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A B S T R A C T

Multiple color-selective areas have been described in visual cortex, in both humans and non-human primates. In macaques, hue-selective columns have been reported
in several areas. In V2, it has been proposed that such hue-selective columns are mapped so as to mirror the order of wavelength through the visible spectrum, within
thin-type stripes. Other studies have suggested a neural segregation of mid-spectral vs. end-spectral hue preferences (e.g. red and blue vs. green and yellow), within
thin- and thick-type stripes, respectively. This latter segregation could reduce the spatial ‘blur’ due to chromatic aberration in the encoding of ﬁne spatial details in the
thick-type stripes.
To distinguish between these and related models, we tested the organization of hue preferences in human visual cortex using fMRI at high spatial resolution. We
used a high ﬁeld (7T) scanner in humans (n ¼ 7), measuring responses to four independent hues, including end-spectral (i.e. red-gray and blue-gray) and mid-spectral
(i.e. green-gray and yellow-gray) isoluminant gratings, and also relative to achromatic luminance-varying (control) stimuli. In each subject, thin- and thick-type
columns in V2 and V3 were localized using an independent set of stimuli and scans.
We found distinct hue-selective differences along the dimension of mid-vs. end-spectral hues, in striate and early extrastriate visual cortex. First, as reported
previously in macaques, V1 responded more strongly to end-spectral hues, compared to mid-spectral hues. Second, the color-selective thin-type stripes in V2 and V3
showed a greater response to end- and mid-spectral hues, relative to luminance-varying gratings. Third, thick-type stripes in V2/V3 showed a signiﬁcantly stronger
response to mid-spectral (compared to end-spectral) hues. Fourth, in the higher-tier color-selective area in occipital temporal cortex (n ¼ 4), responses to all four hues
were statistically equivalent to each other.
These results suggest that early visual cortex segregates the processing of mid-vs. end-spectral hues, perhaps to counter the challenging optical constraint of
chromatic aberration.

1. Introduction
Humans can see a narrow range of wavelengths within the electromagnetic spectrum, roughly from 400 – 700 nm. Nevertheless within that
range, typical human observers can discriminate many different variations in light (Geldard, 1972; Judd and Wyszecki, 1975). Such variations
can be grouped into three main perceptual dimensions: hue, saturation
and luminance, which are related to physical variations of wavelength,
spectral purity, and intensity, respectively. Here we focus on sensitivity
to variations in hue/wavelength.
In humans (Zeki et al., 1991; Hadjikhani et al., 1998; Beauchamp
et al., 1999; Bartels and Zeki, 2000; Mullen et al., 2007; Lafer-Sousa et al.,
2016; Nasr et al., 2016) and other primates (Zeki, 1983; Livingstone and
Hubel, 1984; Tootell et al., 2004; Lu and Roe, 2008; Wade et al., 2008;
Lim et al., 2009), multiple studies have reported neural clusters or areas
that respond selectively to hue-varying (rather than luminance-varying)
stimuli, in different visual areas, including striate and extrastriate cortex.

At a smaller spatial scale, Zeki was ﬁrst to report hue-selective ‘color
columns’ in a fourth-named area (V4) in macaque visual cortex (Zeki,
1973, 1983). In such columns, neurons that respond selectively to a given
stimulus hue (e.g. either red, green, or blue) are grouped together along a
radial (vertical) axis, i.e. perpendicular to the cortical surface.
Given such hue-selective columns, one might ask how columns for
different hues are mapped across the cortical surface. One model proposes a spatially continuous 1D arrangement of preferred hues that
mirrors the continuous variation in wavelength through the visible
spectrum (Xiao et al., 2003; Lim et al., 2009; Tanigawa et al., 2010). For
instance, a cortical column that responds selectively to blue (i.e. dominated by short wavelengths) would be located adjacent to cortical sites
that preferred green, then yellow, then red, (i.e. progressively longer
wavelengths), or vice versa. For convenience, we describe this as a
‘spectral’ model of hue mapping. Such an organization was reported in
V1 (Ts'o and Gilbert, 1988, Roe and Ts'o, 1999, Landisman and Ts' O,
2002a, b, Xiao et al., 2007, Xiao et al., 2011), and in detail in V2, as a
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hue pairs – so that sensitivity to a given single hue could not be extracted
from such data.
Another reason for the dearth of hue-selective maps in human visual
cortex may be that such maps were simply too small to see based on
conventional fMRI techniques based on the expected size of those neural
columns that are involved in coding color (e.g. in V2 thin-type stripes)
and related variables (e.g. in V2 thick-type stripes) in non-human primates. However, recent technical advances have made it possible to
directly localize and study such functional columns in humans based on
high-resolution fMRI (Yacoub et al., 2007, 2008; Zimmermann et al.,
2011; Nasr et al., 2016; Dumoulin et al., 2017; Tootell and Nasr, 2017).
To test these models of hue processing in human visual cortex, we
collected high-resolution fMRI activity evoked by each of four different
hues in 7 human subjects using a 7T scanner. At the spatial scale of areas,
we found a stronger response to end-spectral compared to mid-spectral
hues in V1, as suggested by previous studies in non-human primates
(Vautin and Dow, 1985; Creutzfeldt et al., 1987; Tootell et al., 1988;
Salzmann et al., 2012). At the ﬁner scale of cortical columns, and
consistent with the model suggested by Dow et al., we found a strong bias
for mid-spectral (compared to end-spectral) hues beyond color-selective
thin-type columns in V2/V3, e.g. in thick-type stripes. In comparison,
responses to all four hues were roughly equivalent to each other in the
thin-type columns in V2 and V3, and in the color-selective area in occipital temporal cortex.

subdivision of larger color-selective stripes in this area (Xiao et al., 2003,
Lim et al., 2009).A similar spectral organization of hue selectivity was
also reported within color-selective patches of area V4 (Tanigawa et al.,
2010) and higher level visual areas (Chang et al., 2017).
An alternative hypothesis of hue mapping was proposed by Dow et al.
(Vautin and Dow, 1985; Yoshioka and Dow, 1996; Yoshioka et al., 1996;
Dow, 2002), based on well-known optical constraints due to chromatic
aberration (Walls, 1943; Hartridge, 1947). Brieﬂy, in the linear form of
chromatic aberration, wavelength-varying stimuli have different focal
lengths on the retina, and without very specialized optical compensations
(not present in the human eye), it is physically impossible to focus red
and blue (i.e. end-spectral) stimuli on the retina at the same time. This
results in blurring of the end-spectral stimuli on the retina, compared to
the mid-spectral ones.
To reduce this problem, the Dow et al. model subdivides neural responses into those that are selective to mid-spectral hues (e.g. yellow and
green), vs. those that are selective for end-spectral hues (e.g. blue and
red). Only mid-spectral hues (for instance, green (~535 nm) and yellow
(~575 nm)) are sampled in the processing of spatially-ﬁne visual details,
because such mid-spectral hues are subject to much reduced chromatic
aberration. Comparison of information from a much wider range of hues
(e.g. blue (470 nm) through red (630 nm) (i.e. a roughly four-fold greater
difference compared to the mid-spectral range)) would be subject to
much greater chromatic aberration. This may be partly why color processing has a reduced sensitivity to higher spatial frequencies, relative to
luminance processing (Mullen, 1985; Webster et al., 1990; Anderson
et al., 1991; Vimal, 2002).
This dichotomous end-vs. mid-spectral model has been supported by
single unit recording in area V2 (Yoshioka and Dow, 1996; Yoshioka
et al., 1996), in which segregated pathways are well-known based on
histological (cytochrome oxidase) staining (Hubel and Livingstone,
1987; Tootell and Hamilton, 1989; Peterhans and von der Heydt, 1993;
Vanduffel et al., 2002; Kaskan et al., 2009; Felleman et al., 2015). Speciﬁcally, a signiﬁcant response was reported to mid-spectral hues within
the thick-type (but not thin-type) stripes in macaque V2 (Yoshioka and
Dow, 1996). In this and many additional studies, it has been reported that
these thick-type stripes also selectively process ﬁne-scale shape details,
including orientation (Hubel and Livingstone, 1987; Yoshioka and Dow,
1996; Vanduffel et al., 2002; Kaskan et al., 2009). However, well-known
sampling limitations of single unit recording, and differences in color
vision between monkeys and humans (Dobkins et al., 2000), suggest that
further study in humans would be informative.
More empirically, a third type of map-based variation in hue sensitivity has also been reported numerous times in monkey visual cortex,
although it has not yet been clearly linked to any speciﬁc model of color
processing. Speciﬁcally, studies in monkey V1 based on single units
(Vautin and Dow, 1985; Creutzfeldt et al., 1987; Yoshioka et al., 1996),
optical recording (Salzmann et al., 2012), and deoxyglucose mapping
(Tootell et al., 1988) have all reported a robust response to end-spectral
stimuli (e.g. red and blue), and a reduced response to mid-spectral hues
(e.g. yellow and green). Again, this ﬁnding strongly suggests a segregated
processing of mid-vs. end-spectral hues, even in striate cortex. However,
it remains unknown whether such an end-spectral hue bias is present in
humans as well as monkeys, and if conﬁrmed, whether such a ﬁnding can
be linked to the organization of hue described above. Here we addressed
these questions, in the course of our main column-scale experiments on
hue-selective cortical organization.
Despite the numerous studies that focused on localizing colorselective regions within human visual cortex, to the best of our knowledge, evidence for hue maps per se has not been reported. Some studies
were simply not designed to test for hue mapping per se. For instance,
several groups conducted elegant studies testing for variations in color
sensitivity based on S-cone and L/M-cone stimuli (Engel et al., 1997; Liu
and Wandell, 2005; Mullen et al., 2007; Sumner et al., 2008) using fMRI
in visual cortex. However, in order to optimally activate cone-selective
responses in these studies, it was necessary for such studies to present

2. Methods
2.1. Participants
Seven human subjects (3 females and 4 males), aged 22–35 years,
participated in this study. All subjects had normal color vision (based on
Ishihara and Farnsworth D15 tests), normal or corrected-to-normal visual
acuity, and radiologically normal brains without history of neuropsychological disorder. Among these, 6 subjects (3 females) had participated
in a prior study in which we localized thin- and thick-type columns in
areas V2/V3 (Nasr et al., 2016; Nasr and Tootell, 2016). However, data
reported here are based on independent scan sessions, using an independent set of stimuli (see below). All experimental procedures conformed to NIH guidelines and were approved by Massachusetts General
Hospital protocols. Written informed consent was obtained from all
subjects prior to the experiments.
2.2. General procedures
Each subject was scanned in a high ﬁeld scanner (Siemens 7T wholebody system, Siemens Healthcare, Erlangen, Germany) to localize their
thin-type (color-selective) and thick-type (stereo-selective) columns, in 2
sessions each, on different days. Hue-speciﬁc responses were measured in
two additional sessions. All 7 subjects were also scanned in a 3T scanner
(Tim Trio, Siemens Healthcare) in two additional sessions, for structural
and retinotopic mapping, and to localize occipital temporal colorselective area(s). Thus for each subject, data was based on at least
eight scan sessions.
2.3. Visual stimuli and procedure
Experimental stimuli included four hue-varying gratings: two endspectral (blue-gray and green-gray) gratings, and two mid-spectral (i.e.
yellow-gray, and red-gray) gratings, plus achromatic (gray level)
luminance-varying sinusoidal gratings, each presented in independent
blocks. All gratings were matched in mean luminance via ﬂicker
photometry (see below) for each subject; thus the hue-varying gratings
were ‘isoluminant’. The dominant wavelengths of the blue, green, yellow
and red hues were near 463, 547, 572 and 612 nm, respectively. All
stimuli subtended 20  20 of visual angle. Each hue-varying grating
was presented in independent blocks. The spatial frequency of all
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gratings was low (0.3 cycle/ ), to tap the relatively higher sensitivity to
color (relative to luminance) sensitivity at low spatial frequencies (van
der Horst and Bouman, 1969; Granger and Heurtley, 1973), and to
minimize linear chromatic aberration (i.e. luminance artifacts) at color
borders. Stimulus examples are shown in Fig. 1.
In each subject, the mean luminance level was equated for each huevarying grating. Speciﬁcally, mean luminance values for red, yellow,
green, and achromatic gray were deﬁned based on the method of ﬂicker
photometry (Ives, 1907; Bone and Landrum, 2004; Nasr et al., 2016). The
luminance for all hues was set to the limiting (maximum) luminance for
blue (i.e. 4.8 Ft.-L.) (see below). The isoluminance adjustment was conducted independently in each session inside the scanner, prior to each
functional scan session.
Isoluminant values are known to vary with stimulus eccentricity
(Mullen, 1985; Livingstone and Hubel, 1987; Bilodeau and Faubert,
1997; Nasr et al., 2016). Accordingly, ﬂicker photometry measurements
were conducted independently across three different eccentricities
(foveal (0 –2 ), parafoveal (2 –5 ), and peripheral (5 –10 )) relative to
the maximum blue luminance at each eccentricity. Table 1, Tables S1 and
S2 show the resultant values across the three eccentricities, averaged
over the seven subjects in CIE-Lab, LMS and DKL color-coordinate systems. Resulting values were extrapolated between these three sampled
eccentricities by ﬁtting a logarithmic function.
During the scans, stimuli were presented via a projector (Sharp XGP25X, 1024  768 pixel resolution, 60 Hz refresh rate) onto a rearprojection screen, viewed through a mirror mounted on the receive
coil array. MATLAB 2017a (MathWorks, Natick, MA, USA) (RRID:
SCR_001622) and the Psychophysics Toolbox (Brainard, 1997; Pelli,
1997) were used to control stimulus presentation. In different blocks,
grating stimuli were presented at horizontal and vertical orientations,
drifting in orthogonal directions (reversed every 6 s) at 4 /s. Each run
included 10 stimulus presentation blocks (24 s per block), beginning and
ending with an additional block (18 s) of uniform gray. Each subject
participated in 12 runs per session, during which 1104 functional volumes were collected (see Imaging section below). During the scans,
subjects conducted a ‘dummy’ attention task which required subjects to
maintain ﬁxation on a very small central target, and report small changes

Table 1
Isoluminance hues (mean  s.d.) across the three eccentricities, in CIE-Lab color
space, estimated based on the method of ﬂicker photometry.

Red

Green

Yellow

Gray

L
a
b
L
a
b
L
a
b
L
a
b

Foveal

Parafoveal

Peripheral

31.22  1.82
54.65  2.10
45.03  2.12
32.15  7.41
40.00  6.16
38.25  6.58
34.62  7.57
9.64  1.44
41.98  6.80
20.85  6.75
0  0.0010
0  0.0004

36.92  3.21
61.24  3.71
51.20  3.45
35.94  7.48
43.15  6.21
41.52  6.21
38.46  7.36
10.37  1.40
45.38  6.31
30.17  7.07
0  0.0011
0  0.0004

43.37  3.37
68.70  3.91
57.62  3.32
42.49  9.74
48.59  8.09
46.84  7.91
42.53  7.62
11.15  1.45
48.85  6.43
37.62  6.80
0  0.0010
0  0.0004

in the target color.
2.4. Localization of regions of interest
Main regions of interest (ROIs) included the peripheral representation
(3–10 ) of the V1, V2 and V3 (measured across the retinotopicallyactivated portion of each area (see below)), plus thin-type and thicktype columns within each of V2 and V3 (see below). In addition, a ROI
was deﬁned for area V3A as a control (non-color-selective) region
(Mullen et al., 2007; Brouwer and Heeger, 2009; Tootell and Nasr, 2017).
In four subjects, our ﬁeld of view (FOV) also included the occipital
temporal color-selective area, as described earlier at lower spatial resolution (Hadjikhani et al., 1998; Bartels and Zeki, 2000; Wade et al., 2002;
Lafer-Sousa et al., 2016).
Borders of areas V1, V2, V3 and V3A were deﬁned retinotopically in
each individual subject. Stimuli used for retinotopic mapping were color
images of scenes and face mosaics, presented within retinotopically
limited apertures, against a gray background. These retinotopic apertures
included horizontal and vertical meridian wedges (radius ¼ 10 , polar
angle ¼ 30 ), a foveal disk (radius ¼ 0–1.5 ) and a peripheral ring
(radius ¼ 4.5–10 ). Further details are reported elsewhere (Sereno et al.,

Fig. 1. Activity maps evoked by hue-varying (relative to luminance-varying) gratings in striate and extrastriate cortex, in one hemisphere. A) Localization of thin-type
(color-selective) columns within extrastriate visual areas V2 and V3, produced by contrasting the activity evoked by color-varying vs. luminance-varying stimuli (redto-yellow: p < 103 to p < 106), as deﬁned previously (Nasr et al., 2016). This stimulus contrast evoked a relatively uniform activity pattern within V1 (at this spatial
resolution), and also activated thin-type columns within V2 and V3. Stimulus examples are shown above the panels. The area deﬁned by the white outline in panel A is
enlarged and used in the remaining panels. B-E) Selective activity evoked by blue-gray, red-gray, green-gray and yellow-gray gratings relative to luminance-varying
stimuli (red-to-yellow: p < 0.05 to p < 103), respectively. F-I) Non/overlap of activity in thin-type columns relative to activity evoked selectively by each different
hues (green: supra-threshold activity produced by the color-selective localizers (as in panel A); red: supra-threshold selective activity produced by each different hues;
yellow: overlap between color-selective and hue-related response; black: no activity). Thresholds are deﬁned as in panels A-E. Overall, the activity driven by spectrally
extreme hues (i.e. red and blue) was largely conﬁned to thin-type columns. In contrast, activity evoked by mid-spectral hues (i.e. green and yellow) extended well
beyond thin-type columns. In all maps, borders of visual areas were deﬁned retinotopically in an independent scan session (see Methods).
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each run were rigidly aligned (6 DOF) relative to his/her own structural
scan, using rigid Boundary-Based Registration (Greve and Fischl, 2009).
This procedure made it possible to combine (average) data acquired
across multiple scan sessions, for each subject.
A standard hemodynamic model based on a gamma function was ﬁt to
the fMRI signal to estimate the amplitude of the BOLD response. For each
individual subject, the average BOLD response maps were calculated for
each condition (Friston et al., 1999). Then, voxel-wise statistical tests
were conducted by computing contrasts based on a univariate general
linear model. The resultant signiﬁcance maps were projected onto the
subject's anatomical volumes and reconstructed cortical surfaces.
To reduce the impact of pial veins on evoked activity maps (Yacoub
et al., 2008; Polimeni et al., 2010; Nasr et al., 2016), brain activity was
sampled from the deepest cortical layer. Speciﬁcally, for each subject, the
gray-white matter (deep) interfaces were deﬁned based on each subjects'
own high-resolution structural scans using FreeSurfer (Dale et al., 1999;
Fischl et al., 1999, 2002). To measure the fMRI activity, the percent fMRI
signal change was calculated for those functional voxels that intersected
this gray-white matter interface, and the resultant values were projected
onto the corresponding vertices of the surface mesh.

1995; Tootell et al., 1997; Nasr et al., 2011).
Additional scan sessions (with a >7 day gap with the main tests)
localized thick-type and thin-type columns within V2 and V3, as
described previously (Nasr et al., 2016; Nasr and Tootell, 2016; Tootell
and Nasr, 2017). Brieﬂy, thin-type columns were localized by contrasting
the activity evoked by isoluminant red-blue relative to
luminance-varying gratings (Fig. 1). Thick-type columns were localized
by contrasting the activity evoked by depth-varying (0.2 to 0.2 )
random dot stereograms (RDS (Julesz, 1971)) relative to the same dot
array moving within the fronto-parallel plane. The occipital temporal
color-selective site was localized based on a conventional (color-varying
vs. luminance-varying) stimulus contrast (Hadjikhani et al., 1998).
2.5. Imaging
Main experiments were conducted in a 7T Siemens whole-body
scanner equipped with SC72 body gradients (70 mT/m maximum
gradient strength and 200 T/m/s maximum slew rate), using a custombuilt 32-channel helmet receive coil array and a birdcage volume
transmit coil (Keil et al., 2010). Voxel dimensions were prescribed at
1.0 mm, isotropic. Single-shot gradient-echo EPI was used to acquire
functional images with the following protocol parameter values:
TR ¼ 3000 ms, TE ¼ 28 ms, ﬂip angle ¼ 78 , matrix ¼ 192  192,
BW ¼ 1184 Hz/pix, echo-spacing ¼ 1 ms, 7/8 phase partial Fourier,
FOV ¼ 192  192 mm, 44 oblique-coronal slices, acceleration factor
R ¼ 4 with GRAPPA reconstruction and FLEET-ACS data (Polimeni et al.,
2015) with 10 ﬂip angle.
Voxel size estimation might be affected by 1) pulsatility artifacts, plus
2) the draining vein effect of the underlying vasculature. To minimize the
impact of draining veins, we used a differential stimulation paradigm
(Yacoub et al., 2008) and also by sampling far from the pial surface
(Polimeni et al., 2010; Nasr et al., 2016). The impact of pulsatility artifacts in human occipital lobe is expected to be approximately 90 microns
(Enzmann and Pelc, 1992; Poncelet et al., 1992). With regard to ~7 mm
distance (center-to-center) between human thin-type stripes (Nasr et al.,
2016), these artifacts should not have a major impact on our
measurements.
For optimal comparison to prior data, the retinotopic mapping, and
the localization of the occipital temporal color area, were conducted
using a 3T Siemens scanner (Tim Trio) and a Siemens 32-channel receive
coil array. This functional data was acquired using single-shot gradientecho EPI. Voxels were prescribed at 3.0 mm (isotropic) using the
following protocol parameters: TR ¼ 2000 ms, TE ¼ 30 ms, ﬂip
angle ¼ 90 ,
matrix ¼ 64  64,
BW ¼ 2298 Hz/pix,
echospacing ¼ 0.5 ms, no partial Fourier, FOV ¼ 192  192 mm, 33 axial slices covering the entire brain, and no acceleration. As reported previously
(Nasr and Tootell, 2016), for one subject, these retinotopic maps (at 3T)
were compared to the maps collected in a 7T scanner, showing essentially
identical borders at both ﬁeld strengths, as expected (Olman et al., 2010).
Structural (anatomical) data were acquired using a 3D T1-weighted
MPRAGE sequence with protocol parameter values: TR ¼ 2530 ms,
TE ¼ 3.39 ms, TI ¼ 1100 ms, ﬂip angle ¼ 7 , BW ¼ 200 Hz/pix, echo
spacing ¼ 8.2 ms, voxel size ¼ 1.0  1.0  1.33 mm3, FOV ¼ 256  256 
170 mm3.

2.7. Statistical analysis
Statistical tests were based on repeated measures ANOVA. When
necessary (based on Mauchly test), results were corrected for violation of
the sphericity assumption using the Greenhouse-Geisser method. To test
the reliability of the potential effects, a group factor (ﬁrst vs. second scan)
was also considered in all ANOVA tests. We did not observe any betweenhemisphere difference (i.e. laterality). Accordingly, in all ROI analyses,
data from the opposite hemispheres were averaged together to increase
the signal to noise ratio. In all cases, data were tested for normality before
choosing the statistical test: p < 0.05 was considered signiﬁcant. All
statistical analyses were conducted using the MATLAB (2017a) statistics
and machine learning toolbox (MathWorks, Natick, MA, USA).
3. Results
In previous studies (Nasr et al., 2016; Tootell and Nasr, 2017), we
used two-hue sinusoidal gratings (i.e. alternating red and blue stimulus
‘stripes’) to localize ‘thin-type’ (color-selective) columns within human
V2 and V3 (see Methods). Here, our goal was to test the independent
responses evoked by end-spectral (red and blue) and mid-spectral (green
and yellow) hues and achromatic luminance-varying gratings (Fig. 1) in
areas V1, V2 and V3, plus the more occipital temoral color-selective sites
described previously (Hadjikhani et al., 1998; Bartels and Zeki, 2000;
Wade et al., 2002; Brewer et al., 2005; Brouwer and Heeger, 2009;
Lafer-Sousa et al., 2016). While subjects continuously viewed these
stimuli, high-resolution fMRI data was collected using a 7T scanner, in 7
human subjects. To test the reliability of our ﬁndings, and to improve the
signal quality in each individual subject, all subjects were scanned in two
scan sessions, on different days (see Methods).
3.1. Activity produced by end-spectral hues
Partly as a comparison to the red-blue gratings used as localization
stimuli (Nasr et al., 2016), we ﬁrst analyzed the selectivity maps evoked
by each end-spectral hue (i.e. red-gray and blue-gray) and compared the
resultant maps relative to each other, and relative to the selectivity maps
evoked by the dual-hue localization grating (Nasr et al., 2016).
Fig. 1 shows the response to red-blue (Fig. 1A), blue-gray (Fig. 1B)
and red-gray (Fig. 1C) stimuli in one hemisphere. All these maps showed
strong activity within striate cortex (V1), which was topographically unclustered at this spatial resolution and threshold. As expected from previous studies in both humans (Nasr et al., 2016) and monkeys (Tootell
et al., 2004), the blue-gray and red-gray gratings (vs. the achromatic
luminance-varying grating) produced stripe-shaped activity which

2.6. Data analysis
Functional and anatomical MRI data were pre-processed and
analyzed using FreeSurfer and FS-FAST (version 5.3; http://surfer.nmr.
mgh.harvard.edu/) (RRID:SCR_001847) (Fischl, 2012). For each subject, inﬂated and ﬂattened cortical surfaces were reconstructed based on
the high-resolution anatomical data (Dale et al., 1999; Fischl et al., 1999,
2002). All functional images were corrected for motion artifacts. 3T
functional data were spatially smoothed (Gaussian ﬁltered with a 5 mm
FWHM), but no spatial smoothing was applied to the main imaging data
acquired at 7T (i.e. 0 mm FWHM). For each subject, functional data from
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between end-vs. mid-spectral hues. As demonstrated in Fig. 2, these activity maps conﬁrmed the observations based on the single-hue maps
described above (Fig. 1). Speciﬁcally, V1 showed a relatively stronger
preference for end-spectral hues, whereas activity in V2 and V3 was more
strongly driven by mid-spectral (rather than end-spectral) hues, driven
mainly by a signiﬁcant response to mid-spectral (rather than endspectral) hues outside thin-type columns (Fig. 2D). This effect was
observed in both dorsal and ventral portion of areas V2 and V3 (Fig. S2).
Thus, in both the single-hue and combined-hue analyses, the preference for mid-spectral hues was not limited to the thin-type columns (as
deﬁned previously in response to red-blue, blue-gray or red-gray gratings); instead this bias for mid-spectral hues was also evident beyond
thin-type columns, including thick-type columns (Fig. 2D). Here again,
this effect was conﬁrmed in all individuals at the level of activity maps
(Fig. 3 and Fig. S3). Further quantitative analysis of this bias is included
in section 3.5.

radiated perpendicularly to the V1-V2 border, extending across the
stimulated extent of area V2 and V3. These activity maps evoked by the
single-hue (red-gray and blue-gray) gratings showed considerable overlap with the thin-type columns, as activated by dual-hue (i.e. red-blue)
localizing gratings (Fig. 1F and G) and at these thresholds, it did not
extend into thick-type columns (Fig. 2A–B), localized based on their
disparity-selective response (see Methods). This data is broadly consistent with many prior studies in NHPs that have reported V2 thin-type
(but not thick-type) stripes to be ‘color-selective’ (Livingstone and
Hubel, 1984; Xiao et al., 2003; Tootell et al., 2004; Lu and Roe, 2008).
Contrasting the response evoked by red-gray vs. blue-gray did not evoke
any signiﬁcant difference at this threshold (p < 0.05). Fig. S1A shows
additional examples of activity maps evoked by end-spectral hues.
3.2. Activity produced by mid-spectral hues
Consistent with previous reports in non-human primates (Vautin and
Dow, 1985; Creutzfeldt et al., 1987; Tootell et al., 1988; Salzmann et al.,
2012), we found that the mid-spectral (i.e. green and yellow) single-hue
gratings produced activity maps that differed strikingly from the pattern
of activity produced by end-spectral (red and blue) hues (Fig. 1D and E)
as described above. First, in area V1, the isoluminant mid-spectral hues
produced much weaker activity, compared to that produced by the
end-spectral hues. However, in extrastriate areas V2 and V3, the two
mid-spectral hues produced strong activity maps. Secondly, in contrast to
the stripe-shaped activity maps evoked by end-spectral hues, activity
evoked by mid-spectral hues was distributed relatively uniformly across
V2 and V3. In other words, the activity produced by mid-spectral hues
extended well beyond the thin-type columns, into the thick-type columns
(see Methods and Fig. 2C), consistent with prior single unit data in
monkeys (Yoshioka and Dow, 1996; Yoshioka et al., 1996). Contrasting
the response evoked by green-gray vs. yellow-gray did not evoke any
signiﬁcant difference at this threshold (p < 0.05). Fig. S1B shows further
examples of activity maps evoked by mid-spectral hues. Importantly,
since all the single-hue maps were collected in random order within each
scan session, this result cannot be attributed to uncontrolled differences
across scan sessions, and/or a difference in signal to noise ratio.

3.4. Quantitative analysis of overlap
It could be argued that our choice of threshold level inﬂuenced the
amount of overlap between the single-hue activity maps and thin-type
columns (Fig. 1 and Fig. S1). To address this possibility, we measured
the percentage overlap between these maps and thin-type columns (see
Methods (section 2.4)), across a wide range of threshold levels (i.e.
p ¼ 0.05 to 107). As a control condition, we also measured the level of
topographical overlap between these hue maps and thick-type (see
Methods (section 2.4)) columns, across the same range of thresholds.
Fig. 4 shows the results. We applied four independent two-way
repeated measures ANOVA (‘threshold’ and ‘column-type’ (thin-type
vs. thick-type)) to the measured levels of overlap between activity maps
evoked by ‘blue-gray’ and ‘red-gray’ stimuli and thin/thick columns
located within V2 and V3. In both V2 and V3, the activity maps evoked by
end-spectral hues showed signiﬁcantly more overlap with thin-type
rather than thick-type columns (F(1, 6)>18.50, p < 0.01), across all
tested thresholds. We also found a signiﬁcant interaction between ‘column-type  threshold’ (F(11, 66)>18.25, p < 0.01), consistent with a
more selective overlap between these maps and thin-type columns at
higher threshold levels. All tests of repeated measures ANOVA were
corrected for violation of the sphericity assumption (see Methods).
In contrast, maps evoked by mid-spectral hues showed considerable
overlap with both thin-type and thick-type columns (Fig. 5). Application
of the tests described above showed only a signiﬁcant effect of ‘columntype  threshold’ interaction, in response to single-hue green-gray
stimuli (F(11, 66) ¼ 7.93, p ¼ 0.02), in V3. The effects of ‘column-type’

3.3. Direct comparison of activity maps evoked by end-vs. Mid-spectral
hues
The above single-hue activity maps suggested signiﬁcant differences
between hue preferences in striate vs. early extrastriate cortex. To test
this more directly, we compared the activity maps evoked by the contrast

Fig. 2. Co-localization of activity maps evoked by mid- and end-spectral hues relative to thick-type stripes/columns within V2 and V3. A) Localization of thick-type
columns based on their disparity-selective response (Nasr et al., 2016). B) Co-localization of thick-type columns relative to the activity map evoked selectively by
end-spectral (averaged over red-gray and blue-gray) relative to luminance-varying stimuli. This map did not show any apparent overlap with thick-type columns. C)
Co-localization of thick-type columns relative to the activity map evoked selectively by mid-spectral (averaged over green-gray and yellow-gray) relative to
luminance-varying stimuli. In contrast to end-spectral stimuli, activity evoked selectively by mid-spectral stimuli showed a considerable overlap with thick-type
columns in V2 and V3. D) Co-localization of thick-type columns relative to the activity map evoked by ‘mid- > end-spectral’ contrast. All other details are similar
to Fig. 1.
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Fig. 3. Activity map in response to spectrally extreme
vs. mid-spectral hues, relative to the localization map
of thin-type columns in one hemisphere. Top and
bottom rows demonstrate the activity maps from
dorsal and ventral portion of the same hemisphere. In
striate cortex (V1), spectrally extreme hues evoked a
stronger response, relative to mid-spectral hues. This
bias was reversed in extrastriate areas V2 and V3, in
which mid-spectral hues evoked a stronger response
compared to spectrally extreme hues. This V2/V3bias
extended beyond the thin-type columns without any
apparent difference between dorsal vs. ventral regions. Other details are as in Fig. 1.

Fig. 4. Extent of overlap between the activity evoked by each hue, relative to thin-type vs. thick-type columns within V2 and V3, across a range of thresholds. Data is
combined from (averaged across) all subjects. In both V2 and V3, activity evoked by spectrally extreme hues (top row) showed more overlap with thin-type (green)
rather than thick-type (red) columns. In contrast, activity evoked by mid-spectral hues (bottom row) included considerable overlap with thick-type columns. All
activity was measured relative to the activity evoked by luminance-varying stimuli. Error bars represent 1 standard error.
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F(1, 6)<5.94, p>0.05 and ‘column-type  threshold’ (F(11, 66)<3.56,
p>0.09) in all other tests remained marginally insigniﬁcant. This data
conﬁrmed that activity maps evoked by mid-spectral hues extended well
beyond thin-type columns into thick-type columns, across a wide range of
thresholds.
To directly test the interaction between ‘hue’ (red vs. yellow vs. green
vs. blue) and column-type (thin-type vs. thick-type), we applied a threeway repeated measures ANOVA (‘hue’, ‘column-type’ and ‘threshold’) to
activity maps within V2 and V3. As expected from the individual tests
described above, in V2 and V3 we found a signiﬁcant interaction between
the effects of ‘column-type  hue’ (F(3, 18)>12.89, p < 104) and ‘column-type  hue  threshold’ (F(33, 198)>3.49, p < 0.04). This result
further conﬁrms that the level of activity extension may vary depending
on the stimulus hue (dominant wavelength) of stimulus hues.

vs. blue vs. green vs. yellow)) with a group factor (session 1 vs. 2) showed
a signiﬁcant effect of ‘hue’ (F(3, 36) ¼ 45.69, p < 106), without any
signiﬁcant ‘hue  session’ interaction (F (3, 36) ¼ 0.64, p ¼ 0.51). These
results conﬁrmed a reliable preference for the end-spectral hues in V1,
compared to the mid-spectral hues.
At the spatial scale of areas, V2 and V3 showed an opposite bias for
mid-spectral hues (Fig. 5B). At a ﬁner spatial scale, V2/V3 thin-type
columns showed a strong response to all tested hues, including a significantly higher response to mid-spectral hues compared to luminancevarying stimuli (Fig. 5C–D). Although thick-type columns also showed
a selectively higher response to the mid-spectral hues (compared to
luminance-varying stimuli), response of thick-type columns to endspectral hues was essentially equivalent to their response to achromatic
luminance-varying gratings. Two independent applications of two-way
repeated measures ANOVA (hue (red vs. blue vs. green vs. yellow) and
column-type (thin-vs. thick-type)) with a group factor (session 1 vs. 2) to
the measured color-selective responses in V2 and V3 showed a signiﬁcant
effect of ‘hue’ (F(3, 36)>12.93, p < 103) and ‘column-type’ (F(1, 12)>
100.56, p < 106) in both areas. Here again, we found no interaction
between the effects of scan session and the other two independent factors
(F<1.35, p>0.26), consistent with high reliability in the results across
scan sessions. Thus, relative to the luminance-varying grating baseline,
the mid-spectral hues evoked strong activity in both thin- and thick-type
columns, while end-spectral hues evoked strong activity only within thintype columns.

3.5. Analysis of hue preference within regions of interest
To further test for biases in hue preference, we compared the level of
color-selective BOLD signal evoked by each of these four stimuli, relative
to the activity evoked by luminance-varying stimuli (Fig. S4) within
different regions of interest (ROIs), including V1 and thin- and thick-type
columns in V2 and V3 (see Methods (section 2.4)). As expected from the
above results, in V1, end-spectral (blue and red) hues evoked higher
responses compared to mid-spectral (green and yellow) hues (Fig. 5A).
Speciﬁcally, application of one-way repeated measures ANOVA (hue (red

Fig. 5. FMRI activity evoked in different regions of
interest (ROIs) by blue-gray, green-gray, yellow-gray
and red-gray gratings, measured relative to the activity evoked by luminance-varying gratings. A) V1
showed a strong activity bias for spectrally extreme
hues. In fact, activity produced by mid-spectral hues
was not ‘color-selective’, relative to the activity produced by luminance-varying gratings. B) In contrast,
whole-area measurements of V2 and V3 (lower left
panel) showed an opposite bias, favoring mid-spectral
hues. C-D) At a ﬁner (i.e. columnar) spatial scale, V2/
V3 thin-type columns (middle panels) responded to all
hues, while thick-type columns responded only to
mid-spectral hues. Thus, the mid-spectral hue preference in the V2/V3 response was reﬂected in the activity within thick-rather than thin-type columns. E)
Area V3A (top right) did not show any color-selective
response. F) The occipitotemporal ‘color-selective’
site (V4α/V8/VO/Cc) responded equivalently to all
hues. Error bars represent 1 standard error.

754

S. Nasr, R.B.H. Tootell

NeuroImage 181 (2018) 748–759

without any signiﬁcant effect of group and/or interaction between this
factor and other independent factors (p > 0.16). Consistent with a previous report (Brouwer and Heeger, 2009), this data suggests that hue
preference is essentially equivalent across different hues in this higher
level site.
Interestingly, in one of these four subjects, we also found preliminary
evidence of segregated clusters within this occipital temporal area that
were selectively activated by mid-vs. end-spectral hues (Fig. S6). This
supports the general ﬁnding of a segregation of color hues along the midvs. end-spectral categories, as described above in V2 and V3 (Figs. 1 and
3). However, because of sampling limitations, more such data is required
before more solid conclusions can be reached.

As evident in the activity maps (e.g. Fig. 1), our ROI analysis did not
reveal any color-selective activity in area V3A. In V3A, application of
one-way repeated measures ANOVA (as applied to V1) did not show any
signiﬁcant effect of ‘hue’ (F(3, 18) ¼ 1.79, p ¼ 0.20) and/or ‘hue  session’ (F (3, 36) ¼ 0.36, p ¼ 0.78). Thus, consistent with previous reports
(Mullen et al., 2007; Brouwer and Heeger, 2009; Tootell and Nasr, 2017),
activity in V3A was apparently insensitive to variations in stimulus hue,
as well as to color per se (i.e., relative to luminance).

3.6. Activity within occipital temporal color-selective area
In 4 subjects, our slice prescription included the color-selective site
located in the occipital temporal cortex (see Methods (section 2.4)),
speciﬁcally in the fusiform gyrus, posterior to the medial fusiform sulcus
(Fig. 6). Previously this site has been described as ‘color-selective’ based
on conventional fMRI, termed either ‘V4α’ (Bartels and Zeki, 2000) or
‘V8’ (Hadjikhani et al., 1998), or ‘VO’ (Wade et al., 2002; Brewer et al.,
2005) or ‘Cc’ (Lafer-Sousa et al., 2016). Consistent with that earlier data,
we found color-selective activity within this site (Fig. 6). Despite some
inter-subject variability in the anatomical location of this site, this
color-selective activity also remained signiﬁcant in the group-average
activity maps (Fig. S5) as suggested previously by other studies in a
larger pool of subjects (see above). Thus, at least part of the variability
between subjects arose from anatomical factors, rather than functional
factors.
However, in contrast to the activity in the more posterior (presumably
lower-stage) visual areas (V1, V2, V3, and V3A), this occipital temporal
color-selective site showed no strong hue bias; instead we found a statistically equivalent response to all four hues (Fig. 5F) and application of
the analysis described above did not show any signiﬁcant effect of ‘hue’
(F(3, 18) ¼ 1.01, p ¼ 0.37) and/or ‘hue  session’ interaction (F(3,
18) ¼ 0.28, p ¼ 0.70).
To further test whether this change in hue preference (from biased to
unbiased, relative to the perception) was statistically signiﬁcant, we
applied a two-factor repeated measures ANOVA (hue (red vs. yellow vs.
green vs. red) and area (V2 thin-type vs. V3 thin-type vs. anterior site)
with a group factor (session 1 vs. 2) to activity measured for the 4 subjects in which our FOV also included the anterior color-selective site.
Despite the limited number of subjects (n ¼ 4) in this test, we found a
signiﬁcant effect of ‘area’ (F(2, 12) ¼ 15.30, p < 103) and more importantly a signiﬁcant ‘area  hue’ interaction (F(6, 36) ¼ 5.18, p ¼ 0.02),

3.7. Response to second-, third- and fourth-preferred hues
The above activity maps highlight the preferred hue in each vertex.
Here we further tested whether the second-, third- and fourth-preferred
hues could also evoke a signiﬁcant color-selective response (i.e. stronger than the response evoked by luminance-varying stimuli), in each
vertex.
As demonstrated in Fig. 7, the ﬁrst- (t(6) ¼ 6.13, p < 103) and the
second-preferred hues (t(6) ¼ 3.79, p < 0.01), but not the third(t(6) ¼ 0.05, p ¼ 0.95) and fourth- (t(6) ¼ 2.16, p ¼ 0.07) preferred ones,
evoked a signiﬁcant response within V1. In contrast to V1, thin-type
vertices within V2 and V3 showed a signiﬁcant response even to their
third- and fourth-preferred hues (t(6)>2.65, p < 0.03), suggesting that
they have a broader preference (i.e. less/weaker hue-selectivity)
compared to V1. To test this difference between V1 vs. V2/V3 thinstripes more directly, we applied a two-way repeated measures ANOVA
(order (ﬁrst vs. second vs. third vs. fourth) and area (V1 vs. V2 thin-type
columns vs. V3 thin-type columns)) to the measured activity within these
regions. The results yielded signiﬁcant effects of ‘order’ (F(3,
18) ¼ 188.53, p < 105), ‘area’ (F(2, 12) ¼ 7.43, p ¼ 0.02) and
‘order  area’ (F(6, 36) ¼ 8.69, p ¼ 0.02). Since the amplitude of the
color-selective responses evoked by the ﬁrst preferred hue was comparable between V1, V2 and V3, this difference in response proﬁle could not
be linked to the stronger color-selectivity of extrastriate cortex, compared
to striate cortex.
In thick-type vertices, we found a signiﬁcant response to only the ﬁrst
and the second preferred hues (t(6)>3.49, p < 0.01) (Fig. 7). Thus,
compared to thin-type columns, thick-type columns within V2 and V3

Fig. 6. Localization of the anterior occipito-temporal color-selective site (V4α/V8/VO/Cc), based on contrasting activity evoked by color-vs. luminance-varying
gratings (Hadjikhani et al., 1998; Wade et al., 2002) in 4 different hemispheres (red to yellow: p < 103 to p < 106). For comparison, the nearby Fusiform Face Area
(FFA; green outline) (Kanwisher et al., 1997) and the Parahippocampal Place Area (PPA, cyan outline) (Epstein and Kanwisher, 1998) were also localized in each
subject by contrasting activity evoked by presenting faces and scenes (p < 103) in a separate scan session. Details of these scans have been reported previously
elsewhere (Nasr et al., 2011). Thresholds for both areas were p < 103. Details of the FFA and PPA localization are reported elsewhere (Nasr et al., 2011). Consistent
with a recent report (Lafer-Sousa et al., 2016), the color-selective site (black arrow) was located immediately posterior to the mid-fusiform sulcus, and posterior to FFA
and PPA, in all subjects/hemispheres. All panels show a ventral view of the cortical surface. Posterior in the brain is lower in the ﬁgure, and medial is to the left.
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Fig. 7. Activity evoked by the ﬁrst-, second-, third- and forth-preferred hues, averaged over vertices within different ROIs. All activity was measured relative to the
luminance-varying stimuli. In the thin-type columns, ﬁrst-through fourth-preferred hues evoked a stronger response relative to the luminance-varying stimuli
(p < 0.03). In contrast, in V1 and thick-type columns, only the ﬁrst two preferred hues evoked a signiﬁcantly selective response (p < 0.01). Error bars represent 1
standard error.

and often yellow). Thus for one thing, the spectral bias in extrastriate
cortex was not a passive, downstream version of the bias in striate cortex.
Consistent with these ﬁndings in humans, previous studies of V1 in
non-human primates also described a strong bias for red and blue hues,
based on electrophysiology (Creutzfeldt et al., 1987; Yoshioka and Dow,
1996), optical recording (Salzmann et al., 2012), and deoxyglucose
mapping (Tootell et al., 1988). It was speculated that this V1 bias is
related to perceptual measurements of color saturation, in which sensitivity also varies fundamentally between mid- vs. end-spectral hues
(Tootell et al., 1988). However, a preliminary experiment produced only
partial support that idea (Tootell et al., 1988).
Unexpectedly, we also found a weaker but reversed hue bias for midspectral (relative to end-spectral) hues in V2 and V3, at the area level. At
least part of this difference could be due to the steeper contrast response
function of V2/V3 compared to V1 (Hall et al., 2005; Breitmeyer et al.,
2018). Speciﬁcally, as indicated in Table S2, our end-spectral hues contained a higher ‘total color contrast’ compared to mid-spectral hues. For
that reason, it could be argued that this difference leads to a higher
color-selective response by end-compared to mid-spectral hues in V1.
However, the relatively sharp change in color-contrast response, and
especially the reversal of the response function (Fig. 5A–B) between V1
and V2/V3, are inconsistent with this interpretation (see below).
Much prior evidence suggests that dorsal stream areas (e.g. V3A, MT)
dominated by magnocellular pathways are comparatively insensitive to
color variations (Hadjikhani et al., 1998; Mullen et al., 2007; Brouwer
and Heeger, 2009; Tootell and Nasr, 2017). Our current data support that
conclusion, at least in V3A which was included in our scanning prescription (Fig. 5).

showed more restricted hue selectivity. However, this effect could reﬂect
(at least partly) the weaker overall color-selectivity in these ROIs
compared to thin-type columns.
4. Discussion
Based on the three axes on which light can vary (hue, saturation and
luminance), a common approach in studying the neural response to
different hues has been to reduce the contribution of luminance by using
isoluminant stimuli generated based on the method of ﬂicker photometry
(see Methods). Based on a similar approach, we found that color-selective
sites in thin-type columns in V2, V3, and occipital-temporal cortex all
responded essentially equally to all four isoluminant hues.
However, elsewhere in early visual cortex (thick-type columns in V2/
V3, and in V1), our results revealed strikingly different fMRI response
amplitudes to the four hues tested. Some of these hue response differences were consistent with an intriguing (albeit largely ignored) model in
the literature, designed in part to explain how the visual system can
maximize spatial resolution by minimizing chromatic aberration (Dow,
2002). Another response bias that we found (in V1) was more empirical
in nature: although this bias has been reported in multiple studies
(Tootell et al., 1988; Yoshioka and Dow, 1996; Salzmann et al., 2012), it
has not yet been linked to a speciﬁc model of color processing. In any
event, both of these hue biases indicated differences in cortical processing along the dimension of end-vs. mid-spectral processing, across
both the area and columnar spatial scales.
4.1. Area-scale ﬁndings
At the spatial scale of cortical areas, a striking difference in hue
preference was found in V1, compared to that in cortical areas V2 and V3.
Speciﬁcally, V1 showed a preference for end-spectral (red and blue) hues,
whereas V2 and V3 responded preferentially to mid-spectral hues (green,

4.2. Hue preference in thin- and thick-type columns
At the smaller spatial scale of columns, we found signiﬁcant differences in the hue preference within V2 and V3. For instance, V2-V3 biases
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cortical streams. For instance, given the cone contrasts of our stimuli
(Table S1), it might seem likely that M and L cone types (peaking
approximately at 530 and 560 nm respectively) (Smith and Pokorny,
1975; Bowmaker and Dartnall, 1980; Schnapf et al., 1987) would
contribute strongly to the mid-spectral biases we found in cortex. However, the relationship between cone contrast sensitivity (Cole et al., 1993;
Sankeralli and Mullen, 1996) and sensitivity to different hues is complex.
For similar reasons, the S cone (peaking near 420 nm, disregarding
pre-retinal ﬁltering) (Smith and Pokorny, 1975; Bowmaker and Dartnall,
1980; Schnapf et al., 1987) may contribute relatively more to the
end-spectral responses that we found, at least to the blue (and perhaps
also to the red) hues we used. For instance in V1, our observed bias for
blue might be construed as supporting the following evidence: 1) many
K-cells (in primate LGN) receive strong on-responses from the short-wave
(S) cone photopigments (Hendry and Calkins, 1998), and 2) K-cells
project to the color-selective V1 blobs (Hendry and Reid, 2000). More
generally, the input from S-cones may be enhanced in V1, relative to that
in LGN ((De Valois et al., 2000; Solomon and Lennie, 2005) but see
(Johnson et al., 2004)).
However, this idea does not explain how the strong bias for endspectral hues in V1 is inverted in some measurements in V2 and V3.
One possible explanation is that thin-type columns show less midspectral bias compared to thick-type columns – i.e. a relatively higher
responses to end-spectral hues in V2 thin-type (color-selective) columns.
However this moderating effect is quite small, relative to the very strong
bias for end-spectral hues in V1.
Another possibility is that V1 neurons also respond to mid-spectral
hue across a range of luminance levels, but not at isoluminance, as
tested here. Such decreases in neuronal response to isoluminant hue
variations have been documented previously in V1 and V2 (Gouras and
Kruger, 1979; Thorell et al., 1984) and a more recent study reported that
such responses were preferentially to mid-spectral hues (Yoshioka et al.,
1996). By this idea, the interaction between hue and luminance would
decrease from V1 to subsequent visual areas, leading to a stronger
response to mid-spectral hues in the higher level areas.

for mid-spectral hues were driven mainly by the thick-type columns.
Speciﬁcally, thick-type columns showed consistently higher activity to
the mid-spectral hues, compared to both 1) end-spectral hues, and to 2)
achromatic, luminance-varying control gratings. In fact, neither of the
end-spectral hues produced signiﬁcantly higher responses, compared to
control activation by the achromatic luminance-varying gratings, in these
thick-type stripes (Fig. 5). Based only on that criterion, thick-type columns were not color-selective (relative to luminance) in response to endspectral hues. Importantly, this ﬁnding is consistent with the conventional assumption that thick-type columns in V2 and V3 are not colorselective (Nasr et al., 2016; Tootell and Nasr, 2017). However,
mid-spectral hues did produce signiﬁcantly higher responses in these
thick-type columns, relative to the luminance grating. Thus, the conventional generality that thick-type columns are not ‘color-selective’
needs to be qualiﬁed: it depends on the hues tested.
These ﬁndings also support the conclusion (from a previous MVPA
analysis) that voxels within visual areas V1-V3 contain many colorselective neurons, each tuned to a different hue (Brouwer and Heeger,
2009). However here, we extended those ﬁndings by showing that,
within areas V2 and V3, there are (at least) two different groups of neural
clusters with different hue-selectivity tuning curves (Figs. 5 and 7).
Consideration of this heterogeneity may improve the accuracy of results
based on MVPA.
4.3. Mid-spectral hue preference within thick-type columns
Thick-type columns are generally considered as responsive to achromatic (luminance-varying) stimuli, including responses for orientation
and other types of detailed shape encoding. Yoshioka et al. (1996) suggested further that neurons within macaque V2 thick-type stripes also
respond to mid-spectral (but not end-spectral) hues (Yoshioka and Dow,
1996; Yoshioka et al., 1996). Consistent with these studies, we found that
thick-type columns within human V2/V3 respond selectively to
mid-spectral (but not end-spectral) hues, relative to luminance-varying
stimuli. Presumably, this lack of end-spectral hue selectivity reduces
the deleterious effects of chromatic aberration on ﬁne shape encoding,
which would otherwise ‘blurs’ object resolution within thick-type
columns.

4.6. Occipital temporal color-selective area
In the occipital temporal color-selective area, the fMRI-based hue
preference function was a relatively ﬂat line in Fig. 5. Thus, perhaps
speciﬁc aspects of color perception (measured behaviorally) reﬂect activity at that relatively higher stage, rather than the spectrally biased
activity at lower cortical areas. Consistent with this hypothesis, a direct
relationship has been reported between color naming and the cortical
representation of color space (based on MVPA at conventional spatial
resolution), within this anterior occipitotemporal color-selective site, but
not within earlier visual areas (Brouwer and Heeger, 2013). Mullen et al.
(2007) also found relatively equal responses to different hue pairs in this
occipital temporal area, although they did not test hue relationships per
se.

4.4. Hue maps within color-selective regions
Electrophysiological and optical studies in macaque have reported
that preferred hue within the V2 thin-type stripes (Xiao et al., 2003; Lim
et al., 2009) and V4 color-selective patches (Tanigawa et al., 2010)
mirrors the spectral continuum, as reﬂected in the dominant wavelength
of the different tested hues. Thus, it can be asked whether those previously reported hue maps in macaque are related to the hue organization
that we found here in humans, based on fMRI.
Strictly, these two models may not be mutually exclusive. For one
thing, that spectral organization is very small; the spatial scale of the
macaque hue maps (roughly 0.5 mm, full cycle, peak to peak) might not
be resolved with the fMRI techniques used here (voxel size ¼ 1 mm
isotropic). That data was based on optical recordings, which have a much
higher spatial resolution compared to fMRI. Although columns in
humans are typically ~ twice as large (1-D measurements across the
map) as analogous column types in macaques (Tootell and Taylor, 1995;
Orban et al., 2004), that correction in expectations would reduce (but not
eliminate) the resolution problem in our fMRI, relative to the ﬁner-scale
data based on optical recording. Eventually, it may be feasible to test for
such continuous (spectrally organized) hue maps in human V2 (and V3),
based on higher resolution fMRI techniques.

4.7. Retinal eccentricity
Prior measurements of color vision have often been restricted to the
foveal region of the retina, i.e. within the central 1 of the visual ﬁeld.
Here we instead measured hue responses in the surrounding parafoveal
region, from 3 – 10 in the visual ﬁeld (see Methods). We focused on the
parafoveal region for several reasons: 1) to reduce/eliminate possible
fMRI contributions from the foveal ﬁxation point and the foveal task,
which we used to reduce the extent of eye movement, and to conﬁrm that
subjects were continuously attending to the stimulus, and 2) to reduce
possible complications due to the yellowing of the macula lutea (Home,
1798; Whitehead et al., 2006), and the absence of short wave (‘blue’)
cones in the central 7–8 min of the retina (Wald, 1967; Bumsted and
Hendrickson, 1999).
It is well-known that color vision differs at different eccentricities,

4.5. Cortical streams
Our data raise the possibility that different combinations of photoreceptors may contribute differentially to correspondingly segregated
757

S. Nasr, R.B.H. Tootell

NeuroImage 181 (2018) 748–759

partly reﬂecting the variation in cone photopigment across eccentricity
(Mullen, 1985; Livingstone and Hubel, 1987; Bilodeau and Faubert,
1997; Nasr et al., 2016). To the extent that results here differ from previous studies sampled only within the fovea, it is possible that such hypothetical differences arise from sampling at different eccentricities
between studies.
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4.8. Relationship of current results to prior studies
As described above, earlier studies of color sensitivity using fMRI in
primates (human and non-human) were designed to resolve different
(and important) experimental questions, compared to topics of interest
here. For instance, several studies focused on the localization of colorselective sites (Zeki et al., 1991; Hadjikhani et al., 1998; Beauchamp
et al., 1999; Bartels and Zeki, 2000; Lafer-Sousa et al., 2016; Nasr et al.,
2016), relative to luminance-driven activity. Other studies tested
cone-selective activation (Engel et al., 1997; Liu and Wandell, 2005;
Mullen et al., 2007).
Importantly, the activity produced in these studies was typically
produced by a combination of two or more hues. Thus those data do not
reveal results that can be directly compared with those here. For instance,
extrapolating from our data, the averaged activity produced by a blueyellow grating and a red-green grating (i.e. each pair of one mid-plus
one end-spectral hue) should produce activity levels very similar to
each other in V1 – although the reversed pairing (i.e. red-blue (paired
end-spectral) or green-yellow(mid-spectral hues)) produces striking differences in activity. Additional stimulus differences between our stimuli
and prior stimuli (e.g. cone contrast, spatial and temporal frequency, hue
saturation and dominant wavelength) could also contribute. Further
studies are required to directly test these possibilities.
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