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Abstract: Brain changes within and beyond the visual system have been demonstrated in primary
open angle glaucoma (POAG), the most common type of glaucoma. These changes have been often
interpreted as a neurodegenerative process due, at least partially, to the raised intraocular pressure
(IOP). In this context, normal tension glaucoma (NTG), a form of POAG with IOP <21 mm Hg despite
the typical glaucomatous findings, represents the most suitable model of glaucoma to test the validity
of this hypothesis. We acquired multimodal brain MRI in NTG patients (n 5 17) and compared them
with demographically matched groups of POAG patients with raised IOP (n 5 17) and normal controls
(NC, n 5 29). Voxelwise statistics was performed with nonparametric permutation testing.
Both NTG and POAG patients showed, compared to NC, significantly more gray matter atrophy in both
the visual system and in nonvisual brain regions and altered diffusion tensor imaging-derived anatomical
connectivity (AC; lower fractional anisotropy and/or higher diffusivities). Compared with NTG, POAG
had both more atrophic visual cortex and higher axial diffusivity in nonvisual regions. Functional connec-
tivity (FC) with respect to NC was altered in NTG at short-range level [visual network (VN), ventral atten-
tion network] and in POAG at long-range level (between secondary VN and limbic network). FC of POAG
was higher than NTG in both VN and executive network.
This study provides further evidence that diffuse structural and functional abnormalities across
glaucoma brain may be, at least partially, independent of raised IOP and the consequent retinal degen-
eration. This further defines glaucoma as a condition with neurodegeneration spreading. Hum Brain
Mapp 39:532–541, 2018. VC 2017 Wiley Periodicals, Inc.

Key words: glaucoma; MRI; connectivity; neurodegeneration; resting state networks; Alzheimer
disease

r r

INTRODUCTION

Primary open angle glaucoma (POAG) is one of the
most important causes of irreversible blindness in the

Caucasian population, with 2% prevalence in people older

than 40 years. Normal tension glaucoma (NTG) is a form

of POAG in which there is no clinical evidence of elevated

intraocular pressure (IOP) but the presence of the typical

glaucomatous findings [i.e., damage to the optic nerve

head (ONH), progressive thinning of retinal nerve fiber

layer (RNFL) and peculiar visual field (VF) defects]

[Mallick et al., 2016].
NTG itself is less frequent than the classical POAG, also

known as high-tension glaucoma (HTG), but its prevalence

seems to vary in different populations. In fact, NTG cases

represent about 25–32% of overall POAG cases, both in the

Beaver Dam study in Wisconsin, USA [Klein et al., 1992]

and in the Egna Neumarkt study in Alto Adige, Italy
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[Bonomi et al., 1998] whereas NTG prevalence is three to

four times higher than HTG in Japan [Shiose et al., 1991].

In POAG with raised IOP, we and others have previously

demonstrated through multimodal brain MRI widespread

damage of diffusion tensor imaging (DTI)-derived anatom-

ical connectivity (AC), gray matter (GM) atrophy and/or

altered resting state functional connectivity (FC) that can

go beyond the visual system, even since the early disease

stage [Dai et al., 2013; Frezzotti et al., 2014, 2016; Jiang

et al., 2017; Wang et al., 2016, 2017; Zikou et al., 2012].
The possible occurrence of WM hyperintensities (WMH)

in the brain of POAG patients may be the expression of
small vessel vascular changes and thus an additional risk
factor for POAG pathogenesis and/or the consequence of
neuronal degeneration [Schoemann et al., 2014]. However,
WMH can be present in the general population, increasing
with aging [Pantoni and Garcia, 1997].

Overall, the studies of advanced MRI in POAG have
questioned whether retinal degeneration is the unique
neuropathological process underpinning glaucoma and
whether raised IOP can play a main role in determining
widespread brain abnormalities. For this reason, NTG
would represent the most suitable model to test whether
or not widespread neurodegeneration across brain may
occur independently of raised IOP. To the best of our
knowledge, evidence of MRI-derived brain abnormalities
in NTG is currently limited. An MRI study on the anterior
visual pathway of NTG showed reduced volumetry and
altered DTI measures, which correlated with RNFL thick-
ness and VF measures [Zhang et al., 2012]. A more recent
DTI study in NTG patients from Japan, where the disease

has a high prevalence, found decreased fractional anisot-
ropy (FA) compared with normal controls (NC) in the
occipital WM comprising optic radiations (OR) and forceps
major (Fmaj) but also in nonvisual areas such as corpus cal-
losum (CC) and parietal lobe [Boucard et al., 2016].

The aims of this study were to assess whether (i) in
NTG, in absence of the raised IOP occurring in the classi-
cal POAG, there is evidence of neurodegenerative findings
in both visual system and in other systems across brain;
(ii) the presence of raised IOP, as in patients with classical
POAG, may represent a worsening factor for brain abnor-
malities in comparison with NTG.

MATERIAL AND METHODS

Study Subjects and Ophthalmological Evaluation

We recruited 34 POAG patients whose clinical and
demographic characteristics are summarized in Table I.
The patients were defined as affected by glaucoma if they
fulfilled the following criteria: typical glaucomatous VF
loss on either Octopus or Humphrey perimetry and glau-
comatous alterations of the ONH [Iester et al., 1997]. Based
on the IOP values the POAG patient population was
divided into two groups: HTG-POAG (POAG hereafter,
n 5 17) if IOP �21 mm Hg and NTG (n 5 17) if IOP
<21 mm Hg.

Data were also compared with those of 29 NC
(age 5 57.9 6 9.9 years, 15 male).

All patients were recruited among those who were con-
secutively referring to the Glaucoma Service of the

TABLE I. Clinical-demographic characteristics of the NTG and POAG groups

Clinical-demographic characteristics NTG patients (n 5 17) POAG patients (n 5 17) P-value

Age, mean 6 SD (years) 58,9 6 13,7 58,6 6 13,4 P 5 0.95, N.S.a

Sex, male/female 13/4 9/8 P 5 0.22, N.S.a

GSS stage P 5 0.99, NS
Mild (n) 10 10
Moderate (n) 2 2
Severe (n) 5 5
Type of the poorer performing eye (n) Right (9), left (8) Right (9), left (8) P 5 0.99, N.S.
IOPb (on treatment), mean 6 SD (mm Hg) 14 6 3.4 17.7 6 4.2 P 5 0.007
MDb, mean 6 SD (dB) 28.28 6 8.31 29.99 6 8.93 P 5 0.42, N.S.
PSDb, mean 6 SD (dB) 6.52 6 4.89 7 6 3.54 P 5 0.36, N.S.
RNFLb, mean 6 SD (lm) 74.35 6 11.85 67.25 6 16.35 P 5 0.17, N.S.
Fazekas scale P 5 0.79, N.S.c

Grade 0 70.6% 58.8%
Grade 1 17.7% 23.6%
Grade 2 11.7% 17.6%
Grade 3 None None

aThree-group comparison including NC.
bPoorer performing eye.
cThree-group comparison including NC (n 5 29), in whom Fazekas scale was grade 0 (69%), grade 1 (27.5%), grade 2 (3.5%), and none
in grade 3.
See text for abbreviations.
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University of Siena and each patient underwent a com-
plete ophthalmologic evaluation: anterior segment exami-
nation, central corneal ultrasonic pachymetry (OcuScan
RxP; Alcon Laboratories, Irvine, CA), uncorrected and best
corrected visual acuity, gonioscopy with grading according
to the Van Hericke ShafferseSchwartz grading system
[Van Herick et al., 1969], fundus examination, IOP mea-
surement with Goldmann tonometer (six times a day in
order to rule out the presence of diurnal IOP spikes), VF
examination and RNFL thickness. VF were recorded, as
previously described [Frezzotti et al., 2014, 2016] using the
Humphrey Field Analyser (Carl Zeiss Meditec, Dublin,
CA) running the 30-2 program SITA-Standard, which pro-
vided VF indices such as: (i) mean deviation (MD), which
is the average deviation of sensitivity at each test location
from age-adjusted normal population values, representing
an indication of the degree of the generalized loss in the
VF; (ii) pattern standard deviation (PSD), which is a sum-
mary measure of the average deviation of individual VF.
Peripapillary RNFL thickness was measured using the
Optic Disc Cube 200 3 200 scanning protocol of the Cirrus
OCT (Carl Zeiss Meditec, Dublin, CA), as previously
described [Frezzotti et al., 2016]. Glaucoma patients were
classified with Hodapp/Bascom Palmer glaucoma severity
staging system (GSS) [Hodapp et al., 1993]. All patients
required treatment to both eyes to reduce IOP. Exclusion
criteria were age> 80 years, any ocular disorder other than
glaucoma, any neurological disorder (documented clini-
cally and instrumentally), the presence of significant cere-
brovascular condition on MRI (i.e., WMH of grade 3 on
the Fazekas scale) [Fazekas et al., 1987] or WMH fulfilling
the MRI criteria for multiple sclerosis [Polman et al., 2011]
or radiologically isolated syndrome [Okuda et al., 2009],
and use of medications that can affect the VF.

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
Committee (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
Center of the University of Siena on a 1.5 Tesla Philips
Gyroscan (Philips Medical Systems, Best, The Nether-
lands). 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 FLAIR image [repetition time (TR) 5 9,000 ms, echo
time (TE) 5 150 ms, inversion recovery delay 5 2,725 ms,
voxel size 5 1 3 1 3 3 mm] was acquired for WMH assess-
ment. DTI data consisted of echo-planar imaging (EPI)
(TR 5 8,500 ms; TE 5 100 ms; voxel size 5 2.5 mm3), with

diffusion weighting distributed in 32 directions and b-val-
ue 5 1,000 s*mm22. The resting-fMRI data were 190 volumes
of EPI sequence with TR 5 1,000 ms, TE 5 50 ms, voxel
size 5 3.75 3 3.75 3 6 mm. A high-resolution T1-weighted
image (TR 5 25 ms, TE 5 4.6 ms, voxel size 5 1 mm3) was
acquired for image registration, anatomical mapping and
analysis of GM volume.

MRI Analysis

It was performed at the Quantitative Neuroimaging Lab-
oratory of the University of Siena

White matter hyperintensities

A single observer with longstanding MRI experience
(A.G.) visually assessed FLAIR images. The grading of
WMH was visually assessed with Fazekas scale. In addi-
tion, the WMH volume was computed after outlining their
borders with a semiautomated segmentation technique
based on user-supervised local thresholding (Jim 5.0;
Xinapse System; www. xinapse.com/Manual/)

Voxelwise analysis of DTI images

DTI data were firstly preprocessed with DTIPrep (www.
nitrc.org/projects/dtiprep/) [Oguz et al., 2014], a tool for
automatic quality control which minimizes various types
of artifacts. Then, we used FDT (FMRIB Diffusion Tool-
box), part of FSL (FMRIB Software Library, www.fmrib.ox.
ac.uk/fsl/) [Jenkinson et al., 2012; Smith et al., 2004] to
obtain, by fitting a diffusion tensor model, images of FA,
axial diffusivity (AD), and radial diffusivity (RD).The sub-
sequent analysis was performed with TBSS (Tract-Based
Spatial Statistics), which registered DTI images into a com-
mon standard space (FMRIB58_FA) using FNIRT non lin-
ear registration and created, from the mean FA images,
the mean WM “skeleton” (thresholded at FA> 0.2), repre-
senting the centers of all tracts common to the whole
study population, onto which registered DTI images were
finally projected

Voxelwise analysis GM volumes

It was performed on 3D T1-weighted images with FSL-
voxel based morphometry (VBM) [Douaud et al., 2007],
which uses an optimized VBM protocol [Good et al.,
2001], according to a previously used procedure [Frezzotti
et al., 2014, 2016; Giorgio et al., 2015]. Briefly, T1-W images
were brain-extracted, GM-segmented, and registered onto
the MNI152 standard space using FNIRT. Then, all native
GM images were nonlinearly registered onto a symmetric
study-specific GM template, modulated and smoothed
(isotropic Gaussian kernel, sigma 5 3 mm).
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Voxelwise analysis of resting FMRI

For each subject, several preprocessing steps were per-
formed on resting FMRI image: removal of the first five
volumes to allow signal stability; initial motion correction
by volume-realignment to the middle volume using
MCFLIRT (FMRIB’s Linear Image Registration Tool) [Jen-
kinson and Smith, 2001]; nonbrain removal using BET;
global 4D mean intensity normalization; spatial smoothing
(6 mm full width at half maximum); registration to the T1-
weighted image using affine boundary-based registration
cost as implemented in FLIRT [Jenkinson and Smith,
2001], and subsequent transformation to MNI152 standard
space using nonlinear registration FNIRT (warp resolution:
10 mm); use of ICA-AROMA [independent component
analysis (ICA)-based automatic removal of motion arti-
facts, https://github.com/rhr-pruim/ICA-AROMA] to fur-
ther remove motion-related artifacts [Pruim et al., 2015];
regression of WM and cerebrospinal fluid (CSF; both
thresholded at a very conservative threshold of 95% tissue
probability) to remove residual structured noise; applica-
tion of a high-pass temporal filtering (cut-off frequency of
100 s); final normalization to MNI152 standard space using
FNIRT. The filtered, normalized FMRI images of all study
subjects were concatenated across time into a single 4D
image, which was then automatically decomposed by
MELODIC [Multivariate Exploratory Linear Optimized
Decomposition into Independent Components (ICs), http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC] [Beckmann and
Smith, 2004; Beckmann et al., 2005] into a set of 13 ICs, a
number which was automatically estimated using the
Laplace approximation to the Bayesian evidence of the
model order. ICs of interest were selected by visual inspec-
tion and by comparison with previously described resting
state networks (RSNs) [Smith et al., 2009] and reflect
“coactivation” or “synchronization” across the network.
One IC represented physiological noise (CSF pulsations)
and was thus discarded before further processing.

Finally, voxelwise intranetwork (short-range) FC analy-
sis was performed using the “dual-regression” approach,
where the set of spatial maps from the group-average
analysis was used to generate subject-specific versions of
the spatial maps and associated timeseries [Beckmann
et al., 2009]. The outputs of the first-stage dual regression,
that is, the subject-specific timeseries, were used for esti-
mating temporal correlation between all the pairs of the
RSNs, which is a measure of internetwork (or long-range)
FC strength, using FSLNets (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FSLNets). All internetwork Pearson r correlation
coefficients were transformed into z-scores using the Fisher
transform to improve data normality and then clustered
hierarchically for each of the three group comparisons,
thus leading to different functional groupings of the RSNs.
Full correlation allows for the influence of other networks
on RSN pairs while partial correlation represents a more
direct relationship between RSN pairs.

Statistics

As for general statistics, the differences among the three
groups were tested with analysis of variance (ANOVA) for
age and log-transformed WMH volume and with Chi-
square for sex and WMH grade. Differences in opthalmo-
logical measures (MD, PSD, RNFL) between the two
patient groups were assessed with Mann-Whitney test.
Data were considered significant at P< 0.05. SPSS was
used to perform such statistical analyses.

As for voxelwise analysis, group differences in DTI mea-
sures, GM volumes and RSN-FC were performed in the
general linear model framework with ANOVA (i.e., F-test
followed by post-hoc pairwise comparisons of NTG,
POMS, and NC) using “randomize,” a nonparametric
permutation testing (n 5 5,000) [Winkler et al., 2014].
Thresholding of statistical images was performed with
Threshold-Free Cluster Enhancement, with a significance
level of P� 0.005, uncorrected for multiple comparisons
across space and with cluster size� 30 voxels. Subse-
quently, following an approach using by other studies
[Anjari et al., 2007; Frezzotti et al., 2014, 2016] to further
confirm our results we computed in each subject mean
values across voxels of significant clusters from between-
group comparisons and applied ANOVA, using Bonfer-
roni correction for multiple comparisons. Age and sex
were set as covariates in all the analyses. 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/subcortical structural
atlases for GM).

RESULTS

General

Data are summarized in Table I. The two patient groups
were matched by GSS, type of poorer performing eyes, VF
measures and RNFL thickness whereas, as expected, they
differed in terms of IOP. No significant differences were
found among the three study groups (NTG, POAG, and
NC) in terms of age (P 5 0.95), sex (P 5 0.22), and WMH,
both for grade (P 5 0.54; grade 0: 70.6 vs. 58.8 vs. 69%;
grade 1: 17.7 vs. 23.6 vs. 27.5%; grade 2: 11.7 vs. 17.6 vs.
3.5%; no grade 3 in either groups) and volume (P 5 0.64;
1.1 6 2.5 cm3 vs. 2.4 6 4.7 cm3 vs. 1 6 2.4 cm3).

Voxelwise Differences of AC

At TBSS analysis across the whole brain, NTG patients
showed, compared to NC, altered DTI measures both
along and beyond the visual pathway (Table II). In partic-
ular, there was (i) lower FA (0.23 6 0.026 vs. 0.27 6 0.036,
P< 0.001) in the optic tracts (OT; Fig. 1a); (ii) higher AD
(1.13 6 0.08 vs. 6 1.01 6 0.026, P< 0.001) in areas related to
the visual system such as the OR [mapping on the inferior
fronto-occipital fascicle (IFOF) and inferior longitudinal
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fascicle (ILF)], and the WM of lateral occipital cortex
(LOC) and lingual gyrus (LG) WM (Fig. 1b,c); (ii) higher
AD in regions that lie outside the visual system such as
the superior longitudinal fascicle (SLF, frontal) and the
WM adjacent to precuneus (Fig. 1f); (iv) higher RD
(0.65 6 0.08 vs. 0.52 6 0.04, P< 0.001) in nonvisual WM
adjacent to the frontal operculum cortex/inferior frontal
gyrus (IFG) and superior parietal lobe (SPL; Fig. 1g,h).

NTG patients showed lower AD than POAG patients
(1.07 6 0.04 vs. 1.18 6 0.04, P< 0.001) in nonvisual regions
such as the WM of the frontal lobe adjacent to fronto-
orbital cortex (FOC), the frontal pole (FP), and the superior
frontal gyrus (SFG; Fig. 2c,d). No differences in DTI mea-
sures were found between the two patient groups along
the visual pathway.

POAG showed altered DTI measures with respect to NC
in several clusters. Indeed, there was (i) lower FA
(0.67 6 0.06 vs. 0.75 6 0.03, P< 0.001) in the visual WM
(LOC) and in the Fmaj/splenium of the CC (sCC), mid-
brain WM; (ii) higher AD (1.13 6 0.03 vs. 1.05 6 0.04,
P< 0.001) in the visual pathway regions such as OR (ILF/
IFOF) and WM of temporo-occipital fusiform cortex
(TOFC) and LOC; (iii) higher AD in various nonvisual
regions including FOC WM, fornix, parahyppocampus
WM, uncinate fascicle, temporal pole WM, forceps minor,
SLF, frontal and temporal gyrus WM, thalamic WM, sub-
callosal cortex WM, corticospinal tract (CST), midbrain

WM, anterior thalamic radiation (ATR); (iv) higher RD
(0.51 6 0.05 vs. 0.41 6 0.03, P< 0.001) mapped on the LOC
WM as well as in the Fmaj/sCC, ATR, SLF, FP, and SFG
WM and CST.

Voxelwise Differences of GM Volumes

Overall, both patient groups showed GM atrophy com-
pared with NC (NTG vs. NC: 859 6 120 mm3 vs. 1,094 6

127 mm3, P< 0.001; POAG vs. NC: 409.02 6 79.23 mm3 vs.
509.64 6 84.04 mm3, P< 0.001). Indeed, reduced volume
mapped on clusters of both the visual cortex [TOFC for
NTG vs. NC (Table III, Fig. 1d); occipital pole (OP), LOC,
and LG for POAG vs. NC] and beyond it [precentral gyrus
and IFG for NTG vs. NC (Table III, Fig. 1i); SFG and angu-
lar gyrus for POAG vs. NC]. POAG showed lower GM
volume than NTG in a cluster of the LOC (103 6 28 vs.
134 6 26 mm3, P 5 0.002; Table III, Fig. 2a).

Voxelwise Differences of FC

Across the whole study population, 12 functionally rele-
vant RSNs were found, including default mode network,
frontal executive control network (ECN, medial, and
medio-lateral), right and left frontoparietal working mem-
ory network, dorsal attention network, auditory/language

TABLE II. Regions of the cerebral WM tracts where NTG patients showed significant DTI abnormalities with

respect to NC and POAG at TBSS analysis across the whole brain

WM regions of the visual pathways (local maxima) Side MNI X, Y, Z (mm) Cluster size (voxel no.) P-value

NTG vs NC

FA: NTG<NC

OT L 23,8,22 67 <0.001
AD: NTG>NC
WM of LOC R 44,–61,–9 45 0.001

R 38,–80,–7 30 <0.001
OR (IFOF/ILF) R 35,–75,–9 71 0.001

L 251,–6,–7 124 0.001
R 24,–89,–6 50 0.001
R 13,–80,–2 225 <0.001

WM of LG R 26,–53,–1 91 <0.001
WM regions outside the visual pathways (local maxima)
NTG vs. NC

AD: NTG>NC
WM of precuneus R 10,–59,27 54 <0.001
SLF (frontal) R 37,2,25 46 0.002

RD: NTG>NC
WM of frontopercular cortex/IFG R 45,13,11 32 0.001
WM of SPL R 223,251,56 31 <0.001

NTG vs. POAG

AD: NTG<POAG
WM of FOC R 21,28,–9 61 <0.001
WM of FP R 17,52,–5 51 <0.001
WM of SFG L 219,10,42 31 <0.001

For each DTI measure, WM regions are ordered according to increasing Z values of local maxima. See text for details (including values
of DTI measures) and abbreviations.
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network, ventral attention network (VAN), visual net-
works (VN, primary, and secondary), medial temporal
(limbic) network, and cerebellar network.

Compared with NC, NTG patients had lower FC in the
primary VN (OP, 20.89 6 3.29 vs. 4.13 6 4.64, P< 0.001;
Table IV, Fig. 1e) and higher FC in the VAN (FP/IFG,
3.42 6 3.29 vs. 20.86 6 3.48, P< 0.001; Table IV, Fig. 1l). In
the comparison between NTG and POAG, the former
showed lower FC in the primary VN (OP, 1.22 6 3.04 vs.
21.53 6 1.69, P 5 0.003; Table IV, Fig. 2b) and medial fron-
tal ECN (FP, 43.45 6 54.64 vs. 0.46 6 11.77, P< 0.001; Table
IV, Fig. 2e). In the comparison between POAG and NC,
the former showed higher FC in the medial frontal ECN
(FP, 43.20 6 55.09 vs. 8.52 6 17.09, P 5 0.003) and VAN
(FP/IFG, 6.06 6 5.37 vs. 0.81 6 3.65, P< 0.001).

The only altered internetwork FC was present in the
POAG with respect to NC, with higher partial correlation
between secondary VN and limbic network [median
(range): 0.037 (from 21.3 to 1.28) vs. 20.66 (from 21.78 to
1.31), P 5 0.0028].

DISCUSSION

Damage to Visual System

In the group of NTG patients, when compared with a
NC group, we found abnormalities in posterior WM

regions of the visual pathway [OR (ILF/IFOF) and occipi-
tal WM (LOC, LG)] in terms of reduced FA and increased
AD. Two mechanisms can explain these findings. How-
ever, there may be retrograde (Wallerian) degeneration of
WM fibers along the visual pathway, as demonstrated by
the reduced FA, a marker of WM tract organization and
integrity, at the level of OT, which is part of the anterior
visual pathway. However, due to a reduced disease-
related visual input, there may be anterograde (transynap-
tic) degeneration, which may render some structures of
the visual pathway particularly vulnerable to damage.

Interestingly, both groups of POAG and NTG patients
were not significantly different in the microstructural
abnormalities to visual pathway. However, there was
more GM atrophy in POAG mapping on regions of both
primary and secondary (association) visual cortex, whereas
in NTG this was found only in the fusiform cortex, part of
the secondary lateral visual cortex. Fusiform cortex is
involved in high-level visual processing of color informa-
tion and face recognition [Grill-Spector et al., 2004; Hub-
bard and Ramachandran, 2005].

In terms of FC, we found lower FC in the primary VN
(OP) of NTG compared with NC. This may be secondary
to disease-related visual impairment or to damage of con-
nected WM tracts in the occipital WM, which indeed was
demonstrated by the previously mentioned DTI findings.
Functionally, the primary VN is involved in the early

Figure 1.

Voxelwise abnormalities in NTG compared with NC at the level

of visual (upper panel) and nonvisual (lower panel) system in

terms of AC (a–c, f–h; in red the clusters of decreased FA,

increased AD/RD; green is the WM skeleton), GM volumes (d, i;

in blu-light blu the clusters of GM atrophy) and FC [e, l; in blu-

light blu the clusters of changes in FC, which was decreased in

VN (green) and increased in VAN (green)]. See Results section

for details. [Color figure can be viewed at wileyonlinelibrary.com]
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visual processing, by receiving the visual information from
the lateral geniculate nucleus and sending such informa-
tion to the secondary visual cortex. The higher FC in
POAG with respect to NTG, which also mapped on the
OP of the primary VN may be seen as adaptive/compen-
satory role towards a more severe GM atrophy of the
visual cortex, as above mentioned and/or to higher IOP.
This finding is further supported by a higher long-range
FC between secondary VN and limbic network in POAG
compared with NC. Interestingly, these two networks,

alongside somatosensory network, share significant simi-
larity in terms of frequency-specific representation of corti-
cal activity (“connectome harmonics”) [Atasoy et al., 2016].
Anatomically, regions of the medial temporal lobe connect
with visual association areas implicated in processing
social signals such as facial actions [Freese and Amaral,
2006].

Overall, the findings suggest that even without a signifi-
cant increase in IOP, NTG show brain changes across the
visual system. However, the occurrence of more atrophy

Figure 2.

Voxelwise differences between NTG and POAG at the level of visual (upper panel) and nonvisual

(lower panel) system in terms of AC (c, d; in red increased AD in POAG; green is the WM skel-

eton), GM volumes (a; in red/yellow the cluster of increased GM volume in NTG) and FC (b, e;

in blu/light blu the clusters of decreased FC in NTG within the corresponding brain networks, in

green) See Results section for details. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE III. Regions of the cerebral GM where NTG patients showed significant volume difference with respect to

NC and POAG at FSL-VBM analysis across the whole brain

GM regions of the visual cortex (local maxima) Side MNI X, Y, Z (mm) Cluster size (voxel no.) P-value

Volume: NTG<NC
TOFC R 32,–54,–10 46 0.002
Volume: NTG>POAG
LOC L 238,–80,2 34 <0.001
GM regions outside the visual cortex (local maxima)
Volume: NTG<NC
IFG L 246,24,14 88 0.003
Precentral gyrus L 244,–8,46 224 0.001

GM regions are ordered according to increasing Z values. See text for details (including values of GM volumes) and abbreviations.
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in the visual cortex and higher FC of the VN, both at short
and long-range, in POAG with respect to NTG may reflect
a possible worsening role of raised IOP.

Damage to Nonvisual System

In a recent DTI study on NTG patients from Japan,
where the disease has a high prevalence, using a similar
analysis (TBSS) but a different statistical approach,
decreased FA was found compared to NC in the occipital
WM comprising OR and Fmaj but also in nonvisual areas
such as CC and parietal lobe [Boucard et al., 2016].
Because our study on a relatively small population has an
exploratory nature, we used a less conservative threshold
compared with the above study. We confirmed FA altera-
tions in similar regions but we also found more extensive
damage, including altered (axial and radial) diffusivities in
additional regions of both the visual and nonvisual path-
ways. Indeed, altered AC in NTG patients compared to
NC was found in the frontal WM including the SLF frontal
fibers (higher AD) and WM of fronto-opercular cortex/IFG
(higher RD) and in the parietal WM of precuneous (higher
AD) and SPL (higher RD). Such structures are related with
higher aspects of visual and cognitive processing. Indeed,
SLF provides the prefrontal cortex with information on the
perception of visual space and supplies the parietal cortex
(SPL, precuneous) with information on focusing spatial
attention and memory retrieval of spatial information.
Frontal operculum exerts cognitive control by regulating
activity changes in multiple posterior occipitotemporal cor-
tical areas for attention and appropriate response selection
to memory-stored stimuli [Higo et al., 2011]. IFG on the
right hemisphere plays various roles such as implementing
strategies for multicomponent behavior [Dippel and Beste,
2015], constructing shape confidence for perceptual
decision-making [Sherman et al., 2016] and is recruited
during a particular form of executive control referred to as

response inhibition [Hampshire et al., 2010]. Because all of
these structures lie well outside the visual pathway, their
mechanism of damage should not involve a direct degen-
eration spread from visual pathway but rather should
reflect a primary neuropathological process. In comparison
with POAG, however, AC of NTG was less altered in vari-
ous frontal WM regions including FOC, FP, and SFG.

NTG brain was also characterized by unanticipated
atrophy, compared with NC, in frontal cortex regions
unrelated to vision and involved in language processing
(left IFG) and motor control (precentral gyrus). The pattern
of atrophy of NTG resembles that of aging for the involve-
ment of the frontal cortex but it is also different from it
due to the atrophy, as previously mentioned, of visual cor-
tex, which is usually spared in aging [Grady, 2012].

Outside the VN, both NTG and POAG showed
increased FC compared with NC in the VAN at the level
of FP/IFG, probably due to a compensatory functional
reorganization. The VAN normally exerts activity increases
upon detection of behaviorally relevant targets, especially
when they are salient or unexpected [Fox et al., 2006].
However, FC within the frontal ECN of POAG was higher
compared with both NC, in line with our previous study
on advanced POAG [Frezzotti et al., 2014], and also NTG.

Overall, mirroring the findings of the visual system,
changes in nonvisual brain areas of NTG suggest their
independency from the increases in IOP whereas greater
AC and FC changes in nonvisual brain areas of POAG
with respect to NTG supports the idea that raised IOP
would be a worsening factor. In line with this, previous
findings on glaucoma animal models showed IOP-
sensitive increase in amyloid beta (Ab) [Gupta et al.,
2016], whose accrual and spreading occur across the Alz-
heimer disease brain. However, according to a novel
hypothesis, a relevant role in glaucoma would be played
not by IOP but rather by a dysfunction of the “glymphatic
system,” a brain-wide paravascular pathway for CSF and

TABLE IV. GM regions of the RSNs where NTG patients showed significant FC differences with respect to NC and

POAG at probabilistic ICA across the whole brain

GM regions of the VN (local maxima) Side MNI X, Y, Z (mm) Cluster size (voxel no.) P-value

FC: NTG<NC
VN (primary)
OP M 0,–98,–4 51 <0.001

FC: NTG<POAG
VN (primary)
OP M 0,–100,–6 49 <0.001

GM regions outside the VN (local maxima)
FC: NTG>NC

VAN
FP/IFG R 44,36,6 34 0.001

FC: NTG<POAG
ECN (medial frontal) M 0,64,–2 115 <0.001
FP M 0,64,–2 115 <0.001

Clusters in each RSN are ordered according to increasing Z values. See text for details (including values of FC) and abbreviations.
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interstitial fluid exchange, which might cause an alteration
of neurotoxins, including Ab, with reduced clearance from
ON in NTG or, alternatively, an increased production in
POAG [Wostyn et al., 2015]. In terms of NTG pathogene-
sis, it was also suggested the occurrence of high IOP
spikes at night, thus being not captured during daytime
measurements [Shields, 2008]. However, the lack in NTG
of a continuously raised IOP, as found in POAG, should
rule out it as a relevant determinant of widespread brain
alterations, which turned out to be relatively similar to
POAG in our study. Another putative pathogenic factor of
NTG is vascular dysfunction and ischemia due to insuffi-
cient blood flow and altered vascular autoregulation [Pas-
quale, 2016]. This was also ruled out in our study, in view
of the fact that the three study groups did not show differ-
ences in terms of WMH, which are expression of small
vessel vascular changes.

Some methodological aspects are worth mentioning. In sta-
tistical terms, due to the small sample size, which did not
allow enough statistical power, we used an “explorative”
uncorrected voxelwise threshold of P� 0.005, cluster size� 30
voxels and then, following a previous approach [Anjari et al.,
2007; Frezzotti et al., 2014, 2016] we used a post-hoc Bonfer-
roni correction, to reduce false positive rate. In terms of MRI
data, both DTI and FMRI images were acquired in a reason-
able scan time for patients, according to protocols extensively
used on clinical MR scanners. The use of cutting-edge imag-
ing analysis software tools (TBSS for AC, MELODIC/dual
regression/FSLNets for FC) should have minimized the
effects of relatively large voxel size, partial volume effect,
misregistration, and relatively short scan time of resting
FMRI.

In conclusion, the occurrence of brain alterations beyond
those expected as a consequence of propagated ON dam-
age provides evidence that an independent and wide-
spread brain pathogenic process seems to occur not only
in POAG, but also in NTG, with mechanisms that seem to
be at least in part independent of the increases in IOP.
Our findings further supports the hypothesis that glau-
coma can be considered as a neurodegenerative condition,
where the mechanism of neurodegeneration spreading
[Hardy and Revesz, 2012] could explain the MRI findings
of widespread brain structural damage and functional
changes.
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