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Parallel processing
The magnocellular (M) and parvocellular (P) subdivisions of primate LGN are known to process complementary
types of visual stimulus information, but a method for noninvasively defining these subdivisions in humans has
proven elusive. As a result, the functional roles of these subdivisions in humans have not been investigated phys-
iologically. To functionally map the M and P subdivisions of human LGN, we used high-resolution fMRI at high
field (7 T and 3 T) together with a combination of spatial, temporal, luminance, and chromatic stimulus manip-
ulations. We found that stimulus factors that differentially drivemagnocellular and parvocellular neurons in pri-
mate LGN also elicit differential BOLD fMRI responses in human LGN and that these responses exhibit a spatial
organization consistent with the known anatomical organization of theM and P subdivisions. In test–retest stud-
ies, the relative responses of individual voxels to M-type and P-type stimuli were reliable across scanning ses-
sions on separate days and across sessions at different field strengths. The ability to functionally identify
magnocellular and parvocellular regions of human LGN with fMRI opens possibilities for investigating the func-
tions of these subdivisions in human visual perception, in patient populations with suspected abnormalities in
one of these subdivisions, and in visual cortical processing streams arising from parallel thalamocortical
pathways.
nd Center for Neural Science, 6

).
© 2014 Elsevier Inc. All rights reserved.
Introduction

Parallel processing, the simultaneous analysis of different sensory
features in different brain areas, enables the efficient representation of
a huge variety of sensory properties (Nassi and Callaway, 2009). An im-
portant early site of parallel processing in themammalian visual system
is the lateral geniculate nucleus (LGN) of the thalamus, the primary tha-
lamic relay between the retina and visual cortex (Sherman andGuillery,
2006). In primates, the LGN is composed of magnocellular (M),
parvocellular (P), and koniocellular (K) layers. Monkey electrophysio-
logical studies have demonstrated that M and P neurons, which domi-
nate primate vision (Nassi and Callaway, 2009; Schiller et al., 1990),
have distinct and complementary spatial, temporal, luminance, and
chromatic stimulus preferences (Derrington and Lennie, 1984; Hicks
et al., 1983; Hubel and Livingstone, 1990; Kaplan and Shapley, 1982;
Reid and Shapley, 2002; Schiller and Malpeli, 1978; Shapley, 1990) as
well as response dynamics (Maunsell et al., 1999; Schiller and Malpeli,
1978). As a result, M neurons are well suited for the detection of motion
and other rapid visual changes occurring at large spatial scales, while P
neurons are well suited for detailed form and color processing.

Although the functions of the M and P subdivisions have been well
characterized in the macaque monkey LGN, their study in the human
LGN has proven challenging. In particular, the LGN's small size and loca-
tion deepwithin the brain havemade it difficult tomeasure distinct sig-
nals from the M and P subdivisions using noninvasive techniques.
However, there are strong motivations to study these subdivisions in
humans, including: understanding their roles in human visual percep-
tion, attention, and awareness (Denison and Silver, 2012; Livingstone
and Hubel, 1988; Yeshurun and Levy, 2003); characterizing their inter-
actionswith large-scale cortical networks; and evaluating their involve-
ment in human disorders such as dyslexia (Stein andWalsh, 1997) and
schizophrenia (Butler and Javitt, 2005). Moreover, given the lack of
functional data from human M and P subdivisions, the degree to
which their functional properties have been conserved across humans
and other primates remains an open question.While conservation is ex-
pected based on similarities in both visual system anatomy and visual
perception between monkeys and humans (de Courten and Garey,
1982; De Valois et al., 1974a, 1974b; Livingstone and Hubel, 1987;
Livingstone and Hubel, 1988; Merigan, 1989), perfect homology be-
tween the species cannot be assumed (Hickey and Guillery, 1979).
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Fig. 1. LGN M/P localization methods. (A) A flickering checkerboard stimulus that alter-
nated between the left and right visual hemifields was used to localize the LGN.
(B) LGN definition was based on voxels that responded selectively to contralateral visual
field stimulation. Coherence threshold= 0.19 in this example (see Material and methods
section). LGN regions are indicated by white circles. (C) M-type (monochrome, low spa-
tial frequency, high temporal frequency, high luminance contrast) and P-type (high color
contrast, high spatial frequency, low temporal frequency, low luminance contrast) grating
stimuli were designed to elicit differential BOLD responses from theM and P subdivisions
of human LGN. Subjects maintained fixation at the center of the screen while viewing
blocks of full-field M and P stimuli that were interleaved with blocks of blank stimuli.
Concurrently, subjects performed a contrast decrement detection task during the M- and
P-stimulus blocks, counting the number of luminance contrast (M blocks) or color
contrast (P blocks) targets that appeared in each block.
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Here we report the first robust demonstration of functional maps of
the M and P subdivisions of human LGN using fMRI at 7 T and 3 T,
employing stimuli based on the response properties of monkey M and
P neurons. Maps with anatomically correct spatial organization were
observed in nearly all hemispheres, and individual subjects' maps
were reliable across separate scanning sessions.

Material and methods

Subjects

Six adult subjects (25–27 years of age; 1male, 5 females) participat-
ed in the study. Three subjects were scanned in multiple sessions, and
two of the subjects were authors. All subjects provided written in-
formed consent, and all experimental protocols were approved by the
Committee for the Protection of Human Subjects at the University of
California, Berkeley, or the Institutional Review Board for human sub-
jects research at the University of Minnesota, as appropriate. Subjects
had normal or corrected-to-normal visual acuity.

Visual display

The stimuli were generated onMacintosh computers usingMATLAB
(The MathWorks Inc., Natick, MA), Psychophysics Toolbox (Brainard,
1997; Pelli, 1997), and Python with Vision Egg (Straw, 2008) and
displayed using gamma-corrected projection systems. In Minnesota,
stimuli were projected from a NEC NP4000 (NEC Display Solutions,
Tokyo) liquid crystal display projector located outside the scanner
room and reflected via a mirror onto a translucent screen positioned
over the subject's chest. The screen was viewed via a mirror mounted
over the subject's eyes, with a total viewing distance of 23–31 cm. The
screen height subtended 20–29° of visual angle, and the screen width
subtended 47–70° of visual angle,with variability across subjects arising
from differences in screen positioning. In Berkeley, stimuli were
projected from anAvotec SV-6011 (Avotec, Inc., Stuart, FL) liquid crystal
display projector onto a translucent screen located at the end of the
scanner bore behind the subject's head. The screen was viewed via a
mirror mounted over the subject's eyes, with a total viewing distance
of 29 cm. The screen height subtended 34–37° of visual angle, and the
screen width subtended 44–48° of visual angle.

Visual stimulus

An alternating hemifield stimulus (Fig. 1A) was used to localize the
LGN (Fig. 1B). This stimulus consisted of a 100% contrast flickering check-
erboard pattern that reversed contrast polarity at a frequency of 4 Hz
(for the full flicker cycle). This checkerboard had a radial check pattern
with a check size of 15° polar angle and an eccentricity that was scaled
according to the formula, s= 0.05 × r0.8, where s is the check size and r
is the distance from fixation in degrees of visual angle. The checkerboard
pattern covered half of the screen except for the central 0.6° of visual
angle, which contained background gray luminance (50% contrast, lumi-
nance 105 cd/m2 (3 T) or 1019 cd/m2 (7 T)). The other half of the screen
also contained the gray background. A white fixation point subtending
0.2° of visual angle appeared at the center of the screen throughout the
run, and subjects were instructed to maintain fixation while passively
viewing the stimuli. For each run, the checkerboard pattern alternated
between the left and right halves of the screen, 16 s (7 T) or 13.5 s (3 T)
per side, and was presented for 8 (7 T) or 11 (3 T) left-right cycles.

AnM/P localizer stimulus (Fig. 1C)was designed to elicit differential
responses from voxels with greater M-layer representation and voxels
with greater P-layer representation, based on findings from monkey
electrophysiology (see Kleinschmidt et al., 1996; Liu et al., 2006 for re-
lated approaches). The M/P localizer consisted of 16-s (7 T) or 18-s
(3 T) blocks of “M stimuli”, “P stimuli”, and blank (fixation point only)
stimuli. The M and P stimuli were both full-field sinusoidal gratings
with sinusoidal counterphase flicker. The outer borders of the stimulus
faded into gray to avoid sharp visual edges at the stimulus boundaries.
The gratings were presented at one of 6 orientations (0°, 30°, 60°, 90°,
120°, or 150°) and changed to a new random orientation every 3 s, in
order to drive different populations of LGN neurons with different spa-
tial receptive fields throughout the block.

TheM stimulus was a 100% luminance contrast, black-white grating
with a spatial frequency of 0.5 cpd and a flicker frequency of 15 Hz. The
P stimulus was a low luminance contrast, high color contrast red–green
grating with a spatial frequency of 2 cpd and a flicker frequency of 5 Hz.
A spatial frequency of 2 cpdwas selected for the P stimulus because con-
trast sensitivity for isoluminant stimuli is attenuated at high spatial fre-
quencies (De Valois and De Valois, 2000). The blank stimuluswas a gray
screen of mean luminance.

The red and green levels of the P stimulus were set to be near-
isoluminant by performing heterochromatic flicker photometry outside
the scanner. Specifically, subjects adjusted the luminance of a green disk
to match a red disk of maximum luminance on a neutral gray back-
ground by minimizing the perception of flicker as the two disks alter-
nated at a frequency of 7.5 Hz. Two subjects (S2 and S3) performed
flicker photometry, and the average value (39% of maximum green lu-
minance) from these subjects was used for all scanning sessions.

Althoughwedid not perform flicker photometry in the scanner for all
subjects (due to time constraints as well as a concern about adapting
subjects to the red and green stimuli before the M/P localizer scans),
we verified that the green luminance value obtained outside the scanner
was reasonable for both scanner displays by obtaining flicker photome-
try data from two subjects on the 7 T display (mean of 41% green) and
one subject on the 3 T display (49% green). Since the values needed to
achieve isoluminance vary across subjects and across the visual field,
our main objective was to create a standard low luminance contrast
stimulus that would preferentially activate the P subdivision of the LGN.

On each run, 15 blocks (6 M, 6 P, and 3 blank) were presented in
pseudorandom order, with the constraint that the same stimulus type
could not appear in adjacent blocks in order to minimize adaptation to
the M or P stimuli. A white fixation point subtending 0.2° visual angle
appeared at the center of the screen throughout the stimulus blocks,
and subjects were instructed to maintain fixation throughout the run.

Subjects performed a target detection task during theM and P stim-
ulus blocks to encourage them to attend to the visual stimuli throughout
the run (Fig. 1C). Targets were 2-dimensional Gaussian contrast

image of Fig.�1
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decrements presented for 300 ms. We used luminance contrast decre-
ments (fade to gray) for M blocks and color contrast decrements (fade
to yellow) for P blocks, since luminance contrast was already minimal
for the P stimuli. Target size was linearly scaled with eccentricity by
adjusting the sigma parameter of the Gaussian. The overall target size
was set individually for each subject, separately for theMand P stimulus
conditions, to attempt to equate task difficulty in the M and P blocks.

During each stimulus block, 0, 1, 2, or 3 targets appeared on the
screen, and subjects were asked to count the number of targets in
each block. Targets appeared at random times throughout the block
and could appear at any location within the stimulus. At the end of a
stimulus block, the screen turned gray and the fixation point turned
black for 1.5 s (7 T) or 1.75 s (3 T), indicating the response period. Dur-
ing this time, subjects pressed a button to report howmany targets they
had seen during the previous stimulus block. The fixation point then
turned white for 500 ms, indicating the start of the next stimulus
block. Therefore, the total block duration (including stimulus, response,
and cue periods) was 18 s (7 T) or 20.25 s (3 T), corresponding to 9 TRs
in both cases. At the beginning of each run (before the stimulus blocks),
an 8 s (7 T) or 9 s (3 T) blank stimulus was presented, which the subject
viewed passively while maintaining fixation. In the 7 T sessions, an 8-s
blank stimulus was also shown at the end of each run. M/P localizer
runs were about 5 min in length, with 4–12 (median 8) runs collected
per session (Table 1).

MRI data acquisition

7-Tesla MRI anatomical and functional images were acquired at the
University of Minnesota on a whole-body Siemens Magnetom scanner
driven by a Siemens console with a head RF coil (Nova Medical; single
transmit, 24 receive channels). BOLD data were acquired using a T2*-
weighted single-shot gradient-echo echo planar imaging sequence that
included both parallel imaging and fat suppression. Slices were near
axial and were oriented to cover LGN and the occipital lobe as well as
parts of the parietal and temporal lobes. TR was 2000 ms, with 144 vol-
umes acquired per run. The phase encoding direction was anterior-to-
posterior, and the slice acquisition order was interleaved. Other acquisi-
tion parameters varied across sessions, as detailed in Table 1. These
Table 1
M/P mapping methods for each experimental session showing parameters that varied across
factor. TE = echo time.

M/P mapping methods by session

Field
strength

Session Subject Paired sessions
for cross-
session
reliability

Number
of M/P
runs

Voxel size M
s

7 T 1 1 7 T 2 and 3 7 1.5 mm isotropic 1
2 1 7 T 1 4 1.5 mm isotropic 1

3 1 7 T 1 4 1.25 x 1.25 x 1.2 mm 1

4 2 3 T 1 and 2 8 1.5 mm isotropic 1
5 3 3 T 3 11 1.5 mm isotropic 1

6 4 – 8 1.3 mm isotropic 1

7 5 – 6 1.3 mm isotropic 1
3 T 1 2 7 T 4, 3 T 2 8 1.75 × 1.75 × 1.5 mm 1

2 2 7 T 4, 3 T 1 8 1.75 × 1.75 × 1.5 mm 1
3 3 7 T 5 12 1.75 × 1.75 × 1.5 mm 1
4 6 – 7 1.75 × 1.75 × 1.5 mm 1
parameters included: parallel imaging methods (in-plane phase-encode
acceleration factors (iPAT) of 2 or 3 and a multiband (MB) slice accelera-
tion factor (Feinberg et al., 2010; Moeller et al., 2010; Setsompop et al.,
2012) of 2), partial Fourier of 5/8 or 6/8, number of slices (38, 40,
or 64), slice thickness (1.2–1.5 mm, 0 mm gap), in-plane resolution
(1.25 × 1.25 mm–1.5 × 1.5 mm), TE (16–18 ms), flip angle (70–80°),
and echo spacing (0.72–0.82 ms). Matrix size ranged from 128 × 128
to 160 × 160, and in-plane FOVs ranged from 192 × 192 mm to 208 ×
208 mm. A high-resolution T1-weighted MPRAGE anatomical volume
with a spatial resolution of 1 × 1 × 1 mm was acquired for each subject,
sometimes in a separate session. Subjects lay head first, supine, in the
scanner, with foam padding around the head to reduce head motion.

3-Tesla MRI data were acquired at the Henry H. Wheeler, Jr. Brain
Imaging Center at the University of California, Berkeley, using a Siemens
TIM/Trio scanner equipped with a 32-channel head coil. BOLD data
were acquired using a T2*-weighted single-shot gradient-echo
echo planar imaging sequence with 6/8 partial Fourier acquisition
and fat suppression. 21 near-axial slices (1.5 mm thickness,
0.075 mm gap) were acquired with a 128 × 128 matrix and in-
plane FOV of 224 × 224 mm for a spatial resolution of 1.75 × 1.75 ×
1.575 mm, covering LGN and parts of the occipital lobe, including
the calcarine sulcus. TR was 2250 ms, with 139 volumes acquired per
run. TE = 40 ms, flip angle = 75°, the phase encoding direction was
anterior-to-posterior, and echo spacing= 0.78ms. The slice acquisition
order was interleaved. A Siemens prescan normalize filter was applied
to the functional images at the time of acquisition to reduce spatial in-
homogeneities. This filter normalizes the functional images by the re-
ceive field of the head RF coil, which is calculated from separate scans.

Before the 3 T functional runs, 21 slices (1.5 mm thickness,
0.075 mm gap) of an in-plane anatomical volume were acquired with
a 256 × 256matrix and in-plane FOV of 225mm×225mm, for a spatial
resolution of 0.88 × 0.88 × 1.575 mm. This volume had the same slice
thickness and positioning as the functional scans and was used to
facilitate the alignment of the functional scans to a high-resolution T1-
weighted MPRAGE anatomical volume with a spatial resolution of 1 ×
1 × 1 mm (which was sometimes acquired in a separate session). Sub-
jects lay head first, supine, in the scanner, with foam padding around
the head to reduce head motion.
sessions. iPAT = in-plane parallel imaging factor. MB = multiband slice parallel imaging

atrix
ize

iPAT MB Partial
Fourier

Number
of slices

TE
(ms)

Flip
angle
(deg)

Echo
spacing
(ms)

Notes

28 x 128 3 – 6/8 38 18 80 0.82 –

28 x 128 3 – 6/8 40 17 78 0.82 Sessions 2 and 3
were collected
contiguously

54 x 154 3 – 6/8 38 16 80 0.76
Hemifield
localizer from
session 2

28 × 128 3 – 6/8 38 17 78 0.72 –

28 × 128 3 – 6/8 38 18 80 0.82 12 runs were
collected, but
one was
excluded
due to an artifact

60 × 160 2 2 5/8 64 17 70 0.74 ROIs from GLM,
not hemifield
localizer

60 × 160 2 2 5/8 64 17 70 0.74 –

28 × 128 – – 6/8 21 40 75 0.78 –

28 × 128 – – 6/8 21 40 75 0.78 –

28 × 128 – – 6/8 21 40 75 0.78 –

28 × 128 – – 6/8 21 40 75 0.78 –
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Data analysis

fMRI preprocessing
To correct for subject motion, all functional volumes from each run

were aligned to the first volume of the session using FSL MCFLIRT
(Jenkinson et al., 2002). The first volumewas selected because itwas ac-
quired closest in time to the in-plane anatomical volume (which was
collected only in 3 T sessions). To assess subject headmotion, we calcu-
lated the maximum translational and rotational displacements across
each session from the 6 motion parameters (3 translation, 3 rotation)
obtained fromMCFLIRT. Total translational displacements were defined
as the square root of the sum of squared x, y, and z-direction displace-
ments. Total rotational displacements were defined as the sum of the
absolute values of the rotational displacements in the three orthogonal
directions. The maximum difference between these referenced dis-
placements across the session was then calculated. Because small but
frequent head motion can have different effects on data quality than
large but infrequent head motion while producing similar levels of
total head displacement over the course of a scan, we also calculated
themean framewise displacement (FD),which summarizes translation-
al and rotational headmotion between adjacent frames, with rotational
displacements converted from degrees to mm by assuming a spherical
surface with radius 50 mm (Power et al., 2012). This overestimates
the rotational displacement of the LGN, since it is less than 50 mm
from the center of the brain, but we used this value in order to facilitate
comparison with other reports of FD. Head motion values are reported
in Table 2.

Next, volumes at the beginnings and ends of functional runs were
discarded. For hemifield localizer runs, volumes corresponding to half
of a stimulus alternation cycle (7 T sessions 6 and 7: 8 volumes, 3 T: 6
volumes) or a full alternation cycle (7 T sessions 1–5: 16 volumes)
were discarded from the beginning of each run. Volumes were also
discarded from the ends of runs in some sessions (7 T session 6: 8 vol-
umes; session 7: 64 volumes; 3 T: 1 volume). In all hemifield localizer
runs, 128 volumes (7 T) or 132 volumes (3 T) were retained for the
analysis. For M/P localizer runs, either 4 volumes at the beginning of
each run (3 T) or 4 volumes at the beginning and 5 volumes at the
end of each run (7 T) were discarded. These discarded volumes
corresponded to initial and final blank periods, which were presented
in addition to the three blank stimulus blocks in each M/P localization
run. In all M/P localizer runs, 135 volumes were retained for analysis.

For all functional runs, the time series for each voxel was then
detrended to remove low-frequency noise and slow drift (Smith et al.,
1999; Zarahn et al., 1997). Finally, each voxel time series was divided
by its mean to convert the arbitrary image intensity units into percent
signal change.

Alignment to high-resolution anatomical
For each subject, the in-plane anatomical volume (3 T) or mean

volume of the first functional run (following motion correction) (7 T)
was aligned to the high-resolution anatomical volume through the
combined use of an automatic alignment tool (Nestares and Heeger,
2000) and manual adjustment in the software package mrVista
(http://white.stanford.edu/software/). Conversion of anatomical
coordinates into Talairach space was performed within mrVista by
Table 2
Headmotion estimates, giving the mean and range (in parentheses) of eachmetric across
subjects. Max displacement is the difference between the two head positions that were
farthest from one another during the session. FD = framewise displacement.

Estimated head motion

Field
strength

Max translational
displacement (mm)

Max rotational
displacement (deg)

Mean FD (mm)

7 T 2.8 (1.2–4.4) 2.4 (1.5–3.7) 0.12 (0.08–0.15)
3 T 1.5 (0.8–2.5) 2.3 (1.7–3.0) 0.14 (0.13–0.17)
selecting anatomical landmarks on the high-resolution anatomical vol-
ume and applying a coordinate transformation for each subject based
on these landmarks.

LGN ROI definition
ROIs corresponding to the entire LGN (including both M and P sub-

divisions)were defined by identifying voxels responding to contralater-
al visual stimulation using Fourier analysis of the hemifield localizer
runs. Coherency (coherence magnitude and phase) was calculated be-
tween the average time series of hemifield-alternation runs for each
voxel and a sinusoid with a frequency equal to that of the hemifield al-
ternation cycle.

The LGN region was identified as a cluster of voxels in the appropri-
ate anatomical location having high coherency magnitudes and phases
corresponding to contralateral visual responses. Specifically, the coher-
ency magnitude threshold was adjusted to retain bilateral clusters of
voxels with similar phases in the LGN regions while reducing the pres-
ence of noisy voxels with heterogeneous phases elsewhere. Because
signal-to-noise differed across sessions, this adjustment was done sepa-
rately for each session. Thresholds ranged from C N0.19 to C N0.21 for
7 T sessions and from C N0.17 to C N0.19 for 3 T sessions. ROI borders
were manually drawn around these clusters in functional space. In
uncertain cases, voxels were checked for survival across a range of
thresholds. Occasionally, voxels that did not meet the threshold were
included in order to preserve the convexity of the structure, with the
knowledge that ROIswould be subsequently restricted based on further
functional criteria.

For one session (7 T session 6), the hemifield localizer runs did not
have sufficiently high coherence values, perhaps due to eyemovements
during the runs. For this session, the LGN ROIs were defined based on
the GLM analysis (see below), from the clusters of voxels for which
the time series variance explained by the GLM exceeded 2%. This vari-
ance explained threshold was selected using heuristics similar to
those used for setting coherence thresholds in the other sessions (i.e.,
to reveal bilateral LGN clusters while reducing noisy voxels elsewhere).
For 7 T session 3, which was conducted consecutively with session 2
(the subject remained in the scanner butwas testedwith different scan-
ning parameters), a separate hemifield localizer was not collected; in-
stead the ROIs from session 2 were used. All ROIs were defined before
conducting the M/P mapping analysis.

Estimation of responses to M and P stimuli
A GLM analysis was performed to estimate the responses of each

LGN voxel to M and P stimuli. A design matrix was constructed with
an M regressor (1 when the M stimulus was on and zero otherwise), a
P regressor (1 when the P stimulus was on and zero otherwise), and
one regressor for each run (1 during a given run and zero otherwise).
Each regressor was then convolved with a gamma function HRF
(Boynton et al., 1996) to generate the final design matrix. This model
was fit to the time series (a concatenation of all M/P runs in a session)
of each voxel using mrVista. The estimated responses of each voxel to
theMandP stimuli correspond to betaM and betaP, respectively. The rel-
ative response of each voxel to M vs. P stimuli was defined as the differ-
ence between betaM and betaP (betaM–P) for that voxel. Negative betaM
or betaP values likely indicate a poor (noisy) response to that stimulus,
though in principle they could reflect suppression compared to the
blank stimulus.

Spatial analyses
To quantify the spatial organization of the M/P functional maps, we

divided LGN voxels into M and P groups and compared the spatial cen-
ters of the two groups. We classified each functional voxel as belonging
to either the M or P group based on its betaM–P value. Since human his-
tological studies have found that, on average, approximately 20% of the
volume of the LGN ismade up ofM layers and 80% ismade up of P layers
(Andrews et al., 1997; Selemon and Begovic, 2007), we considered the

http://white.stanford.edu/software/


Fig. 2. ROI definition andM–Pmaps overlaid on anatomical images. (A) For each voxel, co-
herency was computed for the voxel response and the time course of left-right hemifield
alternation of a flickering checkerboard. Coherency phases of the best-fit responses,
thresholded by coherency magnitude, are displayed on coronal slices through the LGN
from two example subjects (left: 7 T, C N 0.21; right: 3 T, C N 0.17). Orange-yellow and
blue correspond to voxel preferences for right and left visual field stimulation, respective-
ly. LGN ROIs are outlined in black. Note that data were analyzed and ROIs were defined in
functional space, and both functional data and ROIs have been interpolated to anatomical
space in this figure for visualization. (B) Relative responses to M vs. P stimulus blocks for
each voxel (betaM–P) for the two subjects and slices shown in panel A (left: 7 T; right: 3 T),
with maps thresholded based on the hemifield localizer, as in A.
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20% of voxels with the highest betaM–P values to be theM group and the
remaining 80% of voxels to be the P group. The 3D spatial center of each
group in each LGN was defined as the mean voxel coordinate in each
spatial dimension (anterior–posterior, dorsal–ventral, and medial–
lateral). These center coordinates were then transformed into Talairach
space to provide a unified spatial reference framewith a canonical brain
orientation, which facilitated comparison across subjects.

Map consistency across thresholds
To assess map consistency across a range of voxel selection criteria,

we repeated the spatial centers analysis procedure for many levels of
thresholding, based on the percentage of variance explained by the
GLM for each voxel. Only voxels in the LGN ROIs defined from the
hemifield localizer were considered. Thresholding by percentage of var-
iance explained is an unbiased procedure, as this measure reflects voxel
responses to bothMand P stimuli. Voxels that did notmeet the variance
explained threshold were excluded from the LGN ROI for that threshold
level. We then repeated the spatial centers analysis in each ROI for each
threshold level. Different threshold rangeswere used for 7 T (0–5%) and
3 T (0–1%) data, due to the overall higher percentages of variance ex-
plained at 7 T. Threshold levels were spaced at intervals of 0.1% variance
explained.

Reliability analyses
In order to assess consistency of LGNM/Pmaps across scans, we per-

formed cross-session and within-session reliability analyses on the
betaM–P values for each voxel. Cross-session reliability was evaluated
for M/P mapping data collected from the same individual scanned on
two different days. Table 1 shows all the sessions performed in this
study and lists the paired comparison sessions (if any) for each one.
For subjects who participated in multiple sessions, all pairwise combi-
nations of sessions were compared, with the exception of 7 T sessions
2 and 3, since these sessions were conducted during the same scanning
period (i.e., the subject was continuously in the magnet), not on sepa-
rate days.

Cross-session reliability was measured as the correlation between
betaM–P maps collected from the same subject on two different days.
The two betaM–P maps were projected from functional space to an
aligned high-resolution anatomical image and then resampled to the
resolution of the anatomical volume using nearest neighbor interpola-
tion. The intersection between the LGN ROIs defined from the two ses-
sions was then computed in anatomical space. Only voxels that were
common to both ROIs were considered for the reliability analysis.
We then computed the Pearson correlation coefficient between the
betaM–P values from the two days. For each LGN ROI comparison pair,
we calculated the proportion overlap of the two ROIs as the ratio of
the volume of their intersection to the volume of their union.

Within-session reliability was defined as the inter-run correlation in
betaM–P values across voxels. Separate GLMs were performed for each
M/P mapping run, resulting in separate betaM–P estimates for each run
for every voxel. The Pearson correlation of these betaM–P values across
voxels in each LGN ROI was calculated for all pairwise comparisons of
runs, and the inter-run correlation corresponded to the mean of these
pairwise correlations. This measure indicates the map quality obtained
from a single functional run, allowing comparisons across sessions
with different numbers of runs.

Functional SNR
To quantify functional SNR of M/P runs, we performed a one-way

ANOVA of the mean response amplitudes of each voxel during M, P,
and blank stimulus blocks. F statistics were calculated for each run
and then averaged across voxels and across runs for each hemisphere.
Time series segments contributing to calculation of a block mean re-
sponse had the same total duration as the block but were delayed
with respect to the start of the block to account for the hemodynamic
delay. We tested delays of 0, 1, 2, and 3 TRs, and we report F statistics
for a delay of 1 TR, since the mean of the F statistic across all sessions
was maximal at this delay for both 3 T and 7 T session groups.
Results

Wemeasured fMRI BOLD responses from the human LGNwith high
spatial resolution (ranging from 1.25 × 1.25 × 1.2 mm at 7 T to 1.75 ×
1.75 × 1.5 mm at 3 T) in order to resolve M and P layers within the
LGN. We functionally localized the boundaries of human LGN with a
flickering checkerboard stimulus that alternated between the left and
right hemifields (Figs. 1A and B; 2A). LGN volumes ranged from 287–
456 mm3 for 3 T sessions and from 144–368 mm3 for 7 T sessions, sim-
ilar to past studies (Kastner et al., 2004; O'Connor et al., 2002).

We then used M-type (monochrome, low spatial frequency, high
temporal frequency, high luminance contrast) and P-type (high color
contrast, high spatial frequency, low temporal frequency, low lumi-
nance contrast) stimuli (Fig. 1C) to elicit differential BOLD responses
from theMand P subdivisions of the LGN. Stimulus parameterswere se-
lected based on the known response properties of M and P neurons
from macaque electrophysiological recordings. Subjects performed an
attention-demanding contrast decrement detection task during stimu-
lus presentation, with similar behavioral accuracy for M blocks and P
blocks (M: 75%, P: 71%; paired t-test, t(10) = 1.07, p = 0.31, n.s.). We
then employed a general linear model (GLM) to measure each LGN
voxel's response to the M and P stimuli and defined the relative M vs.
P response in each voxel as the difference of the M and P response am-
plitudes (M–P).

To assesswhether ourmapping approachwas effective inmeasuring
differential responses from theM and P layers of the LGN, we compared
the three-dimensional spatial layout of the resulting M, P, and M–P
maps to the known anatomical organization of theM and P subdivisions
(Fig. 3). Based on histological studies of the human LGN, we expected to
see specific patterns ofM–P gradients of fMRI responses across the three
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Fig. 3. Expected anatomical distribution of M and P voxels. (A) Tracings from histological sections showing M and P layers in an example LGN from the left hemisphere (modified from
Selemon and Begovic, 2007). M layers are shown in solid black, P layers in white with black outlines. (B) Illustration of the directions of expected M and P fMRI response gradients in
each spatial dimension, based on anatomical organization of the layers. Note that the relative magnitudes of the gradients are schematic only. The plotted lines represent both anatom-
ical/voxel distribution and predicted fMRI response gradients. However, the anterior–posterior M–P gradient may be too shallow to be reliably detected in the BOLD signal at the spatial
resolutions we tested.
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spatial axes: 1)Mmore ventral than P; 2)Mmoremedial than P; and 3)
no significant M–P gradient along the anterior–posterior axis.

Matching these predictions, individual M–P maps of the LGN exhib-
ited a gradient of moreM-like tomore P-like voxels at field strengths of
both 7 T and 3 T (Fig. 2B; 4; see Supplementary Fig. 1 for all individual
subject maps). Specifically, we found that M-like voxels were con-
centrated in the more ventral and medial portions of the LGN, while
P-like voxels were concentrated in themore dorsal and lateral portions.
Note that lateralM regionsmay have been difficult to see at these spatial
resolutions due to the fact thatM layers are thinner on the lateral side of
the LGN compared to the medial side. As a result, there was increased
partial voluming in lateral LGN of the M layers with P layers and other
surrounding regions.
Fig. 4. LGNM/Pmaps. (A) Right LGNmaps acquired at 7 T fromanexample subject (subject 3, se
the original axial slices), with no resampling. Only LGN ROI voxels are shown. Top row: relative
stimulus blocks (betaM). Bottom row: responses to P stimulus blocks (betaP). On the right is the
shows a reference coronal histological section of a right human LGNwith theM and P layers colo
anatomical section, the functionalmaps show strongerM-type responsesmedially and ventrally
this example); R, right (lateral in this example). (B) Right LGNmaps acquired at 3 T from an exam
To quantify the spatial distribution of M-like and P-like voxels across
the LGN, we classified voxels as either “more M” or “more P” based on
their relative responses to the two stimulus types (M–P) and then com-
pared the spatial locations of these two groups to known LGN anatomy.
From human histology, about 20% of the volume of the human LGN is
magnocellular, while about 80% is parvocellular (Andrews et al., 1997;
Selemon and Begovic, 2007). Therefore, for each LGN, we classified the
20% of voxels with the highest M–P values as “moreM” and the remain-
ing 80% as “more P”.We then calculated the 3-dimensional spatial center
of each of these voxel groups (Fig. 5A). If the distribution of voxels be-
tween the two groups were random, we would expect their spatial cen-
ters to be identical, on average. However, consistent with the spatial
layout of the M–P maps we observed, the M group and P group centers
ssion 5).Maps are shownas serial coronal slices in functional space (cross-sections through
responses toM vs. P stimulus blocks for each voxel (betaM–P). Middle row: responses toM
slice prescription for this session overlaid on amidline sagittal anatomical image. The inset
red red and blue, respectively (modified fromBriggs andUsrey, 2011). Consistentwith the
and stronger P-type responses laterally and dorsally. D, dorsal; V, ventral; L, left (medial in
ple subject (subject 2, session 2). All other aspects of this panel are the same as in panel A.
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Fig. 5. Spatial analysis of M–Pmaps. (A) Voxels were classified as “moreM” or “more P” based on their betaM–P values. The 20% of voxels with the largest betaM–P values were assigned to
the “moreM” group, and the remaining 80% of voxels were assigned to the “more P” group, matching the volumetric proportions of theM and P subdivisions, as measured histologically.
Spatial centers for the two groups, denoted by red and blue circles, are superimposed on the binarizedmap. An example right LGN (as in Fig. 4) is shown. (B) Spatial centers of theM (red)
and P (blue) voxel groups plotted for the medial–lateral and dorsal–ventral axes. Spatial centers were calculated in Talairach coordinates and are plotted as a proportion of the extent of
each subject's LGN (based on the LGN localizer data from the same scanning session) along a given axis. Light circles connected by gray lines showM and P spatial centers for individual
scanning sessions. Dark circles connected by black lines show the group mean, with error bars corresponding to the s.e.m. for each axis. Top: 7 T. Bottom: 3 T. Left: Left LGN. Right: Right
LGN. Reference histological coronal sections of human LGN are included in the bottom plots (modified from Briggs and Usrey (2011)).
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were significantly separated in space and had relative spatial positions
that were consistent with known human LGN anatomy. Across sessions,
theM group center was significantlymore ventral andmedial than the P
group center (Fig. 5B), as assessed by paired t-tests on the M and P
group center positions. The mean separation between M and P group
centers along the dorsal–ventral axis was 0.77 mm at 7 T (t(13) =
6.88, p b 0.0001) and 1.07 mm at 3 T (t(7) = 4.85, p = 0.0018). The
mean separation along the medial–lateral axis was 0.83 mm at 7 T
(t(13) = 3.38, p = 0.0049) and 1.01 mm at 3 T (t(7) = 3.18, p =
0.0154) (Fig. 5B). The correspondence between the layout of the M
and P group centers and the known LGN anatomy was consistently ob-
served in individual subjects and sessions (14/14 hemispheres acquired
at 7 T and 8/8 hemispheres acquired at 3 T for the dorsal–ventral axis;
13/14 hemispheres acquired at 7 T and 6/8 hemispheres acquired at
7 T for the medial–lateral axis) (Fig. 5B).

To test the reliability of these findings, we repeated the spatial cen-
ters analysis on a subset of approximately 50% of LGN voxels that had
the best fits to the GLM (highest variance explained by the model).
The mean separation between M group and P group centers along the
dorsal–ventral axis was greater than that computed for all localized
LGN voxels (7 T: 1.06 mm vs. 0.77 mm, t(13) = 3.41, p = 0.0047;
3 T: 1.54 mm vs. 1.07 mm, t(7) = 1.67, p = 0.14), and there was a
high degree of consistency in spatial center layout across individual sub-
jects and sessions (Fig. 6). This increase in map quality following
thresholding based on explained variance is what we would expect
for the subset of voxels best driven by the M and P stimuli.

To ensure that the spatial center layout we observed did not depend
on a particular choice of explained variance threshold, we calculated M
and P group centers across a wide range of thresholds (Fig. 7). The ana-
tomically expected spatial arrangement of M and P group centers was
consistently observed for both the dorsal–ventral and medial–lateral
axes. Analysis of the anterior–posterior axis showed a tendency for
the M group center to be more anterior than the P group center, but
this did not reach significance at either field strength for the set of all lo-
calized LGN voxels and was less consistent across thresholds than the
separations along the other two axes. Smaller separation along the ante-
rior–posterior axis is expected fromhuman LGN anatomy; bothMand P
layers are present throughout the anterior–posterior extent of the struc-
ture (Hickey and Guillery, 1979).

To evaluate the relative contributions of M and P responses to the
M–P spatial gradientwe observed, we repeated the spatial centers anal-
ysis on theM and Pmaps separately. ForM responses, the 20% of voxels
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Fig. 6. Spatial centers derived from the best-fit voxels. (A) BetaM–P maps were thresholded according to the percentage of variance explained by theM/P GLM (see Fig. 7) for each voxel's
time series. Top: An example right LGNmap (as in Fig. 4). Bottom: The samemap thresholded at 2% variance explained. (B) Spatial centers calculated as in Fig. 5 for only those voxelswith
the highest percentages of variance explained (N2% for 7 T and0.4% for 3 T). These thresholds result in the inclusion of about half of all LGNROI voxels across subjects. All other conventions
as in Fig. 5. Reference histological coronal sections of human LGN are included in the bottom plots (modified from Briggs and Usrey (2011)).
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with the highest betaM values were defined as the “moreM” group and
the other 80% were the “less M” group. For P responses, the 80% of
voxels with the highest betaP values comprised the “more P” group,
and the other 20% were the “less P” group. We specifically considered
the dorsal–ventral axis for this analysis, because this is the axis along
which spatial separation of M and P voxels should be clearest based
on anatomy (Hickey and Guillery, 1979). The ventrally-weighted gradi-
ent of betaM–P valueswe observed is consistentwith two alternatives for
the individual M and P gradients (Fig. 8A): 1) opposing gradients (ven-
trally-weighted M and dorsally-weighted P) or 2) aligned gradients
with different gains (e.g., strong ventrally-weighted M and weak
ventrally-weighted P). Such aligned gradients could arise, for example,
from an underlying gradient in vascular density across the LGN.

Our results provide evidence for two gradients in opposing direc-
tions, with bothMand Pmaps having the dorsal–ventral orientation ex-
pected from LGN anatomy in 12/14 7 T hemispheres and 4/8 3 T
hemispheres (chance = 25%, Fig. 8B). Our consistent finding of oppos-
ing directions of M and P gradients shows that the M–P map gradients
we have found (Figs. 4–7) are not driven exclusively by either the M
or P stimulus but rather reflect anatomically correctmaps for both stim-
ulus types. This correspondence between the type of visual stimulus
presentation (M or P) and the orientation of the BOLD gradient makes
alternative explanations for M–P gradients based on non-visual
structures (such as nearby ventricles, surrounding tissue, or vascula-
ture) very unlikely.

Another test of the validity of ourM/P localization procedure is con-
sistency of M–P maps across experimental sessions. To quantify this
consistency, we assessed individual subject M–P map reliability across
scanning sessions on different days. We calculated the correlation of
M–P values across voxels after the maps were projected onto a high-
resolution anatomical volume and resampled to the resolution of that
volume. We considered only the overlapping portion of the aligned
LGN ROIs from the two sessions; the mean overlap (ROI intersection/
ROI union) was 30% (SD 9%; range 13–44%). Some subjects were
scanned multiple times at the same field strength (3 T or 7 T), and
some were scanned at different field strengths. Significant positive
cross-session correlations at the single-voxel level were observed in 6/
6 same-field strength and 3/6 different-field strength comparisons, as
assessed by randomization tests (all p b 0.005; Fig. 9). The three com-
parisons that did not showpositive correlations all involved a single ses-
sion (Subject 2; 7 T session 4) that had low overlap with the LGN ROIs
from the comparison sessions (mean 18% overlap for this session vs.
34% for all other comparisons). This low overlap probably resulted
from difficulty aligning functional images from 7 T session 4 to the ana-
tomical volume due to distortion and dropout in cortical regions that
would ordinarily serve as landmarks for alignment.
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Fig. 7. M–P map consistency across a range of LGN threshold values. Separation between spatial centers of “more M” group (red line) and “more P” group (blue line) along the medial–
lateral and dorsal–ventral axes over a range of LGN threshold values. For a given threshold, an LGNvoxelwas included in the analysis if its percent variance explained by theGLMexceeded
that threshold. Groupdata for all 7 T (top) and 3 T (bottom) sessions are shown in Talairach coordinates. Shaded regions showstandard errors of themean across sessions, after data points
from each session were re-centered (via an additive shift) to themean value across all sessions, voxel groups, and thresholds, in order to normalize for overall differences in LGN location
across individual brains.
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The mean cross-session correlation across all comparison hemi-
spheres was 0.23 (range −0.18 to 0.51) and was significantly greater
than zero at the group level (one-sample t-test of Fisher z-transformed
correlation coefficients, t(11) = 3.78, p = 0.0031; Fig. 9). Taken togeth-
er, these results demonstrate that theM–Pmapswere reliable across ses-
sions for individual subjects. Examples of low test–retest reliability
seemed to reflect different positions of the entire LGN ROI when aligned
to the anatomical images rather than differences in map organization,
suggesting that, at least within the parameter space we used, test–retest
reliability does not strongly depend on field strength or specific scanning
parameters.

In addition to cross-session reliability, we calculated reliability mea-
sures between pairs of 5-minute runs and across blocks within single
runs. First, we calculated the inter-run correlation of M–P maps gener-
ated from individual runswithin a single scanning session. Thismeasure
indicates the map quality of a single run and is therefore a useful mea-
sure of SNR. Second, we computed functional SNR across blocks within
single runs as the F-statistic of a one-wayANOVA ofmean response am-
plitudes in M, P, and blank stimulus blocks. Inter-run correlations dif-
fered between field strengths, with higher mean correlations for 7 T
(0.43 +/− 0.04) than for 3 T (0.16 +/− 0.03). Likewise, mean F-
statistic values were higher at 7 T (6.86 +/− 0.52) than at 3 T
(2.37 +/− 0.16). Thus, in our study, functional SNR was 2.5–3 times
as high for 7 T as for 3 T scans, even though voxel volume was smaller
at 7 T (1.875–3.375 mm3) than at 3 T (4.594 mm3).

Discussion

A critical step toward understanding the roles of the LGN in human
vision in both health and disease is the ability to noninvasivelymeasure
functional signals from M and P subdivisions. This goal has proven elu-
sive for two major reasons. The first is the challenge of measuring brain
activity at the depth and spatial resolution required to segregate the M
and P subdivisions within the LGN, a small brain structure that extends
only 5–10mm in any spatial dimension. The second has been the lack of
a paradigm that differentially drives responses in LGNM and P subdivi-
sions that can in turn be measured noninvasively. By using high-
resolution fMRI to measure functional signals from the LGN combined
with stimuli specially designed to differentially drive responses in M
and P subdivisions, we found gradients of M and P voxel responses
across human LGN with spatial organization in excellent agreement
with known LGN anatomy. This is the first physiological evidence that
the functional properties of human M and P subdivisions are similar to
those of the monkey LGN.

In developing an fMRI M/P mapping paradigm guided by prior elec-
trophysiological studies of M and P neurons, possible differences be-
tween electrophysiological and fMRI measurements from the LGN
must be considered. One possible difference is the influence of neuronal
feedback on themeasured response. The BOLD signal likely reflects syn-
aptic activitymore than spiking output (Logothetis andWandell, 2004).
This, combinedwith the fact that the LGN receives about 90% of its input
from sites other than the retina, including 30% from V1 (Sherman and
Guillery, 2006; Van Horn et al., 2000), means that feedback projections
are likely to significantly contribute to the BOLD response measured in
the LGN. There is considerable evidence that feedback projections
from V1 to LGN are M- and P-stream specific (Briggs and Usrey, 2009,
2011), but the functions of these projections and their possible influ-
ence on the BOLD signal are still not well understood. Our findings sug-
gest that, even in the likely presence of feedback signals in themeasured
fMRI responses, the same stimuli that drive differential M and P neuron
responses also evoke differential BOLD responses.

Previous studies have noninvasivelymeasured activity in the human
LGN using fMRI (Anderson et al., 2009; Chen and Zhu, 2001; Chen et al.,
1999; D'Souza et al., 2011; Haynes et al., 2005; Kastner et al., 2004;
Mullen et al., 2008, 2010; O'Connor et al., 2002; Parkes et al., 2004;
Schneider, 2011; Schneider and Kastner, 2009; Schneider et al., 2004;
Uğurbil et al., 1999;Wunderlich et al., 2005), and there has been one at-
tempt to localize the M and P subdivisions using fMRI (Schneider et al.,
2004). In that study, stimulus contrast was manipulated (either 10% or
100% contrast-reversing checkerboard stimuli) to attempt to dissociate
theM and P subdivisions. Voxels were classified as M if they responded
similarly to the two contrast levels and P if they responded more to the
high contrast checkerboard than to the low contrast checkerboard. This
classificationwas based on the logic thatM neuronal responses saturate
at low contrasts, while P neuronal responses continue to increase across
a greater contrast range in the macaque (Derrington and Lennie, 1984;
Kaplan and Shapley, 1982). The resulting M and P classification maps
were presented for two subjects. However, these maps do not appear
to exhibit the 3D spatial organization expected from anatomy – perhaps
because the manipulation of only a single stimulus dimension limited
map quality – and no attempt was made to quantify the spatial organi-
zation of the maps or establish their consistency across subjects. We
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Fig. 8. Components of the M–P spatial gradient. (A) Two possible arrangements of betaM
and betaP gradients (left) that could give rise to a spatial gradient in the betaM–P map
(right); only the dorsal–ventral axis is shown. (B) Separation of spatial centers along
the dorsal–ventral axis in M maps (red bars) and P maps (blue bars) for the left and
right LGN ROIs from each session. Separations between “more M” and “less M” centers
from M maps and “more P” and “less P” centers from P maps (see Material and methods
section) are plotted, in Talairach coordinates. Ventrally-weightedmaps are shown as neg-
ative values, and dorsally-weightedmaps are shown as positive values. Hemisphereswith
both ventrally-weighted M maps and dorsally-weighted P maps indicate two opposing
gradients that are consistent with known anatomical organization. Top: 7 T. Bottom: 3 T.

Fig. 9.M–Pmap reliability across sessions. Correlations between LGN voxel betaM–P values
across scanning sessions from the same subject, after aligning and resampling the func-
tional maps to that subject's anatomical space. Each bar shows the test–retest correlation
for one hemisphere. Error bars are bootstrapped 95% confidence intervals. Labels indicate
subject and session numbers for the two sessions being compared (see Table 1).
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showhere that simultaneousmanipulation of multiple stimulus dimen-
sions selected to differentially driveM and P layers provides a robust ap-
proach to M and P mapping with fMRI, in which the anatomically
expected map organization could be observed in nearly every hemi-
sphere we studied.

Although our localizer effectively and reliably generates M–P maps,
the small size of the LGN relative to voxel size as well as variability
across subjects leave at least two aspects of M/P localization that could
be improved. First, theM–Pmapswe observedweremore like gradients
across the structure than bimodal maps with separate M and P peaks.
The distribution of betaM–P values in a given hemisphere was also typi-
cally unimodal. A likely contributor to this unimodality is partial volum-
ing: single voxels that straddle theM/P borderwill contain bothMandP
neurons. Another possible contributor to the unimodality of response
amplitude distributions is the mixing of M- and P-related BOLD signals
in common vascular networks. To improve mapping and voxel classifi-
cation, future studies may employ even higher spatial resolution to re-
duce partial volume effects. Spin-echo sequences at 7 T or higher field
strengths could also be used to minimize contributions of the macro-
vasculature (Yacoub et al., 2003).

A second area for improvement is the classification ofM and P voxels
in a way that better accounts for individual differences. In our study, we
definedMandP subdivisions according to afixed 20/80 volumetric ratio
of M and P layers. However, this ratio has been shown to vary across in-
dividuals (Andrews et al., 1997; Hickey andGuillery, 1979; Selemon and
Begovic, 2007), adding uncertainty to the voxel classification, especially
for those voxels with M–P values near the classification boundary. This
means that, in its current form, the classification method we have
employed is not suitable for measuring the absolute volumes of the M
and P subdivisions. In the future, more sophisticated voxel classification
approaches combining functional and anatomical information could
generatemore accurate classification boundaries. For functional studies,
both partial volume effects and classification limitations can be over-
come to some extent by selecting only themostM-like and P-like voxels
for subsequent analyses, based on the distribution of M–P values that
are calculated for each voxel.

Our results suggest that both 7 T and 3 T field strengths can provide
sufficient signal and spatial resolution for consistent M/P mapping of
human LGN.We also found advantages of 7 T over 3 T, including: higher
functional SNR; more variance explained by the GLM; higher reliability
across runs; and more consistent dorsal–ventral gradients in both M
and P maps across hemispheres. As all these advantages were evident
for 7 T voxel sizes that were similar to or smaller than the 3 T voxel
sizes used, they likely arise from a combination of higher MR signal at
7 T and reduced partial volume effects at smaller voxel sizes. The higher
SNR and reliability across runs at 7 T also enable M/P localization using
fewer runs compared to 3 T. Therefore, researchers seeking to localize
theM and P subdivisions and then conduct other experimental tasks in-
vestigating the functions of the subdivisionswould benefit from the use
of 7 T.

The ability to noninvasively map theM and P subdivisions of human
LGN presents opportunities to study the roles of these subdivisions in
normal human vision as well as in clinical disorders. Since fMRI is an ex-
cellent tool for the study of large-scale brain networks, M/P mapping of
the LGN enables functional investigations of parallel thalamocortical
processing pathways. Modulations of LGN activity have also been ob-
served during selective visual attention (McAlonan et al., 2008;
O'Connor et al., 2002; Schneider, 2011; Schneider and Kastner, 2009;
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Vanduffel et al., 2000) and perceptual fluctuations during binocular ri-
valry (Haynes et al., 2005; Wunderlich et al., 2005), supporting the
idea that the human LGN may support higher-level aspects of vision,
as opposed to operating as a simple sensory relay (Kastner et al.,
2006). Indeed, reciprocal interactions between cortex and thalamus
are increasingly recognized as central to sensory system function
(Briggs and Usrey, 2008; Sherman and Guillery, 2002). The differential
roles of the M and P subdivisions in such higher-level visual functions
are currently not well understood, but behavioral studies suggest differ-
ent contributions from the two pathways to spatial attention (Cheng
et al., 2004; Theeuwes, 1995; Yeshurun, 2004; Yeshurun and Levy,
2003; Yeshurun and Sabo, 2012) and perceptual selection (Denison
and Silver, 2012). Measuring human M and P responses with fMRI dur-
ing a variety of behavioral tasks is an exciting direction for future work.

Functional studies of theM and P subdivisions in healthy individuals
and patient populations may additionally further our understanding of
human disorders. In particular, dysfunction of the M system has been
implicated in dyslexia (Demb et al., 1998a, 1998b; Kubová et al., 1996;
Lehmkuhle et al., 1993; Livingstone et al., 1991; Stein and Walsh,
1997) and schizophrenia (Butler and Javitt, 2005; Kandil et al., 2013;
Núñez et al., 2013), but clear physiological tests of the hypothesized
links between M stream abnormalities and specific diseases have not
yet materialized. Stream-specific abnormalities have also been associat-
ed with albinism (Guillery et al., 1975) and degenerative disorders in-
cluding multiple sclerosis, Parkinson's disease, and Alzheimer's disease
(Yoonessi and Yoonessi, 2011). Better understanding of the relationship
between stream-specific abnormalities and disease state offers the po-
tential for simple visual tests that could aid diagnosis of these disorders.

In conclusion, we have demonstrated that the combination of high
spatial resolution fMRI and optimized stimuli enables reliable functional
mapping of theMand P subdivisions of human LGN, advancing the non-
invasive study of parallel processing pathways in the human visual
system.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.07.019.
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