both genders [12].
The wavelength-differencing in men and frequency-
differencing in women may be physical expressions with
neurobehavioral and psychophysiologic correlates for
cognitive styles.
The results support the notion of adaptive neuroplas-

ticity within the visual system. The functional modula-
tion by luminance effect of wavelength-differencing in
men, and frequency-differencing in women, is a mani-
festation of adaptive neuroplasticity within the visual
system. Preliminary work in healthy men, during head-
down rest showed adaptive changes in 3D color space in
different head positions and return to normal conditions
[11]. Such adaptive neuroplasticity would be expected to
be constrained by disease processes. The present work
offers a potential approach to non-invasive assessment
of adaptive neuroplasticity within a functionally specific
region of the brain with simple selective visual color sti-
muli, which lacks major confounding effects of other
modalities. It is plausible that changes in color space
may correlate with early signs of cognitive impairment.
However, it remains to be demonstrated in disease con-
ditions such as stroke and neurodegenerative diseases.
Furthermore, the results exemplify nonlinearity in the

human visual system. The nonlinearity response mod-
elled by exponential and logarithmic functions, respec-
tively, showed a measure of semi-linearity within the
physiologic range of MFV, but not beyond these limits.
This may suggest that, there exists a narrow physiologic
range of cerebral blood flow velocity, within which there
was regulation of visual processing, in much the same
manner as cerebral autoregulation, during fluctuations
of blood pressure. It could be presumed that, for cogni-
tive performance not to be compromised, there exits a
narrow physiologic range for fluctuation of cerebral
blood flow velocity in the MCAs. It is plausible that,
this narrow physiologic range within the modelled expo-
nential and logarithmic curves may provide a potential
estimation of ‘cognitive autoregulation’. In men, the
exponential function yielded a negative X-axis horizontal
asymptote (Figure 1A and Figure 3A). The latter may
suggest that, normal wavelength-differencing along the
X-axis (RMCA MFV for Yellow) would seize to occur at
a critically lower limit of luminance effect on LMCA
MFV (Y-axis). On the other hand, in women, the loga-
rithmic function yielded a negative Y-axis (LMCA MFV
for White light) vertical asymptote (Figure 1B and
Figure 3B). The latter may suggest that frequency-
differencing along the X-axis (LMCA MFV for Blue)

may occur with absent luminance effect, that is, during
scotopic vision in women. Moreover, it has been sug-
gested that women have high scotopic sensitivity in the
right hemisphere and may contribute to this improved
capability [19,46]. However, this remains to be tested
using a variety of visual stimuli. Pathologic conditions
such as stroke and neurodegenerative diseases, with
resulting cerebral hypoperfusion could condition a shift
of the curves to the right, downwards and narrowing of
the range. Future studies would explore these changes
in correlation with early signs of cognitive impairment.
It is therefore plausible that, progressive monitoring of
the curve shift overtime may be of diagnostic value, and
may well be used in monitoring stroke rehabilitation.
The existence of a physiologic color space in the

human brain has long been presumed, however, direct
physiologic measurements to compute a color space
have not been possible until now. Conventional
approaches assess color space by perceptual color repre-
sentation in a coordinate system [59]. The present work
demonstrates that a color space could be constructed
from responses to opponent colors (blue-yellow) and
luminance effects, eliminating the need for multiplicity
of colors used in conventional systems that compound
assessment of perceptive responses. Conventional color
image processing algorithms do not consider nonlinear-
ity of human color vision and the limitations of the
human vision to discriminate between two similar colors
and the maximum number of colors human vision can
respond to. It is plausible that, the physiologic color
space could be transformed to perceptual correlates that
comprise a variety of other colors within a composite
color space. The resulting perceptual color space would
be of immense interest to color vision researchers, seek-
ing ways to improve visual graphics on computers.
The functional integration within the color space was

useful for understanding mechanisms implicated in simul-
taneous color contrast, color constancy, and formation of
color memory, as constructive synthetic in men, but analy-
tic in women. In conclusion, the paradox of color percep-
tion is that men and women see and remember it
differently; however, the essence of this sex dimorphism is
complementarity of the genders, aimed at enhancing our
collective experience of the physical World around us.

Disclosures
The author declares that they have no competing
interests.

Acknowledgements
The study was funded by the Chidicon Medical Foundation.

Received: 30 October 2010 Accepted: 10 February 2011
Published: 10 February 2011

Njemanze Experimental & Translational Stroke Medicine 2011, 3:1
http://www.etsmjournal.com/content/3/1/1

Page 7 of 8



References
1. Albers J: Interaction of color. New Haven: Yale University Press; 1963, 20-21.
2. Daw N: Goldfish retina: organization for simultaneous color contrast.

Science 1968, 158:942-944.
3. Land EH, McCann JJ: Lightness and retinex theory. J Opto Soc Am 1971,

61:1-11.
4. Livingstone MS, Hubel DH: Anatomy and physiology of color system in

the primate visual cortex. J Neurosci 1984, 4:309-356.
5. Dufort PA, Lumsden CJ: Color categorization and color constancy in a

neural network model of V4. Biol Cybern 1991, 65:293-303.
6. Foster DH, Nascimento SMC: Relational color constancy from invariant

cone-excitation ratios. Proc R Soc Lond B Biol Sci 1994, 257:115-121.
7. Kraft JM, Brainard DH: Mechanisms of color constancy under nearly

natural viewing. Proc Natl Acad Sci USA 1999, 96:307-312.
8. Conway BR: Spatial structure of cone inputs to color cells in alert

Macaque primary visual cortex (V-1). J Neurosci 2001, 21:2768-2783.
9. Itten J: The art of color; the subjective experience and objective

rationale of color.Edited by: van Haa E translator. New York: Reinhol; 1966.
10. Zeki S: A vision of the brain, plate 16. Cambridge MA: Blackwell Scientific;

1993.
11. Njemanze PC: Asymmetric neuroplasticity of color processing during

head down rest: a functional transcranial Doppler spectroscopy study. J
Grav Physiol 2008, 15:49-59.

12. Njemanze PC: Gender-related asymmetric brain vasomotor response to
color stimulation: a functional transcranial Doppler spectroscopy study.
Exp Transl Stroke Med 2010, 2:21-27.

13. Jacobs GH, Neitz J: Color vision in squirrel monkeys: sex-related
differences suggest the mode of inheritance. Vision Res 1985, 25:141-143.

14. McCann JJ, Houston KL: Color sensation, color perception and mathematical
models of color vision. In Color Vision: Physiology and Psychophysics. Edited by:
Mollon JD, Sharpe LT. London: Academic Press; 1983.

15. Gouras P: Cortical mechanisms of color vision. In The Perception of Color:
Vision and Dysfunction. Edited by: Gouras P. England: Macmillan;
1991:179-197.

16. Kentridge RW, Heywood CA, Weiskrantz L: Color contrast processing in
human striate cortex. Proc Natl Acad Sci USA 2007, 104:15129-15131.

17. Lueck CJ, Zeki S, Friston KJ, Deiber MP, Cope P, Cunningham VJ,
Lammertsma AA, Kennard C, Frackowiak RS: The color centre in the
cerebral cortex of man. Nature 1989, 340:386-389.

18. Till JS: Opthalmologic aspects of cerebrovascular disease. In
Cerebrovascular Disorders. Edited by: Toole JF. New York, NY: Raven Press;
1984:231-250.

19. Njemanze PC, Gomez CR, Horenstein S: Cerebral lateralisation and color
perception: A transcranial Doppler study. Cortex 1992, 28:69-75.

20. Zeki S, Marini L: Three cortical stages of color processing in the human
brain. Brain 1998, 121:1669-1685.

21. Njemanze PC: Asymmetry of cerebral blood flow velocity response to
color processing and hemodynamic changes during -6 degrees 24-hour
head-down bed rest in men. J Grav Physiol 2005, 12:33-41.

22. Gray H, Clemente CD: Gray’s anatomy of the human body. Philadelphia:
Lippincott Williams and Wilkins;, 30 1984.

23. Bliss TVP, Lomo T: Long-lasting potentiation of synaptic transmission in
the dentate area of the anesthetized rabbit following stimulation of the
preforant path. J Physiol 1973, 232:331-356.

24. Ito M: Long-term depression. Ann Rev Neurosci 1989, 11:85-102.
25. Peters M: Description and validation of a flexible and broadly usable

hand preference questionnaire. Laterality 1998, 3:77-96.
26. Frisén L: Clinical Tests of Vision. New York: Raven Press; 1990.
27. Stroobant N, Vingerhoets G: Transcranial Doppler ultrasonography

monitoring of cerebral hemodynamics during performance of cognitive
tasks. A review. Neuropsychol Rev 2000, 10:213-231.

28. Toole JF: Cerebrovascular Disorders. New York, NY: Raven Press; 1984.
29. Thompson RF: Brain: A Neuroscience Primer. New York: Worth Publishers;,

3 2000.
30. LeVay S, Wiesel TN, Hubel DH: The development of ocular dominance

columns in normal and visually deprived monkeys. J Comp Neurol 1980,
191:1-51.

31. Dacey DM: Parallel pathways for spectral coding in primate retina. Ann
Rev Neurosci 2000, 23:743-775.

32. Bear MF, Connors BW, Paradiso MA: Neuroscience: exploring the brain.
Baltimore: Lippincott Williams & Wilkins;, 2 2001, 314-348.

33. Kodak E: Kodak Photographic Filters Handbook Publication No. B-3.
Rochester, New York: Eastman Kodak Company; 1990.

34. Bartley SH: Central mechanisms of vision. In Handbook of Physiology,
Section I: Neurophysiology. Edited by: Field J, Mogoun HW, Hall VE.
Washington, D.C.: American Physiological Society; 1959:738-739.

35. Bowling A: Measuring disease. Buckingham, UK: Open University Press;, 2
2001.

36. Spielberger CD, Ritterband LE, Sydeman SJ, Reheiser EC, Unger KK:
Assessment of emotional states and personality traits: Measuring
psychological vital signs. In Clinical personality assessment: Practical
approaches. Edited by: Butcher JN. New York: Oxford University Press; 1995.

37. De Renzi E, Spinnler H: Impaired performance on color tasks in patients
with hemispheric damage. Cortex 1967, 3:194-217.

38. Sasaki H, Morimotor A, Nishio A, Matsuura S: Right hemisphere
specialization for color detection. Brain Cogn 2007, 64:282-289.

39. Simmons WK, Ramjee V, Beauchamp MS, McRae K, Martin A, Barsalou LW:
A common neural substrate for perceiving and knowing about color.
Neuropsychol 2007, 45:2802-2810.

40. Slotnick SD: Memory for color reactivates color processing region.
NeuroReport 2009, 20:1568-1571.

41. Squire LR: Memory and the hippocampus: a synthesis from findings with
rats, monkeys, and humans. Psychol Rev 1992, 99:195-231.

42. Schacter DL, Norman KA, Koutstaal W: The cognitive neuroscience of
constructive memory. Annu Rev Psychol 1998, 49:289-318.

43. Slotnick SD: Visual memory and visual perception recruit common neural
substrates. Behav Cogn Neurosci Rev 2004, 3:207-221.

44. Xie X, Barrionuevo G, Berger TW: Differential expression of short-term
potentiation by AMPA and NMDA receptors in dentate gyrus. Learn Mem
1996, 3:115-123.

45. Escobar ML, Derrick B: Long-Term Potentiation and Depression as
Putative Mechanisms for Memory Formation. In Neural Plasticity and
Memory: From Genes to Brain Imaging. Edited by: Bermudez-Rattoni F. Boca
Raton (FL): CRC Press; 2007.

46. Njemanze PC: Cerebral lateralisation for facial processing: Gender-related
cognitive styles determined using Fourier analysis of mean cerebral
blood flow velocity in the middle cerebral arteries. Laterality 2007,
12:31-49.

47. Ishai A, Ungerleider LG, Martin A, Schouten JL, Haxby JV: Distributed
representation of objects in the human ventral visual pathway. Proc Natl
Acad Sci USA 1999, 96:9379-9384.

48. Gauthier I: What constrains the organisation of the ventral temporal
cortex? Trends Cogn Sci 2000, 4:1-2.

49. Njemanze PC: Cerebral lateralization and general intelligence: Gender
differences in a transcranial Doppler study. Brain Lang 2005, 92:234-239.

50. Tranel D, Damasio H, Denburg NL, Bechara A: Does gender play a role in
functional asymmetry of ventromedial prefrontal cortex? Brain 2005,
128:2872-2881.

51. Jung RE, Haier RJ, Yeo RA, Rowland LM, Petropoulos H, Levine AS,
Sibbitt WS, Brooks WM: Sex differences in N-acetylaspartate correlates of
general intelligence: An 1H-MRS study of normal brain. Neuroimage 2005,
26:965-972.

52. Anya H: Color constancy. Curr Biol 2007, 17:R906-R907.
53. Thomas LL, Curtis AT, Bolton R: Sex differences in elicited color lexicon

size. Percept Motor Skill 1978, 47:77-78.
54. Anyan WR Jr, Quillian WW II: The naming of primary colors by children.

Child Dev 1971, 42:1629-1632.
55. Mollon JD: Worlds of difference. Nature 1992, 20:378-379.
56. Bimler DL, Kirkland J, Jameson KA: Quantifying variations in personal color

spaces: are there sex differences in color vision? Color Res Appl 2004,
29:128-134.

57. Simpson J, Tarrant AWS: Sex- and age-related differences in color
vocabulary. Lang Speech 1991, 34:57-62.

58. Pérez-Carpinell J, Baldoví R, de Fez MD, Castro J: Color memory matching.
Time effect and other factors. Color Res Appl 1998, 23:234-247.

59. Sharma G: Digital color imaging. IEEE transactions on image processing
1997, 6:901-932.

doi:10.1186/2040-7378-3-1
Cite this article as: Njemanze: Gender-related differences in physiologic
color space: a functional transcranial Doppler (fTCD) study. Experimental
& Translational Stroke Medicine 2011 3:1.

Njemanze Experimental & Translational Stroke Medicine 2011, 3:1
http://www.etsmjournal.com/content/3/1/1

Page 8 of 8

http://www.ncbi.nlm.nih.gov/pubmed/6198495?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6198495?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1932285?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1932285?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9874814?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9874814?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11306629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11306629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21118547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21118547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3984212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3984212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17823246?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17823246?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2787893?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2787893?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1572174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1572174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9762956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9762956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4727084?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4727084?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4727084?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15513076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15513076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11132101?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11132101?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11132101?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6772696?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6772696?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10845080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17493729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17493729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19858765?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1594723?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1594723?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9496626?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9496626?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15812107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15812107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10456082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10456082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17090448?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17090448?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17090448?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10430951?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10430951?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10637614?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10637614?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15721956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15721956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16195242?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16195242?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15955507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15955507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17983562?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1819683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1819683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18282983?dopt=Abstract

	Abstract
	Introduction
	Methods
	Tasks
	Visual Stimulation and Recording
	Three Dimensional Color Space
	Exponential Function Model
	Logarithmic Function Model
	Inverse relations of Exponential and Logarithmic Functions

	Results
	Discussion
	Disclosures
	Acknowledgements
	References

