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Abstract: Our aim was to assess in primary open angle glaucoma (POAG), a major cause of irreversible
blindness worldwide, whether diffuse brain changes recently shown in advanced stage can be detected
since the early stage. We used multimodal magnetic resonance imaging (MRI) in 57 patients with the
three POAG stages and in 29 age-matched normal controls (NC). Voxelwise statistics was performed
with nonparametric permutation testing. Compared with NC, disrupted anatomical connectivity (AC)
was found in the whole POAG group along the visual pathway and in nonvisual white matter tracts
(P<0.001). Moreover, POAG patients showed decreased functional connectivity (FC) in the visual
(P =10.004) and working memory (P < 0.001) networks whereas an increase occurred in the default mode
(P =10.002) and subcortical (P < 0.001) networks. Altered AC and FC were already present in early POAG
(n=14) in both visual and nonvisual systems (P <0.01). Only severe POAG (n = 30) showed gray matter
atrophy and this mapped on visual cortex (P < 0.001) and hippocampus (P < 0.001). Increasing POAG stage
was associated with worsening AC in both visual and nonvisual pathway (P < 0.001), progressive atrophy
in the hippocampus and frontal cortex (P < 0.003). Most of the structural and functional alterations within
and outside the visual system showed correlation (P < 0.001 to 0.02) with computerized visual field and ret-
inal nerve fiber layer thickness. In conclusion, the complex pathogenesis of POAG includes widespread
damage of AC and altered FC within and beyond the visual system since the early disease stage. The asso-
ciation of brain MRI changes with measures of visual severity emphasizes the clinical relevance of our find-
ings. Hum Brain Mapp 37:4581-4596, 2016.  © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Glaucoma is a major cause of blindness worldwide. A
key role in the pathogenesis of this disorder is attributed
to the degeneration of the retinal ganglion cells, which
progressively leads to visual field damage and, without an
appropriate therapy, to a bilateral and irreversible blind-
ness [EuropeanGlaucomaSociety, 2008]. The damage to the
axonal projections of retinal ganglion cells is reflected by a
thinning of the retinal nerve fiber layer (RNFL) of the optic
nerve, which can be assessed noninvasively through opti-
cal coherence tomography (OCT) [Bussel et al., 2014].
Thinning of the RGC axons has been linked to a number
of neurodegenerative conditions such as Alzheimer dis-
ease, Parkinson disease and multiple sclerosis [Calabresi
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TABLE I. Clinical-demographic characteristics of the
POAG group

Clinical-demographic characteristics POAG patients

Age, mean = SD (years) 62.07 £9.30

Sex, male/female 38/19

Type of the poorer performing eye (n) Right (30), left (27)

MD of the poorer performing eye, -151+95
mean * SD (dB)

PSD of the poorer performing eye, 95+43
mean *+ SD (dB)

VFI of the poorer performing eye, 55.3 +32
mean *+ SD (%)

RNFL of the poorer performing eye, 63.7+13.3

mean * SD (um)

See text for abbreviations.

et al., 2015]. Indeed, the retina shares developmental,
physiological and anatomical features with the brain [Lon-
don et al., 2013].

Primary open angle glaucoma (POAG) is the most com-
mon type of glaucoma in the Caucasian population.
Although exact pathophysiology of POAG is not yet fully
clear [Chang and Goldberg, 2012], recent studies of
advanced magnetic resonance imaging (MRI) have shown
that the POAG-related tissue damage might not be limited
to retinal ganglion cells. Indeed, white matter (WM) and
gray matter (GM) changes were found throughout the cen-
tral visual system of patients with POAG [Boucard et al.,
2009; Chen et al., 2013; Dai et al., 2012; El-Rafei et al., 2011;
Engelhorn et al., 2011, 2012; Garaci et al., 2009; Hernowo
et al.,, 2011; Murai et al., 2013; Wang et al., 2013; Zhang
et al., 2012; Zikou et al., 2012], questioning the notion that
retinal degeneration is the unique neuropathological sub-
strate of this vision disorder. Moreover, a small pilot MRI
study on 13 patients with severe POAG has recently
shown microstructural, atrophic and functional brain
changes within and outside the visual system [Frezzotti
et al.,, 2014], suggesting that in POAG the neurodegenera-
tive process might be not restricted to the visual system,
but also involve other brain systems as it occurs in typical
neurodegenerative conditions. In line with this, evidence
of a close link between glaucoma and Alzheimer disease,
amyotrophic lateral sclerosis and Parkinson disease have
been reported in a number of recent experimental studies
[Gupta and Yucel, 2007; Jindal, 2013; Ray and Mookherjee,
2009] and the prevalence of glaucoma seems to be much
higher in Alzheimer disease patients than in the normal
population [Bayer et al., 2002]. We hypothesize that signifi-
cant and widespread neurodegeneration might occur in
glaucoma, spreading across the brain similarly to the typi-
cal neurodegenerative conditions [Hardy and Revesz,
2012].

Against this background, we studied here a population
of patients covering the different stages of POAG with the
aim of assessing: (i) whether tissue damage can really

occur within and beyond the visual system, (ii) whether
this is only a late event or can be found, perhaps with dif-
ferent degrees, also at early disease stage, and (iii) whether
the tissue damage occurring within and beyond the visual
system at different disease stages is of any clinical rele-
vance. We, therefore, investigated the presence of brain
damage in POAG using multimodal MRI and modeled
measures of anatomical connectivity (AC) along WM tracts
with those of regional GM volumes and functional connec-
tivity (FC) of resting state networks (RSN). Moreover, we
assessed clinical relevance of brain changes by correlating
MRI measures with classical opthalmologic measures.

MATERIALS AND METHODS
Study Subjects

We enrolled 86 subjects, of whom 57 POAG patients
(Table I) and 29 normal controls (NC, 15 males and 14
females, age=58+10 years). Patients were recruited
among those who were consecutively referring to the
Glaucoma Service of the University of Siena and were clas-
sified as POAG in presence of typically abnormal optic
nerve head, typical glaucomatous visual field loss, open
angle at gonioscopy, and no clinically apparent secondary
cause of glaucoma. All patients were on pharmacological
treatment for glaucoma at study entry. Inclusion criteria
for POAG patients were: age between 40 and 80 years, cor-
neal thickness between 520 and 580 um, glaucomatous
damage to the optic nerve and glaucomatous visual field
damage. All patients had visual field defects that were
reproducible on multiple repeat testing. Exclusion criteria,
conversely, were age >80 years, any ocular disorder other
than glaucoma, any neurological disorder (documented
clinically and instrumentally), and use of medications that
can affect the visual field. POAG patients were classified
according to the Hodapp/Bascom Palmer classification
[Hodapp et al., 1993].

Subjects in the NC group were recruited among labora-
tory and hospital workers, had normal neurological and
ophthalmological examinations and no history of neuro-
logical or ophthalmological disorders.

The study received approval from the local Ethics Com-
mittee (Azienda Ospedaliera Universitaria Senese).
Informed written consent was obtained from all subjects
before study entry.

MRI Acquisition

In all subjects, brain MRI was acquired at the NMR Cen-
ter of the University of Siena on a 1.5 Tesla Philips Gyro-
scan (Philips Medical Systems, Best, The Netherlands). A
sagittal survey image was used to identify the anterior
and posterior commissures. Sequences were acquired in
the axial plane parallel to the commissural line. A dual-
echo, turbo spin-echo sequence (repetition time [TR]/echo
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time [TE]1/TE2=2,075/30/90 ms, voxel size=1 X 1 X
3 mm) yielded proton density and T2-W images. DTI data
consisted of echo-planar imaging (EPI) (TR =8,500 ms;
TE =100 ms; voxel size =2.5 mm3), with diffusion weight-
ing distributed in 32 directions and b-value =1,000
sec mm°. The resting-fMRI data were 190 volumes of EPI
sequence with TR = 1,000 ms, TE = 50 ms, voxel size = 3.75
X 375 X 6 mm. A high-resolution Tl-weighted image
(TR=25 ms, TE=4.6 ms, voxel size=1 mm3) was
acquired for image registration, anatomical mapping and
analysis of GM volume.

MRI and Resting fMRI Data Analysis

It was performed with tools of the FMRIB Software
Library (FSL, www.fmrib.ox.ac.uk/fsl/) [Jenkinson et al.,
2012; Smith et al., 2004].

Microstructure along WM tracts

It was assessed through voxelwise analysis of DTI data
using Tract-Based Spatial Statistics (TBSS) [Smith et al.,
2006] version 1.2. First, DTI data were corrected for MRI
eddy currents and head motion using affine registration to
a reference volume, that is, the volume without diffusion
weighting (b= 0). Second, images of fractional anisotropy
(FA), axial diffusivity (AD), and radial diffusivity (RD)
were created by fitting a tensor model to the raw DTI data
using FDT (FMRIB Diffusion Toolbox) [Behrens et al.,
2003] and then brain-extracted using BET (Brain Extraction
Tool) [Smith, 2002]. All subjects” FA data were then
aligned into a common standard space (FMRIB58_FA)
using FNIRT (FMRIB Nonlinear Image Registration Tool)
[Andersson et al., 2007a,b]. Next, the mean FA image was
created and thinned to create a mean FA skeleton (thresh-
olded at FA >0.2), which represents the centers of all WM
tracts common to the study group, thus avoiding to con-
sider voxels at the edges of the tracts, that may suffer
from partial volume effects. Aligned FA data from all
study subjects was then projected onto this WM skeleton.
TBSS was also applied to the other DTI-derived data (i.e.,
AD and RD). To achieve this, we used FA images for non-
linear registration, skeletonization and projection stages.
The resulting projected (onto the mean WM skeleton) data
of all DTI images were finally fed into voxelwise group
statistics. See Statistics paragraph for details.

GM volume

Analysis was performed with FSL-VBM [Douaud et al,,
2007] version 1.1, which uses an optimized VBM protocol
[Good et al., 2001]. First, T1-W images from all study sub-
jects were brain-extracted with BET [Smith, 2002] and GM-
segmented [Zhang et al, 2001] before being registered
onto the MNI152 standard space using FNIRT [Andersson
et al.,, 2007a,b]. The resulting images were averaged to cre-
ate a symmetric, study-specific GM template. Second, all

native GM images were nonlinearly registered onto this
template and “modulated” to correct for local expansion
or contraction due to the nonlinear component of the spa-
tial transformation. The modulated GM images were then
smoothed with an isotropic Gaussian kernel with a sigma
of 3 mm. Because of the use of modulated data, absolute
amount (volume) of GM was obtained [Good et al., 2001].
See Statistics paragraph for voxelwise analysis of GM
volume.

FC in RSN

Analysis was carried out across the whole brain using
probabilistic independent component analysis (PICA)
[Beckmann and Smith, 2004] of MELODIC (Multivariate
Exploratory Linear Decomposition into Independent Com-
ponents). Pre-processed data were temporally concatenat-
ed across subjects to create a single 4D dataset. Such
dataset was variance-normalized and then decomposed
into a set of 27 independent components (ICs), where the
number of dimensions was automatically estimated using
the Laplace approximation to the Bayesian evidence of the
model order [Beckmann and Smith, 2004]. ICs of interest
were selected by visual inspection and by comparison
with previously defined RSNs [Balenzuela et al., 2010;
Beckmann et al., 2005; Damoiseaux et al.,, 2006; De Luca
et al., 2006; Rytty et al., 2013]. The remaining ICs repre-
sented physiological noise (cardiac, respiratory and cere-
brospinal fluid pulsations, head motion), misregistration
and scanner-related artifacts and were thus discarded
before further processing. Finally, voxelwise analysis of
resting-fMRI data was performed using the “dual-
regression” approach [Beckmann et al., 2009]. See Statistics
paragraph for details.

Visual field measurements

In patients with POAG, at least two reliable standard
automated perimetry (SAPs) visual fields were recorded
using the Humphrey Field Analyser (Carl Zeiss Meditec,
Dublin, CA, USA) running the 30-2 program SITA (Swed-
ish Interactive Threshold Algorithm)-Standard, a standard
method for the examination of the 30°central visual field.
In this type of measurement, the subject is facing a white
illuminated sphere, on which points of light with varying
intensities are briefly flashed. Subjects respond when they
perceive the flash. The sensitivity at each location in the
visual field is determined by changing the intensity of the
flash on subsequent presentations. Each eye is measured
independently so that one eye is covered while the other
is tested. This test provides visual field indices such as: (i)
Mean Deviation (MD), which refers to the average devia-
tion of sensitivity at each test location from age-adjusted
normal population values, providing an indication of the
degree of the generalized loss in the visual field; (ii) Pat-
tern Standard Deviation (PSD), which is a summary mea-
sure of the average deviation of individual visual field
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Figure I.

Tract-Based Spatial Statistics comparison of all-stage (A) and ear-
ly (B) POAG patients with NC. Red-yellow shows clusters
where both POAG groups have, compared with NC, significant
DTI abnormalities (lower FA or higher AD) in the visual path-
way (optic tracts [Aa], optic radiations [Ab, Ba], WM of the
lateral occipital cortex [Ac]) and nonvisual pathway (superior
longitudinal fascicle [Ad, Bb], WM of supramarginal gyrus [Ae],

superior parietal lobule [Af] and precuneous [Bc]). Green is
the WM skeleton. Background is FMRIB58_FA standard space
image (I mm3), shown in radiological convention. The most
informative slices are shown. See Results and Tables Il and Il for
more details and text for abbreviations. [Color figure can be
viewed at wileyonlinelibrary.com]
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TABLE Il. Regions of the cerebral WM tracts where patients with all-stage POAG showed significant DTI abnormal-
ities with respect to NC at TBSS across the whole brain

Side MNI X, Y, Z (mm) Cluster size (voxel no.) P-value
WM regions of the visual pathways (local maxima)
Lower FA
Optic tract L —4,7,—22 76 <0.001
R 4,7,-21 54 <0.001
Optic radiation (inferior fronto-occipital fascicle) R 16,—81,—4 530 <0.001
L -17,-82,—4 130 <0.001
L —32,-63,0 72 0.002
Optic radiation (inferior longitudinal fascicle) L —11,-86,—4 130 <0.001
R 28,-77,2 530 <0.001
WM (inferior longitudinal fascicle) of L —33,-71,18 51 <0.001
lateral occipital cortex (superior)
L —24,-64,31 110 <0.001
Higher AD
Optic tract L —-2,7,—22 64 <0.001
R 39,-21 50 <0.001
Optic radiation (inferior fronto-occipital fascicle) R 40,—15,—11 60 0.001
WM regions outside the visual pathways (local maxima)
Lower FA
Superior longitudinal fascicle (parietal) R 39,-52,21 50 0.001
Higher AD
Superior longitudinal fascicle (temporal) R 58,—39,—3 67 <0.001
WM of supramarginal gyrus L —48,—39,40 50 0.001
(superior longitudinal fascicle)
WM of superior parietal lobule L —16,—50,60 65 0.001

(superior longitudinal fascicle)

For each DTI measure, WM regions are ordered according to increasing Z values. See text for details (including values of DTI measures)

and abbreviations.

sensitivity values from the normal slope after correcting
for any overall sensitivity differences; and (iii) Visual
Field Index (VFI), a new global metric representing the
entire visual field as a percentage of normal. Abnormal
SAP results were defined as typical glaucomatous defects
with a PSD significantly increased beyond the 5% level
and/or a Glaucoma Hemifield Test result outside normal
limits.

Optical coherence tomography. Peripapillary RNFL thick-
ness was measured using the Optic Disc Cube 200 X 200
scanning protocol of the Cirrus OCT (Carl Zeiss Meditec,
Dublin, CA). For image acquisition, scanning laser images
were focused after subjects were seated and properly posi-
tioned. OCT is based on light, which unlike sound waves
used in B-mode ultrasonography does not require contact
with the tissue to be examined. It measures the delay in
the echo and the intensity of diffused light, that is, the
light reflected by tissue microstructure, using a wave-
length of about 820 nm. The image is captured in a few
seconds and requires steady fixation by the patient. The
structures visualized are the result of selective absorption
and selective reflection by the structure or the interface
illuminated by the laser. This can depend on the type of
structures (the most reflective are the RNFL, and on the
direction of the incident ray (when structures are

perpendicular to the ray, reflectivity is greater, indicated
in red in OCT images).

Statistics

As for general statistics, differences in age, head move-
ment parameters during resting-fMRI acquisition between
POAG patients and NCs were tested with Mann-Whitney
test. Fisher’s test was used for between-group comparisons
of sex, grade of WM hyperintensities, presence/absence of
hypertension. Data were considered significant at P < 0.05.
SPSS was used to perform such statistical analyses.

As for voxelwise analyses of DTI measures, GM volume
and RSN-FC, comparisons of POAG patients with NCs
and correlations with disease stage and ophthalmological
measures (visual field and RNFL) in the poorer perform-
ing eye of all patients were carried out in the general line-
ar model framework with, respectively, unpaired t-tests
and regression analyses using FSL randomize, a nonpara-
metric permutation testing (5,000 permutations). The level
of significance for all analyses was set at P < 0.005, uncor-
rected, cluster size >50 voxels using threshold-free cluster
enhancement. Subsequently, to further confirm our results
we computed within significant clusters of between-group
comparisons mean values across all voxels in each subject
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TABLE Ill. Regions of the cerebral WM tracts where patients with early stage (Stage 1) POAG showed significant
DTI abnormalities with respect to NC at TBSS across the whole brain

Cluster size

Side MNI X, Y, Z (mm) (voxel no.) P-value
WM regions of the visual pathways (local maxima)
Lower FA
Optic radiation (inferior fronto-occipital fascicle) L —35,—35,5 166 <0.001
Higher AD
Optic radiation (inferior fronto-occipital fascicle) R 36,—51,—3 52 0.002
R 31,-62,0 58 <0.001
WM of the occipital pole (forceps major) R 21,—86,2 89 <0.001
WM regions outside the visual pathways (local maxima)
Higher AD
Superior longitudinal fascicle (temporal) R 53,—41,—-5 97 <0.001
WM of precuneous R 23,—57,31 72 <0.001

For each DTI measure, WM regions are ordered according to increasing Z values. See text for details (including values of DTI measures)

and abbreviations.

and applied analysis of variance, using Bonferroni correc-
tion for multiple comparisons. Moreover, nonparametric
Spearman correlation was used to quantify in all patients
with POAG the strength of correlation in clusters of brain
abnormalities with measures of disease stage and ophthal-
mologic measures in the poorer performing eyes.

In all analyses, age, sex, grade of WM hyperintensities,
presence/absence of hypertension were used as covariates.

WM and GM regions corresponding to local maxima
within significant clusters were anatomically mapped
using standard-space atlases provided by FSL (JHU DTI-
based WM atlases for WM; Harvard-Oxford cortical/sub-
cortical structural atlases for GM).

RESULTS
General

All patients had bilateral POAG and clinical characteristics
of the poorer performing eyes as well as demographics are
reported in Table I. According to the Hodapp/Bascom Palmer
classification, POAG patients had early (Stage 1, n = 14), mod-
erate (Stage 2, n = 13), and severe (Stage 3, n = 30) disease.

No significant differences were found between POAG
patients and NC in terms of age (P =0.1), sex (P =0.24),
occurrence of hypertension (30% vs. 25%, P =0.61), and
MRI WM hyperintensities, assessed with Fazekas scale
[Fazekas et al., 1987] (grade 0: 70% vs. 73%, P =0.9; grade
1: 25% vs. 24%, P =0.9; grade 2: 5% vs. 3%, P=10.9; no
grade 3 in either groups).

Comparisons between POAG Patients and NCs
Microstructure along WM tracts

At TBSS analysis across the whole brain (Fig. 1A and
Table II), POAG patients showed lower FA than NC along

the visual pathway (0.35*0.02 vs. 0.40 = 0.02, P <0.001),
namely in the optic tracts (OT), optic radiations (OR) map-
ping on the inferior fronto-occipital fascicle (IFOF), and
inferior longitudinal fascicle (ILF), and in the WM adjacent
to the lateral occipital cortex, containing fibers from ILF.
POAG patients also showed higher AD than NCs along
the visual pathway in the OT and OR (IFOF) (1.85*0.15
vs. 1.68 = 0.12 mm?/sec, P < 0.001).

TBSS analysis showed DTI abnormalities in POAG
patients also beyond the visual pathway. In particular,
there was lower FA (0.46 £0.04 vs. 0.52 £0.03, P <0.001)
in the superior longitudinal fascicle (SLF, parietal part)
and higher AD (1.05+0.05 vs. 0.95+0.05 mm?/sec,
P <0.001) in the SLF (temporal part), WM of supramargi-
nal gyrus and superior parietal lobule, containing fibers
from SLF.

To investigate whether microstructural abnormalities
along WM tracts were present early in the disease, a sub-
group analysis of patients with stage-1 POAG was per-
formed. Results showed lower FA and higher AD in this
patient subgroup than in NC across the brain. Similarly to
the whole POAG population, abnormalities mapped along
the visual pathway (FA: 045%=0.02 vs. 0.49*0.02,
P<0.001; AD: 130+0.04 vs. 121+0.03 mm?/sec,
P <0.001) and beyond the visual pathway (AD: 1.10 = 0.01
vs. 1%0.006 mm?/sec, P <0.001) (see Fig. 1B and Table III
for details)

GM Volume

No difference in GM volume was found between the
whole group of POAG patients and NC. However, when
the analysis was restricted to the subgroup of patients
with severe disease (stage-3 POAG), results showed lower
GM volume in visual-related regions (occipital fusiform
gyrus and lateral occipital cortex [LOC, superior]; 508 =
90 mm’® vs. 603+75 mm® P<0.001) and in the
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FSL-Voxel Based Morphometry comparison of severe POAG
patients with NC. Blu-light blu shows clusters where patients
with stage-3 POAG have, compared with NC, significantly
lower GM volume in the visual cortex (occipital fusiform gyrus
[A] and lateral occipital cortex [B]) and nonvisual cortex

hippocampus (337 =37 mm® vs. 391 =42 mm?, P <0.001)
(Fig. 2 and Table IV).

FC in RSN

No difference was found between POAG patients and
NCs in the head movement parameters during resting-
fMRI acquisition (relative displacement: 0.08 = 0.05 mm vs.
0.08 £0.07 mm, P =0.68; absolute displacement: 0.28 =
0.13 mm vs. 0.30£0.23 mm, P=0.18). PICA across the
whole brain of the study population defined 13 functional-
ly relevant RSNs, including visual network (VN), auditory
network, sensorimotor network, default mode network
(DMN, anterior and posterior), working memory network
(WMN, right and left), fronto-medial and orbitofrontal net-
works, executive control network, salience network, sub-
cortical network (ScN), temporal pole network. Four of

(hippocampus [C]). Background is the study-specific template in
standard space (2 mm®), shown in radiological convention. The
most informative slices are shown. See Results and Table IV for
more details and text for abbreviations. [Color figure can be
viewed at wileyonlinelibrary.com]

these RSNs showed significant between-group differences
in terms of FC (Fig. 3A and Table V). In particular, POAG
patients had lower FC in the VN (17.16 =10.41 wvs.
259+14.8, P=0.002) and in the WMN (7.48 £5.35 vs.
13.45+6.34, P <0.001). Conversely, POAG patients had
higher FC than NC in the DMN (12.67 +8.76 wvs.
593 +10.74, P=0.002) and in the ScN (15.13*=7.23 vs.
8.68 + 6.74, P < 0.001).

Similarly to AC, abnormalities in FC were already pre-
sent in the subgroup of patients with stage-1 POAG. In
particular, lower levels were found in various RSN,
including VN (29.8+10.47 vs. 45.63 £31.91, P=0.01),
WMN (5.77 =3.56 vs. 11.62 £ 6.63, P =0.004 on the right,
8.77 £1.32 vs. 14.82 £0.92, P =0.001 on the left) and DMN
(5.73 %491 vs. 13.78 £8.05, P =0.001), whereas a higher
level was present in the ScN (13.79 +£7.98 vs. 8.12 = 6.40,
P =0.016) (see Fig. 3B and Table VI for details).

TABLE IV. Regions of the cerebral GM where patients with severe (Stage 3) POAG showed significant decrease in
volume (i.e., atrophy) with respect to NC at FSL-VBM across the whole brain

MNI X, Y, Z Cluster size

Side (mm) (voxel no.) P-value
GM regions of the visual cortex (local maxima)
Occipital fusiform gyrus L —28,-76,—4 50 0.003
Lateral occipital cortex (superior) R 36,—64,24 210 0.002

R 52,-68,38 191 0.001
GM regions outside the visual cortex

(local maxima)

Hippocampus L —26,—10,—20 72 0.005

GM regions of each set are ordered according to increasing Z values. See text for details (including values of GM volumes) and

abbreviations.
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Figure 3.

Resting state network functional connectivity comparison of all-
stage (A) and early (B) POAG patients with NC. Blu-light blu
and red-yellow show clusters where POAG patients have,
respectively, significantly lower and higher functional connectivity
than NC in different brain networks (in green), including visual
network (VN, Aa-Ac, Ba-Bc) and nonvisual networks (work-
ing memory network [WMN, Ad-Ae, Bd-Bf], default mode

Correlations of Brain Abnormalities with
Glaucoma Stage

Voxelwise correlations were found between some of the
structural abnormalities across brain and increasing POAG
stage (Fig. 4 and Table VII).

network [DMN, Af, Bg] and subcortical network [ScN, Ag,
Bh]). Background image, shown in radiological convention, is
the average of high-resolution structural images transformed
into standard space (MNI152, 2 mm?®). The most informative sli-
ces are shown. See Results and Tables V and VI for more details
and text for abbreviations. [Color figure can be viewed at
wileyonlinelibrary.com]

As for the visual system, there was a worsening in WM
microstructure (lower FA and higher AD) along OR (IFOF)
(r=-0.55, P<0.001 for FA; r=0.43, P<0.001 for AD).
Outside the visual system, increasing POAG stage correlat-
ed with higher AD in the SLF (r=0.56, P<0.001) and

* 4588 &


http://wileyonlinelibrary.com

¢ Early Connectivity Changes in Glaucoma ¢

TABLE V. GM regions of the RSNs where patients with all-stage POAG showed significant abnormalities in function-
al connectivity with respect to NC at probabilistic ICA across the whole brain

MNI X, Y, Z Cluster size
Side (mm) (voxel no.) P-value
GM regions of the visual network (local maxima)
Lower FC
Visual network
Fusiform cortex (temporo-occipital) R 34,—34,-24 81 0.001
Inferior temporal gyrus (temporo-occipital) R 56,—52,—24 756 <0.001
Lateral occipital cortex (inferior) R 50,—80,4 88 <0.001
GM regions outside the visual network (local maxima)
Lower FC
Working memory network
Posterior cingulate cortex R 2,—38,—36 74 0.001
Inferior temporal gyrus L —46,—56,—12 94 0.001
Angular gyrus R 38,—52,40 57 0.002
Higher FC
Default mode network
Lateral occipital cortex (superior) L —34,—64,40 93 0.001
Subcortical network
Putamen L -30,4,0 50 0.003

Clusters in each RSN are ordered according to increasing Z values. See text for details (including values of functional connectivity) and

abbreviations.

lower GM volume in the hippocampus and various frontal
regions (r = —0.58, P < 0.001)

Correlation of Brain Abnormalities with
Ophthalmologic Measures

Lower RNFL values showed voxelwise correlations with
abnormalities in the visual system (Fig. 5 and Table VIII):
lower FA in the OR (ILF) (r=0.40, P=0.003) and lower
GM volume in the LOC (inferior) (r=0.32, P=0.02). In
addition, lower RNFL values showed voxelwise correla-
tion with abnormalities outside the visual system (Fig. 5
and Table VIII): lower FA in the splenium of the corpus
callosum and WM of the postcentral gyrus (r=0.50,
P <0.001) and lower GM volume in the cerebellum, tem-
poral fusiform gyrus, inferior temporal gyrus, caudate,
postcentral gyrus and frontal pole (r=0.32, P = 0.02).

Regarding visual field, higher PSD showed correlation
(Fig. 5 and Table VIII) with lower FC in the VN (LOC and
superior temporal gyrus) (r = —0.33, P =0.01).

DISCUSSION

In this multimodal MRI study, we provided evidence of
widespread structural and functional brain changes in a
group of POAG patients covering all disease stages. Inter-
estingly, changes in some brain areas showed a relation-
ship with ophthalmologic measures and a worsening
through the disease stages. Of paramount importance,
both structural and functional abnormalities of brain con-
nectivity were present also in the early POAG stage.

Changes in the Visual System
Microstructure along WM tracts

The whole visual pathway of our POAG population
showed AC microstructural abnormalities, in line with both
human [Chen et al., 2013; El-Rafei et al., 2011; Engelhorn
et al., 2011, 2012; Garaci et al., 2009; Murai et al.,, 2013;
Zikou et al., 2012] and experimental [Crish and Calkins,
2015] studies and most of these changes already occurred
at early stage. Reduction of FA, a measure of WM tract
integrity, and/or increase of AD, a putative marker of axo-
nal damage/loss were found in the OT, OR (IFOF/ILF),
and occipital WM containing OR fibers. OT carry retinal
information on the whole visual field whereas IFOF and
ILF play roles in visuospatial function and memory. A fur-
ther evidence of damage to the visual pathway of POAG
comes from a proton MR spectroscopy study which not
only demonstrated in the geniculocalcarine WM but also in
the striate GM of occipital lobe a significant decrease in N-
acetylaspartate and choline, consistent with axonal dam-
age/loss and reduced cell density, respectively [Zhang
et al., 2013]. The damage along OR since the early POAG
stage is in agreement with experimental models of disease,
where one of the earliest pathogenic events, even before
axonal degeneration in the optic nerve and RGC body loss,
is decreased active axonal transport from retina to the brain
[Crish et al., 2010; Ward et al., 2014].

GM volumes

No atrophy was found in the visual cortex of POAG.
However, this was shown in the severe stage, in line with
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TABLE VI. GM regions of the RSNs where patients with early-stage (Stage 1) POAG showed significant abnormali-
ties in functional connectivity with respect to NC at probabilistic ICA across the whole brain

MNI X, Y, Z Cluster size
Side (mm) (voxel no.) P-value
GM regions of the visual network (local maxima)
Lower FC
Visual network
Inferior temporal gyrus R 60,—56,—22 1435 <0.001
Lateral occipital cortex (inferior) R 48,-72,—16 <0.001
GM regions outside the visual network (local maxima)
Lower FC
Working memory network
Inferior temporal gyrus L —50,—58,—12 124 <0.001
Frontal pole L —36,40,6 1030 <0.001
R 20,50,30 87 0.001
Posterior cingulate R 2,—34,34 154 <0.001
Paracingulate gyrus L —8,20,38 156 <0.001
Superior parietal lobule R 30,—46,40 57 <0.001
L —34,—46,46 367 <0.001
Precentral gyrus L —48,4,48 804 <0.001
Precuneous L —4,-76,48 91 <0.001
Default mode network
Middle temporal gyrus R 58,—18,—10 53 0.001
L —60,—44,4 167 0.002
Higher FC
Subcortical network
Putamen L —26,8,—4 267 <0.001

Clusters in each RSN are ordered according to increasing Z values. See text for details (including values of functional connectivity) and

abbreviations.

previous studies [Bogorodzki et al., 2014; Boucard et al,,
2009; Frezzotti et al., 2014; Li et al., 2012; Zikou et al.,
2012] and mapped on postero-lateral regions such as the
occipital fusiform gyrus and LOC, both involved in cogni-
tion (color information processing, face/body and object
recognition) [Grill-Spector et al., 2001]. Interestingly,
occipital fusiform gyrus lies close to OR, which indeed
showed DTI abnormalities and this would support the
occurrence of a secondary anterograde transynaptic
degeneration primed by RGCs loss, as demonstrated in
experimental animal models [Lam et al., 2003] and post-
mortem studies [Gupta et al., 2006]. However, a primary
neurodegenerative process of the visual cortex followed
by retrograde transynaptic degeneration cannot be entire-
ly ruled out.

FC at network level

Our POAG group showed decreased FC in the VN,
which similarly to AC microstructural changes along visu-
al pathway, also occurred at early stage. This finding
might be secondary to reduced visual information and/or
to transynaptic degeneration of connected WM tracts and
is consistent with recent studies using different approaches
of resting-fMRI such as FC analysis from regions of inter-
est [Dai et al, 2012], amplitude of low frequency

fluctuations [Li et al., 2014], regional homogeneity [Song
et al., 2014], and temporal dynamics of brain synchroniza-
tion [Bola et al., 2015].

Correlation with disease stages and ophthalmologic
measures

In our POAG group worsening DTI measures along
OR correlated with evolving disease stage, suggesting a
progressive accrual of the microstructural damage in the
posterior visual pathway. These findings are in general
agreement with previous studies [Dai et al., 2013;
Michelson et al.,, 2013] and demonstrate the potential
usefulness of DTI as a noninvasive tool for tracking
POAG severity.

In terms of clinical relevance, retinal thinning correlated
with lower FA along OR and LOC atrophy. This is
not surprising, as these structures are anatomically con-
nected and it would confirm the presence of a
“neurodegenerative path” linking these brain regions to
the eye, with a mechanism of anterograde and/or retro-
grade transynaptic degeneration.

Finally, altered visual field (increased PSD) correlated
with lower FC in the VN (LOC), reflecting a reduced corti-
cal integration of visual information and/or a possible
exhaustion of functional cortical reorganization.
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VISUAL SYSTEM

x=-40 mm

x= -46 mm X=22 mm

Figure 4.

Clusters showing significant correlations between increasing
POAG stage and MRI abnormalities in the visual system (lower
FA [A] and higher AD [B] in the optic radiation) and nonvisual
system (higher AD in the superior longitudinal fascicle [C], low-
er GM volume in the hippocampus and various regions of the
frontal cortex [D-F]). Background images for the different MRI

Changes Outside the Visual System
Microstructure along WM tracts

Microstructural AC changes were found in the whole
POAG group and at early stage along WM tracts that are
not part of the typical visual pathway but somehow relat-
ed with visual processing (parietal SLF and precuneous
WM). SLF provides the prefrontal cortex with information
on visual space and supplies the parietal cortex (superior
parietal lobule, precuneous) with information on spatial
location of body parts to regulate higher motor behavior.

Interestingly, however, our POAG group also showed
since the early stage unanticipated anomalies along WM
tracts unrelated to vision and involved in episodic memo-
ry retrieval (precuneous) and language processing (tempo-
ral SLF, supramarginal gyrus WM).

GM volumes

We observed hippocampal atrophy only in the severe
POAG, in line with our recent MRI pilot study [Frezzotti
et al, 2014]. Hippocampus plays important roles for

modalities are in standard space (I mm? for TBSS, 2 mm?® for
FSLVBM) and radiological convention. The most informative sli-
ces are shown. See Results and Table VII for more details and
text for abbreviations. [Color figure can be viewed at wileyonli-
nelibrary.com]

memory and spatial orientation. Indeed, it is connected to
regions of the visual cortex such as fusiform gyrus, where
atrophy occurred in our POAG group, by ILF fibers [Cat-
ani et al., 2003], which also showed here altered DTI mea-
sures. Importantly, hippocampus is one of the earliest
regions in the Alzheimer brain to show neurodegenera-
tion, including deposition of intracellular tau proteins
(neurofibrillary tangles) and extracellular amyloid-B and
subsequent transynaptic spreading toward distant brain
regions [Hardy and Revesz, 2012].

FC at network level

Outside the typical VN, we found in our POAG group
decreased FC in a RSN mainly subserving working memo-
ry but also involved in top-down executive control [Vin-
cent et al., 2008] and in visual processing. Indeed, such
RSN mainly comprises fronto-parietal regions of the
“dorsal visual stream,” engaged in spatial information and
motion orientation. Interestingly, impaired resting state in
the posterior cingulate cortex was found closely associated
with Alzheimer disease progression [Liu et al., 2014; Wang
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TABLE VII. Brain regions showing correlation between changes in anatomical connectivity, GM volume, and
increasing stage of POAG

MNI X, Y, Z Cluster size
Side (mm) (voxel no.) P-value
Regions of the visual system (local maxima)
Lower FA
Optic radiation (inferior fronto-occipital fascicle) R 31,-69,0 158 <0.001
Higher AD
Optic radiation (inferior fronto-occipital fascicle) L —34,—-20,—8 68 <0.001
Regions outside the visual system (local maxima)
Higher AD
Superior longitudinal fascicle L —42,—21,30 88 0.001
Lower GM volume
Hippocampus L —18,—6,—24 135 0.002
Inferior frontal gyrus L —46,30,0 55 0.003
Frontal pole L —12,40,40 582 <0.001
Superior frontal gyrus R 22,30,60 97 0.002

For each MRI measure, brain regions are ordered according to increasing Z

abbreviations.

et al., 2011]. In general, this complex RSN is part of the so-
called “external attention system” (EAS), which mediates
attention to exogenous stimuli and effortful encoding of
short-term information in contrast with DMN, which

values. See text for details (including r values) and

supports internally-oriented processes, including constant
and “off-line” memory consolidation [Golland et al., 2008].
In terms of RSN dynamics, EAS and DMN seem to be
functionally anticorrelated and this may explain in our

VISUAL SYSTEM

C

x=-42 mm x=-26

mm X=-44 mm

x=-52 mm

NONVISUAL SYSTEM

,. m§ |

z=13 mm

z=-26 mm

z=22mm X=-8 mm

Figure 5.

Clusters showing in the whole POAG group significant correla-
tions between ophthalmologic measures (RNFL, visual field PSD)
and MRI abnormalities in the visual system (lower FA in the
optic radiation [A]; lower GM volume in the lateral occipital
cortex [B]; lower FC in the visual network [C—E]) and nonvisu-
al system (lower FA in the splenium of the corpus callosum [F]
and WM of the postcentral gyrus [G]; lower GM volume in the

cerebellum, temporal gyrus, caudate, postcentral gyrus and fron-
tal pole [H-L]). Background images for the different MRl modal-
ities are in standard space (I mm? for TBSS, 2 mm? for FSLVBM
and RSN analysis) and radiological convention. The most infor-
mative slices are shown. See Results and Table VIII for more
details and text for abbreviations. [Color figure can be viewed
at wileyonlinelibrary.com]
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TABLE VIIl. Brain regions where our patients with POAG showed correlations with ophthalmologic measures in
poorer performing eyes

MNI X, Y, Z Cluster size
Side (mm) (voxel no.) P-value
Regions of the visual system (local maxima)
Lower RNFL and lower FA
Optic radiation (Inferior longitudinal fascicle) R 40,—47,-5 63 0.001
Lower RNFL and lower GM volume
Lateral occipital cortex (inferior) L —32,—84,-2 942 <0.001
Higher PSD and lower FC
Visual network
Lateral occipital cortex (inferior) L —44,—64,—6 110 <0.001
Superior temporal gyrus L —50,—36,6 198 <0.001
Lateral occipital cortex (superior) L —26,—82,28 203 <0.001
Regions outside the visual system (local maxima)
Lower RNFL and lower FA
Splenium of the corpus callosum R 16,—42,12 215 <0.001
WM of the postcentral gyrus L —23,-35,56 53 <0.001
Lower RNFL and lower GM volume
Cerebellum R 16,—76,—30 1825 <0.001
Temporal fusiform gyrus L —32,—34,—-28 190 0.001
Inferior temporal gyrus R 48,—34,—20 544 <0.001
Caudate R 14,-6,18 941 0.001
Postcentral gyrus R 64,—16,18 1984 <0.001
Frontal pole L —12,42,54 144 0.001

Each correlation is ordered according to increasing Z values. See text for details (including r values) and abbreviations.

POAG group the concurrent and opposite FC anomalies.
Indeed, we observed since the early stage in various EAS
parts a reduced FC which turned out to be less extensive
in the whole patient group whereas FC in the DMN was
lower at early stage but increased in the whole group, all
changes that might represent a failed attempt of compen-
satory functional reorganization and thus a possible
“maladaptation” toward the POAG clinical worsening. A
similar reason could explain, in the whole POAG group,
the increased FC within the ScN mapping on the putamen,
which alongside motor regulation exerts a role in various
types of learning [Packard and Knowlton, 2002]. Converse-
ly, the increased FC in the same RSN in the early POAG
group can be viewed as an attempt of adaptive functional
reorganization at an early stage of brain pathology.

Correlation with disease stages and ophthalmologic
measures

In terms of AC, increasing AD was found through dis-
ease stages along the SLF whereas progressive GM volume
reduction was shown in the hippocampus. These findings
point toward a progressive neurodegeneration in unantici-
pated brain structures and thus a widespread pathology in
the POAG brain. In addition, the voxelwise relationships
of retinal damage (RNFL) with AC changes along WM
tracts and with atrophy in GM regions far from the visual
cortex may be secondary to transynaptic degeneration and
pathology spreading.

FC anomalies in nonvisual RSNs, although present,
were not directly associated here with ophthalmologic
measures and thus, their relevance toward other clinical
features (e.g., cognition) of POAG need to be further
explored.

Linking POAG with neurodegenerative diseases

The occurrence of widespread and progressive brain
abnormalities since the early stage propose POAG as a
complex condition, involving unanticipated structures and
functions. Importantly, we showed progressive hippocam-
pal volume decrease through the POAG stages, until
reaching an atrophic condition in the severe stage. Hippo-
campus represents the initial site of misfolded proteins
accumulation in Alzheimer disease, with subsequent
spreading and templating. It is conceivable that such
mechanisms, hypothesized for typical neurodegenerative
conditions [Hardy and Revesz, 2012], might also occur in
the POAG brain and indeed abnormal accumulation of
misfolded protein aggregates was reported in the visual
system of (both experimental and human) glaucoma and
Alzheimer disease [Gupta and Yucel, 2007; Jindal, 2013].
An intriguing but somehow questionable neurodegenera-
tive hypothesis tested recently in animal and cell culture
models of Alzheimer disease is that amyloid-B may, on
the one hand, play a protective role in innate immunity
and, on the other hand, abnormally accumulate in pres-
ence of an inflammatory stimulus [Kumar et al., 2016].
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Other features shared by POAG and AD are the molecu-
lar mechanisms of oxidative/metabolic stress, the loss of
specific neuronal populations, glial reactivity [Ghiso et al.,
2013], a high rate of POAG occurrence in Alzheimer
patients [Bayer et al., 2002] and, more recently, a dysfunc-
tion of the “glymphatic” system, a brain-wide paravascu-
lar pathway that facilitates clearance of solutes, including
amyloid-B, from the brain [Wostyn, et al., 2015].

Study Strengths and Limitations

We selected POAG patients without other ophthalmo-
logical/neurological diseases to allow an appropriate
assessment of the neurodegeneration spreading. The role
of possible confounders was controlled for by matching
the study groups and also using them as covariates in the
statistical models. Moreover, we applied a robust and sen-
sitive voxelwise approach for the analysis of the different
MRI modalities.

A potential limitation is the uncorrected voxelwise
thresholding. Indeed, analyses were performed with an
“explorative” uncorrected threshold of P <0.005 as no
results survived at multiple comparisons correction. How-
ever, to reduce false positives, we first selected
clusters >50 voxels, similarly to other studies [Adams
et al., 2011; Connally et al, 2013; Frezzotti et al., 2014;
Lindner et al., 2014; Loitfelder et al., 2012; Martinez et al.,
2013; Wicker et al., 2003] and then, following a previous
approach [Anjari et al., 2007; Frezzotti et al., 2014] a full
Bonferroni correction was used. A higher number of study
subjects, planned for a future study, and longer scan
times, especially for resting fMRI, would arguably increase
the sensitivity and the effect size of these findings.

CONCLUSION

Our findings demonstrate connectivity changes since
early POAG in both visual and nonvisual systems, where-
as atrophy is confined to the severe stage. Changes in
some of the brain regions correlated with visual severity
measures and worsened through disease stages, thus
stressing their clinical relevance and calling for different
and more complex strategies for the management of
POAG patients.
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