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Abstract: Glaucoma is now viewed not just a disease of the eye but also a disease of the brain. The prog-
nosis of glaucoma critically depends on how early the disease can be detected. However, early glauco-
matous loss of the laminar functions in the human lateral geniculate nucleus (LGN) and superior
colliculus (SC) remains difficult to detect and poorly understood. Using functional MRI, we measured
neural signals from different layers of the LGN and SC, as well as from the early visual cortices (V1, V2
and MT), in patients with early-stage glaucoma and normal controls. Compared to normal controls, early
glaucoma patients showed more reduction of response to transient achromatic stimuli than to sustained
chromatic stimuli in the magnocellular layers of the LGN, as well as in the superficial layer of the SC.
Magnocellular responses in the LGN were also significantly correlated with the degree of behavioral
deficits to the glaucomatous eye. Finally, early glaucoma patients showed no reduction of fMRI response
in the early visual cortex. These findings demonstrate that ‘large cells’ in the human LGN and SC suffer
selective loss of response to transient achromatic stimuli at the early stage of glaucoma. Hum Brain Mapp
37:558–569, 2016. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Glaucoma is a neurodegenerative eye disease that affects
more than 70 million people worldwide [Quigley and Bro-
man, 2006]. Characterized by gradual loss of retinal ganglion
cells and progressive degeneration of the optic nerve, if left
untreated, glaucoma results in irreversible vision loss or
blindness. Due to transsynaptic degenerations, glaucoma
also damages the post-retinal visual system in the human
brain, such as the lateral geniculate nucleus (LGN) and V1
[Gupta et al., 2006]. Although the pathology of glaucoma has
been extensively studied at the level of retina and optic nerve
head ;Crish et al., 2010; El-Danaf and Huberman, 2015; Mor-
gan, 2002; Quigley et al., 1988; Quigley et al., 1987; Weber
et al., 1998], the mechanisms of post-retinal neuronal degen-
erations in the human visual system are not clear, especially
at an early stage of the disease. Exploring the early post-
retinal mechanisms of glaucoma might be helpful to develop
new tools for the diagnosis and treatment of the disease.

The human LGN and superior colliculus (SC) receive
direct input from the retina and are the earliest stages in
the hierarchy of human visual system. Therefore they are
the ideal sites for studying the post-retinal mechanism of
neurodegeneration at the early-stage of glaucoma in
humans. Previous glaucoma studies on the LGN are
mostly based on artificially induced glaucoma in animal
models, which may reflect different pathologies from that
in humans. In the very few studies on the LGN in human
glaucoma patients [Chaturvedi et al., 1993; Gupta et al.,
2006, 2009], patients were at an advanced stage of the dis-
ease and already suffered severe visual loss, thus what
happens to the human LGN at an early stage of the dis-
ease is still unknown. To the best of our knowledge, the
glaucomatous damage to the primate SC has never been
studied before.

Human LGNs and SCs consist of multiple functional
layers with different types of neurons. The LGN has six
main layers. The inner two layers consist of larger cells
and are called the magnocellular (M) layers, which are
sensitive to transient achromatic visual information. The
outer four layers with smaller cells are called the parvocel-
lular (P) layers, which mainly process sustained chromatic
visual information. The human SCs are segregated into
superficial, intermediate, and deep layers. The superficial
layer receives direct input from the retina ;Leventhal et al.,
1981; Perry and Cowey, 1984] and mainly responds to vis-
ual stimuli. The intermediate and deep layers are more

related to eye and head movement [Wurtz and Goldberg,
1971], as well as attention shift [Ignashchenkova et al.,
2004], receiving cortical inputs from a number of frontal
and parietal cortical areas [Fries, 1984].

Different neurons in the functional layers of the LGN
and SC might be differentially affected during the progres-
sion of glaucoma. Primate glaucoma models and human
autopsy studies indicated that the M layers of the LGN
were more vulnerable to glaucomatous damage in compa-
raison to the P layers [Chaturvedi et al., 1993; Gupta et al.,
2007; Weber et al., 2000]. Previous studies mainly focused
on morphological changes of the LGN, such as cell size,
number, density, and layer volume, etc. Functional conse-
quence of glaucoma to different types of neurons in the
LGN and SC, especially at an early stage of the disease,
remains unknown.

In the present study, we measured fMRI (functional mag-
netic resonance imaging) signals from the M (inferior) and P
(superficial) layers of the LGN, as well as from different
depth in the SC of normal controls and early glaucoma
patients. Two stimuli (the M and P stimuli) were designed
to preferentially active magnocellular neurons in the LGN
M layers or parvocellular neurons in the P layers, respec-
tively. Compared to normal controls, early glaucoma
patients showed selective signal loss to the M stimulus in
the M layers of the LGN as well as in the superficial layer of
the SC, but not in the LGN P layers or cortical visual areas.

METHODS

Subjects

Eighteen patients diagnosed with early-stage open-angle
glaucoma (age: 33.0 6 5.6 years, 14 males and four females)
and eighteen normal controls (with age and gender exactly
matched with the patient group) participated in this study.
The patient group included ten primary open-angle glau-
coma (POAG) patients and eight normal-tension glaucoma
patients, with at least one eye at an early stage of the dis-
ease. Visual acuity (20/25 or better) and refractive errors
(less than 65.00 D sphere and 62.00 D cylinder) were
approximately matched (less than 60.50D sphere differen-
ces and/or less than 60.25D cylinder differences) between
the patient and control groups. None of the patients
showed any visual dysfunctions other than glaucoma. All
subjects gave written informed consent before the experi-
ments. The ethics committee of Eye & ENT hospital
approved the experimental protocol. More detailed subject
information was shown in Table I.

Diagnostic criterion was based on glaucomatous optic
neuropathy (GON) judged by two glaucoma specialists
independently. Inconsistencies between the two specialists
were resolved by adjudication from a third glaucoma spe-
cialist. Most patients had consistent judges by two glau-
coma specialists and only one normal-tension glaucoma
patient need to receive a definitive diagnosis by the third

Abbreviations

GLM General linear models
GON Glaucomatous optic neuropathy
LGN Lateral geniculate nucleus
MD Mean defect
POAG Primary open-angle glaucoma
SAP Standard automated perimetry
SC Superior colliculus
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specialist. Moreover, during the follow-up period after
data-collection phase, the glaucomatous damage progress
of the patient confirmed the diagnosis. GON was identi-
fied by evidence of any of the following signs: excavation,
neuroretinal rim thinning or notching, nerve layer defects,
or asymmetry or the vertical cup-to-disc ratio greater than
0.2 between the two eyes. Patients performed Standard
Automated Perimetry (SAP) test before the experiment
(Octopus 900 perimeter, Haag-Streit USA), G standard
white/white TOP program. Reliable visual field results
was defined as <5 33% false positives and false negatives,
reliable factor >515% and pupil diameter >53 mm. Final
results determined by repeatable visual field tests of at
least two consecutive visits. All patients were free from a
history of intraocular surgery, cataract, secondary causes
of elevated intraocular pressure (e.g., corticosteroid-
induced, trauma, iridocyclitis), other diseases impairing
visual field (e.g., pituitary neoplasms, diabetic retinopa-
thy), and any systemic diseases known to affect visual
function or M/P pathway function (e.g. migraine). Early-
stage of glaucoma was defined according to the Modified
Glaucoma Staging System [Mills et al., 2006].

Stimuli and Procedures

Visual stimuli were generated in MATLAB (Mathworks
Inc.) with psychophysics toolbox extension [Brainard,
1997; Pelli, 1997], running on a MacBook pro computer,
presented by MRI safe projectors at the screen resolution
of 1024x768@60Hz.

Figure 1A shows the M and P stimuli that were used to
identify the M and P layers of the LGN. The M stimulus
was a low spatial frequency sine wave pattern at 30%
luminance contrast, and counter phase flickered at 10 Hz.
The P stimulus was a high spatial frequency, isoluminant
red/green square wave pattern, reversing contrast at 0.5
Hz. The luminance of the red and green color in the P
stimulus was matched for each individual with a minimal
flicker procedure. Red (RGB values: [1281R 128-G 0]) and
green (RGB values: [128-R 1281G 0]) square patches flick-
ered at 30Hz. The amplitude of the red gun (value R) was

fixed and subjects adjust the amplitude of the green gun
(value G) until the flickering percept reached minimal. The
isoluminant adjustment was repeated four times to obtain
an average. The M and P stimuli rotated clockwise or
counterclockwise (24 degrees/second for the M stimulus
and 2.4 degrees/second for the P stimulus) to prevent a
signal drop from adaptation. Moving vs. static concentric
ring stimuli were used to identify the human homologue
of primate MT/V5 (Fig. 1B). The moving ring was pre-
sented at 10% contrasts, expanding or contracting at 2.4
degs/second; the static ring was presented at full contrast.
The full field M/P stimuli and the ring stimuli subtended
24 degrees of visual angle in diameter. Figure 1C shows
the hemifield localizer for the whole LGN. Full contrast
hemifield checkerboard stimuli flickered at 7.5 Hz, and
presented alternatively to the left or right visual field
every 16s. Counter phase flickering wedges were pre-
sented sequentially at the vertical (upper/lower) and hori-
zontal (left/right) meridians to identify the boundaries of
visual area V1 and V2 on the cortical surface. The ROIs of
V1 and V2 were determined as voxels significantly acti-
vated by the hemifield localizers within the corresponding
V1 and V2 boundaries.

Seven runs were scanned for each subject, consisting of
two runs for the LGN hemifield localizer, one run for the
MT localizer and four runs for the M/P localizer. Each
run collected 162 volumes of images. During the experi-
ments, subjects were instructed to keep central fixation.
Subjects viewed the stimuli monocularly with the other
eye patched throughout the scanning session. Tested eyes
were matched between patients and controls.

MRI Protocol

MRI data were collected with 3T scanner (Siemens
Verio) at the Eye and ENT Hospital of Fudan University,
using a 12-channel Head Matrix coil. A gradient echo pla-
nar imaging sequence was used to acquire functional
images (voxel dimension is 2 mm isotropic, 26 axial slices
of 2 mm thickness, 64 3 64 matrix with 2 mm in-plane
resolution, TR/TE 5 2,000/28 ms, flip angle 5 908). High-

TABLE I. Participants information

Patient

NormalPOAG NTG Total

Numbers of participants 10 8 18 18
Numbers of male participants 8 6 14 14
Age (year) 34.2 6 6.1 31.5 6 5.0 33.0 6 5.6 33.0 6 5.6
Test eye (numbers of OD) 5 5 10 10
Highest IOP of test eye without

treatment (mmHg)
27.5 6 3.4 18.9 6 1.5 23.7 6 5.2 –

Highest IOP of test eye during
data-collection period (mmHg)

16.2 6 1.0 11.5 6 0.5 14.1 6 2.5 –

MD scores of test eye 1.9 6 1.2 2.5 6 1.7 2.2 6 1.5 –

OD: right eye, MD: mean defect; IOP: intraocular pressure.
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resolution anatomic volume was obtained with a T1
MPRAGE sequence (1 mm isotropic voxels, 192 sagittal
1 mm thick slices, 256 3 256 matrix with 1 mm in-plane
resolution, TR/TE/TI 5 2,600/3.02/900 ms, flip angle 5 88).
Another high-resolution T2 anatomical scan co-aligned
with the functional images was acquired to assist the
registration from the T1 anatomical to EPI functional
images (TSE T2w sequence, TR/TE 5 3,400/89 ms, 26 axial
slices with 2 mm thickness, 256 3 256 matrix with 1 mm
in-plane resolution, flip angle 5 608).

MRI Data Analysis

MRI data were analyzed using AFNI [Cox, 1996], SPM
[Friston, 1996] and custom Matlab code. The first two vol-
umes of each run were discarded to avoid magnetic satu-

ration effects. The functional images from each run were
first resampled to 1 mm isotropic, realigned to the first
image of the first run in this session. There is no signifi-
cant difference in head motion between normal controls
and glaucoma patients. The high-resolution T1 volume
was registered to the T2 anatomical volume, and then
normalized to the MNI space. Functional images were nor-
malized to the MNI space based on the warping parame-
ters estimated from the T1 volume. Linear trend in the
fMRI time series were removed, and the unit of the time
series was converted to percent signal change.

The beta values of different stimulus conditions were fit-
ted and extracted with general linear models (GLM), the
six parameters from motion registration were included in
the GLM as noise regressors. The ROIs of the LGN were
defined from the activation map of the hemifield localizer

Figure 1.

(A) Stimuli for the M and P localizer. The M and P stimuli were

presented in blocks of 16 s duration, alternating with 16 s fixation.

(B) Stimuli for the MT localizer. Each stimulation cycle started

with a low contrast ring expanding for 8 s, and then contracting

for 8 s, followed by a static ring of high contrast presented for

16 s duration. C. Stimuli for the LGN localizer. The hemifield

checkerboards alternatively presented every 16 s between the left

and right visual field. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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and T1 anatomical images. Care was taken not to include
activations from the pulvinar nuclei, which located more
posterior and medial than that of the LGN. Our recent
paper shows more details about the ROI definition of the
LGN [Zhang et al., 2015]. Beta values in the LGNs were
extracted and analyzed in Matlab. The coordinates of the
right LGNs were mirror flipped to the left, and then the
coordinates for all LGNs were aligned to their mass center
(by subtracting the coordinate of the LGN center). Group
average of the beta values and T statistics were generated
from the registered LGNs. Similar approaches were used to
analyze the data from the SC, except that the ROIs of the SC
were defined from T1 anatomical images. The upsampling
procedure provided a better estimation of the center of the
LGN and improved the averaged results, which helped to
resolve the magnocellular and parvocellular layers of the
LGN. Since the sampling window (about 8 3 6 3 6 mm
FOV in 2 mm isotropic resolution) for each LGN is slightly
different in position, the upsampling (to 1 mm isotropic vox-
els) and averaging approach is equivalent (when the num-
ber of averages is large enough) to convolving the high-
resolution LGN image (1 mm resolution) with a 2 mm cubic
filter. This 2 mm low pass filter cannot resolve individual
layers of the LGN, but is small enough to differentiate the M
and P sections (both are larger than 2 mm in each dimen-
sion) and also improves SNR.

ROIs of Different Depth in the SC

Figure 2 shows the ROIs of different depths from the
surface of the SC. With the drawing tools in AFNI, we first
defined the surface voxels, whose depth was 0 mm. Then
the depth for each voxel in the SC was calculated as the
shortest distance from the voxel to all surface voxels.

RESULTS

Selective Reduction of fMRI Response to the M

Stimulus in the M Layers of the Patient LGN

Figure 1A shows the M and P stimulus designed to prefer-
entially activate the neuronal responses in the magnocellu-
lar and parvocellular layers of the LGN. The P stimulus was
a high spatial frequency and high chromatic contrast check-
erboard, which counterphase flickered at a low temporal
frequency. While the M stimulus was a low spatial fre-
quency and low luminance contrast checkerboard, flickered
at a high temporal frequency.

Figure 3A shows the LGN voxels that were preferen-
tially activated by the M or the P stimulus. In the LGNs of
healthy controls, two clusters of voxels can be clearly iden-
tified. One of the clusters was located more inferior and
anterior, and showed stronger response to the M stimulus
than to the P stimulus. In the present study, we labeled
this functional subdivision with response bias to the M
stimulus as the M layers of the LGN. The other cluster
with stronger response to the P stimulus was located more
superior and posterior, and was defined as the P layers of
the LGN. The topography of the M and P layers is highly
consistent with another study from our group, which used
the same stimuli but a different group of subjects and a
different MRI scanner [Zhang et al., 2015]. The spatial rela-
tionship between the M and P layers is consistent with the
anatomy of the human LGN (please refer to Figure 3 of
the previous paper [Zhang et al., 2015] for comparison
with the LGN anatomy from autopsy brain slices). This
study also found distinct response properties of the M and
P layers with stimuli varying in spatio-temporal frequency,
contrast and chromaticity, which is consistent with the
non-human primate physiological evidence. Another

Figure 2.

ROIs of different depth from the surface of the SC. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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research group used different M/P stimuli as well as dif-
ferent scanning procedures to identify the M and P layers
of the LGN [Denison et al., 2014], and found very similar
spatial patterns as in our studies. In the present study, the
M and P layers of the LGN are identified as voxels show-
ing response bias, rather than exclusive responses, to the
M or to the P stimulus. In other words, the M (P) voxels
also responded to the P (M) stimulus, but more weakly
than to the M (P) stimulus. This is not surprising for two
reasons: first, the neuronal responses in the M and P
layers are preferentially rather than exclusively tuned to
the M and P stimuli; and second, the spatial specificity of
fMRI signal is relatively low, so the response of M voxels
very likely included contributions from both M and P
cells, though more from the M cells than P cells.

In the LGNs of glaucoma patients (shown by the third
column in Fig. 3A), nearly all the voxels responded stron-
ger to the P stimulus, and no cluster of voxels showing
stronger response to the M stimulus can be found. Figure
6 shows the averaged fMRI response of all LGN voxels.
Compared to normal controls, the LGNs of glaucoma
patients produced significantly reduced response to the M
stimulus, but not to the P stimulus. These findings indicate
that there is a selective reduction of response to transient
achromatic stimulus (or the M stimulus) in the LGNs of

early glaucoma patients. In order to investigate M/P
layer-specific response of the patient LGNs, the P layers
were defined as voxels with most negative M-P beta val-
ues, which is the same approach as used to identify the P
layers of normal controls. While the M layers were defined
as voxels with least negative M-P beta values, mathemati-
cally, this M voxels selection criterion is equivalent to the
M voxels selection criterion used for normal controls
(selecting the most positive M-P beta values). The same
approach has been used in Denison et al.’s study [Denison
et al., 2014], which showed reliable segmentations of the
M and P layers of the LGN. In the current study, the M
voxels of the patient LGNs (with least negative M-P beta
values) formed a continuous cluster, which is located
more anterior and posterior relative to the P cluster (with
most negative M-P beta values). The M/P layer topogra-
phy of the patient LGNs is highly consistent with that
found for normal controls (Fig. 3A), and also consistent
with the segmentation results from previous studies [Deni-
son et al., 2014; Zhang et al., 2015]. The mass centers of
the M and P layers and spatial gradient of the M/P beta
maps are highly consistent in the LGNs of controls and
patients (supplemental Figure S2, individual M-P beta
maps were shown by Figure S3). Therefore, these data
shows that the M and P layers of the LGN can be

Figure 3.

(A) The M and P layers of the LGNs of normal controls and

glaucoma patients. The M layers were identified as 30 voxels

with strongest bias to the M stimulus, while the P layers were

defined as 30 voxels with strongest bias to the P stimulus. Pur-

ple lines illustrate the boundary of the LGN from anatomical

images. Red/yellow indicates voxels with greater responses to

the M stimulus than to the P stimulus, and voxels having greater

responses to the P stimulus were shown by blue/cyan. The

topography of the M and P layers was consistent with the LGN

anatomy from autopsy brain slices, which were shown in our

recent paper [Zhang et al., 2015]. (B) FMRI responses to the M

and P stimuli in the M and P layers of the LGNs of normal con-

trols and glaucoma patients. Error bars indicate standard error

of the mean across ROIs. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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successfully identified in both normal controls and glau-
coma patients, which provide an opportunity to further
investigate early glaucomatous change in different func-
tional layers of the LGN.

Figure 3B shows the M/P layer-specific fMRI response to the
M and P stimulus in the LGNs of controls and patients. In the
LGN M layers, a significant two-way interaction can be found
between stimuli (M/P stimuli) and groups (controls/patients),
F (1,70) 5 5.3, p< 0.03. Specifically, the fMRI response to the M
stimulus was significantly reduced in glaucoma patients com-
pared to normal controls [t (70) 5 22.69, p< 0.01], while the
fMRI response to the P stimulus showed no significant differ-
ence between the two groups [t (70) 5 20.24, p> 0.4]. These
results indicate that in the M layers of the LGN, there is a selec-
tive response loss to the M stimulus but not to the P stimulus.
In the LGN P layers, there was no significant interaction
between stimuli and groups [F (1,70) 5 0.29, p> 0.5], suggesting
that in the P layers of the patient LGNs, there is no selective
loss of response to the M or to the P stimulus. Specifically, com-
pared to normal controls, the P layers’ response to the M stim-
uli was significantly reduced in the patient group [t (70) 5

22.51, P< 0.02], and the P layers’ response to the P stimulus
showed a non-significant trend of reduction [t (70) 5 21.53,
P< 0.2]. Our data showed stronger fMRI response in the P
layers than in the M layers (F (1,70) 5 67.9, P< 0.001), which
might be due to greater partial volume effect to the M layers’
response (smaller volume than the P layers). These responsive
P voxels might be generally more sensitive to visual stimula-
tion, which could explain their general loss of signals to both
the M and P stimulus. To summarize, our data shows that in
the LGNs of early glaucoma patients, compared to normal con-
trols, there is a selective response loss to the M stimulus in the
M layers, while the P layers show a general loss of response to
both M and P stimulus. This finding is further supported by a
significant three-way interaction between stimuli, layers (M/P
layers) and groups [F (1,70) 5 6.04, P< 0.02].

It may appear that the layer-specific response profiles
are predetermined by the voxel selection criterion [Kriege-
skorte et al., 2009]: selecting the layer voxels via response
bias to the M/P stimulus and then analyzing the responses
to the M/P stimulus in these voxels. Indeed, the primary
emphasis here is not that M/P voxels responded more
strongly to M/P-biased stimulus, rather the key finding is
that using the same voxel selection criterion in controls
and patients, and with the resulting layer segmentation
highly consistent between these two groups of subjects,
our results show a significant and selective response defi-
cit to the M stimulus from the M layers in the patient
group. In addition, the M and P layers identified in this
study are highly consistent with the results from other
studies using independent datasets [Denison et al., 2014;
Zhang et al., 2015]. Importantly, the key aspect of the
results, that there is a deficiency in responding to the M
stimulus in the patients’ LGNs, is not a product of LGN
voxel classification, as the deficient response to M stimulus
could already be seen in the average response of the entire

LGN. In a further analysis, the fMRI data was randomly
split in half, one half was used to identify the M and P
layers and the other half was used for ROI-based analysis,
and we found similar results as in Figure 3.

Recent MRI studies found shrinkage of LGNs for advanced
glaucoma patients [Gupta et al., 2009], and the LGN volume
was well correlated with the thickness of retinal nerve fiber
layer and perimetric loss [Chen et al., 2013; Dai et al., 2011;
Gupta et al., 2009; Zhang et al., 2012]. To investigate whether
significant LGN atrophy could occur even at the early stage
of glaucoma, we compared the LGN volume of normal con-
trols and early glaucoma patients. The volume of the LGNs
was measured as significant activations by the hemifield
localizer from the anatomical location of the LGN (based on
T1 images). We were very careful not to include activations
from the pulvinar nuclei, which located more posterior and
medial than that of the LGN. The LGN volume for the glau-
coma patients was 158 6 26 mm3 (mean 6 SD), which was
significantly smaller compared to the LGNs of normal con-
trols (177 6 22 mm3, t (70) 5 23.4, P< 0.002). This finding
indicates that even at the early stage of glaucoma, significant
LGN atrophy could occur.

Severity of Early Glaucoma Correlates with fMRI

Response in the LGN M Layers

All glaucoma patients received standard automatic
perimetry (SAP) test. The mean defect (MD), a parameter
from the SAP, serves as an index for the severity of glau-
coma. In Fig. 4, the normalized M layers response of a sin-
gle LGN (the fMRI response in the M layers minus that in
the P layers) was drawn as a function of behavioral deficit
in the corresponding visual field. Figure 4A shows that
across different LGNs of glaucoma patients, the relative
measure of M layer response to the M stimulus signifi-
cantly correlated with the severity of glaucoma in the cor-
responding visual field of the LGNs (r 5 20.46, P< 0.01).
In other words, if the hemi visual field contains greater
behavioral deficits from glaucoma, the M layers of the con-
tralateral LGN are less responsive to visual stimulation
compared to the P layers. Consistent with the negative
correlation with the M layers response to the M stimulus,
the behavioral deficits of glaucoma to the corresponding
hemifield also showed a non-significant trend of negative
correlation with the normalized M layers response to the P
stimulus (Fig. 4B, r 5 20.19, P 5 0.28). These findings indi-
cate that the weaker fMRI response (especially to the M
stimulus) in the M layers compared to that in the P layers,
the more severe visual deficit from early glaucoma.

Reduced fMRI Response to the M Stimulus in the

Superficial Layer of the Patient SC

The superficial layer of SC receives direct input from the
retina, in particular of the parasol (magnocellular) gan-
glion cell type [Crook et al., 2008], and the M but not the
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Figure 4.

Correlation between the severity of glaucoma and normalized M

layers response to the M and P stimuli. X-axis corresponds to

the severity of glaucoma, the Mean Defect (MD), a summary

perimetric measure. Y-axis indicates the difference between

responses in the M layers and P layers of the LGN, a normalized

measure of the M layers response to the M and P stimuli. (A)

There is a significant negative correlation between the severity

of glaucoma and the normalized M layers response to the M

stimulus (r 5 20.46, P< 0.01). (B) There is a non-significant

trend of negative correlation between the severity of glaucoma

and the normalized M layers response to the P stimulus

(r 5 20.19, P< 0.3). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 5.

fMRI responses to the M and P stimuli in the SC of normal con-

trols and glaucoma patients. (A) The M-P beta maps in the SC.

The left column shows the anatomical location of the SC in cor-

onal, axial and sagittal planes of a middle section of the brain.

The middle and right columns show the M-P beta maps in the

SC of normal controls and glaucoma patients, respectively. (B)

SC responses to the M and P stimuli as a function of voxel’s

depth from the surface of the SC. Red and blue lines indicate

response to the M and P stimulus, respectively. Solid and dashed

lines represent responses from normal controls, and glaucoma

patients respectively. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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P layers of the LGN project to the SC indirectly through a
corticotectal pathway [Hoffmann, 1973]. Also, fMRI meas-
ured responses in the SC saturate at very low luminance
contrast [Schneider and Kastner, 2005], which is very simi-
lar to the contrast response property of the magnocellular
layers of the LGN. Figure 5 shows that the fMRI response
of the SC to the visual stimuli gradually decreases as a
function of depth from the surface of the SC (Fig. 2 shows
the depth map of the SC), which is consistent with the fact
that the superficial layer is mostly composed of visual sen-
sory neurons. This finding is also consistent with recent
fMRI studies on the SC showing that high contrast visual
stimuli evoked strongest response in the superficial layer
of the SC [Katyal and Ress, 2014; Zhang et al., 2015]. FMRI
signals measured at the superficial voxels (depth 5 0 mm)
showed a significant interaction between stimulus condi-
tions (M/P stimuli) and subject groups (controls/patients)
[F (1,70) 5 5.94, P< 0.02]. Specifically, the responses to the
M stimulus were considerably reduced in glaucoma
patients compared to normal controls, but no significant
difference was found between patients and controls in

responses to the P stimulus. These results indicate early
glaucomatous loss of the magnocellular responses in the
superficial layers of the human SC, similar to the results
found in the magnocellular layers of the LGN.

No Glaucomatous Loss of fMRI Response

in the Visual Cortex

Figure 6 shows the average fMRI response to the M and
P stimuli in the subcortical visual nuclei LGN and SC, as
well as in the cortical visual areas V1, V2 and MT of nor-
mal controls and glaucoma patients. The average response
in the LGN showed a significant interaction between stim-
uli (M/P stimuli) and groups (controls/patients), F (1,70)
5 5.14, P< 0.03. Specifically, the LGN response to the M
stimulus was significantly reduced in glaucoma patients
compared to normal controls [t (70) 5 22.10, P< 0.05],
while no reduction was found to the LGN response to the
P stimulus [t (70) 5 0.17, P> 0.8]. The fMRI response in the
SC also showed a significant interaction between stimuli
and groups: F (1,70) 5 5.38, P< 0.03. The M response

Figure 6.

FMRI responses to the M and P stimuli in the subcortical nuclei (LGN and SC) and cortical visual

areas (V1, V2 and MT). Comparing to normal controls, glaucoma patients showed selective loss

of fMRI response to the M stimulus in the LGN and SC, but not in V1, V2 or MT. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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showed a trend of reduction in the patient group [t
(70) 5 21.89, P< 0.07], and the P response showed no sig-
nificant difference between the two groups [t (70) 5 0.5,
P> 0.6]. These findings indicate selective reduction of
fMRI response to transient achromatic stimulus (M stimu-
lus) in the LGN and SC of early glaucoma patients.

The fMRI response in V1 was stronger to the P stimulus
than to the M stimulus (main effect of stimuli: F (1,30) 5

83.12, P < 0.001; main effect of groups: F (1,30) 5 0.37,
P > 0.5). A significant interaction can be found between
stimuli and groups [F (1,30) 5 4.21, P < 0.05]. The
P response showed a trend of increment in the patient
group [t (70) 5 1.29, P< 0.21], the M response showed no
significant difference between the two groups [t (70) 5

20.47, P> 0.6]. The fMRI response in V2 also showed
stronger response to the P stimulus than to the M stimulus
(main effect of stimuli: F (1,30) 5 42.12, P < 0.001; main
effect of groups: F (1,30) 5 0.25, P > 0.6], but no signifi-
cant interaction was found between stimuli and groups [F
(1,30) 5 1.45, P > 0.2]. In MT, the fMRI response was sig-
nificantly stronger to the M stimulus than to the
P stimulus [main effect of stimuli: F (1,30) 5 92.8, P <

0.001], and showed a trend of increment in the patient
group [main effect of groups: F (1,30) 5 1.38, P < 0.3].
However, unlike the M layers of the LGN and the superfi-
cial layer of the SC, there is no significant interaction
between stimuli and groups (F (1,34) 5 0.002, P > 0.9). In
summary, compared to normal controls, early glaucoma
patients showed selective reduction of fMRI response to
the M stimulus in the LGN and SC, but not in the cortical
visual areas V1, V2 and MT. The fMRI response in V1 and
MT showed a small trend of increment in the patient
groups, which is likely to be a result of neural compensa-
tion at the cortical level.

DISCUSSION

Transsynapic degeneration is a common phenomenon in
the human early visual system when the visual input was
deprived at the level of retina or optic nerves [Barcella
et al., 2010; Beatty et al., 1982; Boucard et al., 2009; Ciccar-
elli et al., 2005; Ogawa et al., 2014]. Early glaucomatous
neurodegeneration in the subcortical visual nuclei remains
poorly understood. In the present study, we measured
fMRI signals from the magnocellular and parvocellular
layers of the LGN, as well as from different depths in the
SCs of early glaucoma patients and normal controls. Com-
pared to normal controls, early glaucoma patients showed
reduced fMRI response in the LGN with functional and
anatomical specificity: there was greater loss of response
to the M stimulus than that to the P stimulus, which was
found only in the magnocellular layers but not in the par-
vocellular layers of the LGN. Also, the visual deficits from
glaucoma showed a significant negative correlation with
the fMRI responses to the M stimulus in the M layers of
the LGN. Similar to the LGN M layers, the superficial

layer of the SC of early glaucoma patients also showed
significantly reduced fMRI response to the M stimulus but
not to the P stimulus. Furthermore, there is no glaucoma-
tous loss of fMRI response in the early visual areas V1, V2
and MT. We found no significant difference between the
POAG patients and normal-tension glaucoma patients
(Supplemental Figure S1).

Reduced fMRI Response to the M Stimulus

in the M Layers of the LGN

Primate glaucoma models suggest that larger cells in the
early visual system are more susceptible to glaucomatous
damage than smaller cells. On the retina, parasol cells
showed more atrophy and losses than midget cells [Mor-
gan, 2002; Weber et al., 1998]. Large optic nerve fibers also
underwent faster atrophy and greater losses than smaller
fibers [Yucel et al., 2001, 2003]. But in the LGN, existing
pathological evidence is not consistent. Primate glaucoma
models found more cell losses and dentritic damage in the
magnocellular layers than those in the parvocellular layers
of the LGN [Gupta et al., 2007; Weber et al., 2000], which
is consistent with the pathological findings on the retina.
However, neurons in the P layers also showed greater
atrophy than those in the M layers [Yucel et al., 2001], and
increased cell densities [Weber et al., 2000]. Besides, the
functional changes to neurons in the M and P layers of the
LGN are not clear. One study showed that the neural
metabolism in the LGNs of experimental primate glau-
coma was reduced to the same degree in the M and
P layers [Crawford et al., 2000]. Since animal models of
glaucoma induced with elevated IOP (intraocular
pressure) may produce different pathologies to human
glaucoma, human studies are necessary to correctly under-
stand the etiology in humans.

Human glaucoma studies on the LGN are very few and
focused on morphological changes. The only human
autopsy study showed reduced cell density in the M
layers but not in the P layers of the LGN for patients with
advanced glaucoma [Chaturvedi et al., 1993]. A structural
MRI study showed atrophy of the whole volume of the
patient LGN [Gupta et al., 2009], without further segmen-
tation of the M and P layers. Therefore, before the current
study, functional changes to the M and P layers of the
human LGN during early glaucoma are not clear.

Our data clearly showed that early glaucoma in humans
caused selective loss of magnocellular response in the
LGN. There was greater loss of neural activities to the M
stimulus than to the P stimulus, which was found only in
the M layers but not in the P layers of the patient LGNs.
Also, compared to the response in the P layers, weaker
fMRI response in the LGN M layers was associated with
greater behavioral deficits in the contralateral visual field.
These functional data provide strong evidence that early
glaucoma causes selective loss of magnocellular functions
in the human LGN. The response loss in the LGN M
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layers could be due to reduced input signals from the par-
asol ganglion cells on the retina. However, since we also
found significant volume shrinkage of the patient LGNs
(to a smaller degree compared to previous studies), the
signal loss could also be caused by neuronal degeneration
or loss of neuronal responsiveness in the LGN M layers.

Reduced fMRI Response to the M Stimulus

in the Superficial Layer of the SC

Although there have been many glaucoma-related stud-
ies on the primate LGN, glaucomatous neurodegeneration
to the human SC remains unknown. In the present study,
we measured neural signals from different depth in the
human SC. Voxels in the superficial layer of the SC
showed the strongest response to visual stimuli, which is
consistent with primate physiology and recent fMRI stud-
ies [Katyal and Ress, 2014; Katyal et al., 2010]. In glaucoma
patients, the superficial voxels showed significant reduc-
tion of fMRI response to the M stimulus but not to the P
stimulus (Fig. 4), which is consistent with the pattern of
response from the M layers of the LGN. Thus for the first
time, we show that at early stage of glaucoma, visual sen-
sory neurons in the superficial layer of the human SC suf-
fered loss of response to transient achromatic stimulus.

No Reduction of fMRI Response in the Early

Visual Cortex

Although we found glaucomatous loss of responses to
the M stimulus in the LGN and SC, the data showed no
response loss either to the M stimulus or to the P stimulus
in the cortical visual areas V1, V2 and MT (Fig. 4). These
findings suggest that during the early progression of glau-
coma, neuronal degenerations might occur in the subcorti-
cal visual nuclei before reaching the early visual cortex.
The neural responses in V1 and MT slightly increased in
the patient group, which might be a result of neural com-
pensation at the cortical level, such as increased contrast
gain or response gain to neural signals from the glaucoma-
tous eye.

CONCLUSIONS

The ability to measure layer-specific neural signals non-
invasively in the human LGN and SC provides an oppor-
tunity to investigate the functional properties of these sub-
cortical nuclei during early-stage glaucoma. Patients
showed greater response loss to the M stimulus than to
the P stimulus, which was restricted to the magnocellular
layer of the LGN, as well as in the superficial layer of the
SC. No glaucomatous loss of response was found in the
early visual areas. To conclude, early-stage glaucoma
causes selective functional loss to ‘large cells’ in the
human LGN and SC, specifically to luminance stimulus
modulated at high temporal frequencies.
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