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Abstract Over the last two decades, functional magnetic
resonance imaging (fMRI) has become a powerful research
method to investigate cortical visual plasticity. Abnormal
fMRI response patterns have been occasionally detected in
the visually deprived cortex of patients with bilateral reti-
nal diseases. Controversy remains whether these observa-
tions indicate structural reorganization of the visual cortex
or unmasking of previously silent cortico-cortical connec-
tions. In optic nerve diseases, there is weak evidence show-
ing that early visual cortex seems to lack reorganization,
while higher-order visual areas undergo plastic changes
which may contribute to optimise visual function. There
is however accumulating imaging evidence demonstrating
trans-synaptic degeneration of the visual cortex in patients
with disease of the anterior visual pathways. This may
preclude the use of restorative treatments in these patients.

Here, we review and update the body of fMRI evidence on
visual cortical plasticity.

Keywords Visual plasticity . Reorganization . Neuronal
adaptation . Functionalmagnetic resonance imaging . Lesion
projection zone . Intact projection zone . Preferred retinal
location

Introduction

Cortical plasticity describes functional and structural expe
rience-dependent changes in the cerebral cortex, including
those occurring as part of the normal learning experience to
improve cognitive and/or motor performance, as well as those
taking place during recovery following injury of the peripheral
or central nervous system [1]. Visual cortex plasticity follow-
ing lesions of the visual pathways has been the focus of an
extensive body of research over the last 50 years. Indeed, by
determining the presence and extent of such changes, it then
becomes possible to develop tailored rehabilitative and restor-
ative interventions aiming to improve patients’ visual out-
come. In this review, we will use the term ‘reorganization’ to
refer to long-term plastic structural changes within the under-
lying visual cortex in response to visual loss (e.g. axonal
sprouting and subsequent cortical remapping) [2]. It should
be noted however that some groups extend the use of this term
to include the possibility of long-term functional changes (e.g.
uncovering/re-weighting of signals mediated by pre-existing
cortical connections between extrastriate and striate visual
cortex; long-term potentiation and depression) [3, 4]. Others
have called this latter phenomenon functional reorganization,
as opposed to structural reorganization (for further details, see
Wandell and Smirnakis 2009) [5, 6]. ‘Adaptation’, on the oth-
er hand, will be used here to denote short-term functional
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modifications of neuronal interactions within the visual cortex
(e.g. adjustments to the neuronal responses) [7]. When de-
prived from its normal retinal input, visual cortex may also
undergo degenerative changes, which imply progressive loss
of neuronal structure and/or function, ultimately leading to
neuronal death/cortical atrophy [8].

In this paper, we summarize and update the latest function-
al magnetic resonance imaging (fMRI) evidence on human
visual cortical plasticity, giving special emphasis to studies
which have investigated cortical intramodal plasticity (i.e.
changes within the visual cortex, elicited by visual stimula-
tion) following retinal and optic nerve lesions, whether ac-
quired or congenital. In some congenital eye disorders (e.g.
rod achromacy), it is fairly consensual that the primary visual
cortex (V1) undergoes reorganization and remapping,
highlighting its potential to reorganize at an early stage of
development [9]. Thus, V1 regions chronically deprived of
their normal visual input may still show blood oxygen level-
dependent (BOLD) activity when adjacent areas surrounding
the scotoma are visually stimulated [9]. In contrast, in eye

diseases acquired later in life (e.g. macular degeneration),
the cortex is less plastic, and reorganization does not seem to
occur; thus, V1 visually deprived areas no longer respond to
visual stimulation [10, 11]. In regards to adult V1 plasticity,
however, anecdotal reports have claimed fMRI evidence for
large-scale reorganization in V1, by demonstrating foveal V1
BOLD activity in visually deprived regions in patients with
macular degeneration [3]. One reason that may have
accounted for the above-mentioned finding is the methodolo-
gy used. Specifically, while some groups have performed
standard retinotopic mapping under passive viewing condi-
tions (Figs. 1 and 2), others have used alternative visual par-
adigms requiring additional attentional resources (Fig. 4c),
which by itself may have influenced the BOLD signal re-
sponse [3, 9]. Other factors that may explain discrepancies
between fMRI studies on adult visual cortex plasticity include
the clinical heterogeneity among patients and the intrinsic
properties of the fMRI BOLD signals. Since a greater degree
of cortical degeneration may render plasticity suboptimal,
evaluating patients at different stages of the disease may play

Fig. 1 Retinotopic mapping in polar coordinate space. During this
procedure, a subject is presented with a contrast-reversing checkerboard
pattern that progressively rotates around its apex (wedges—for visual
angle mapping) (a) or expands (rings—for eccentricity mapping) (b)
through regions of the visual field, eliciting a ‘travelling wave’ of blood
oxygen level-dependent (BOLD) activity in the primary visual cortex
(V1) [16–18]. For each of the eight panels, rectangular shapes with
wedge or ring stimuli inside represent the visual paradigm, hexagonal

shapes depicted immediately below represent normal visual fields, and
spheres (ocular globes) connected to semi-elliptical shapes (occipital
lobe) far below represent the visual pathways. Inside each of the latter
shapes (flattened representation of V1), BOLD activity is represented in
black. Note that the central (foveal) portion of the visual field is repre-
sented at the posterior portion of V1 (occipital pole) while the peripheral
visual field representation extends anteriorly (b)
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a role in the variability of BOLD signal modulation reported
[8]. Also, some authors have argued that since the BOLD
signal probably reflects synaptic input into V1 rather than
spiking output, fMRI studies reporting absence of V1 activity
may in fact not be detecting spiking activity in the context of
synaptic reorganization [12]. Contrasting with fMRI studies
on macular degeneration, the use of retinotopic mapping to
investigate in detail V1 plasticity in other eye diseases such as
glaucoma and optic neuritis has been scarce [13••, 14].
Nevertheless, several block-design experiments performed in
patients with optic neuritis have shown that visual cortical
plasticity probably extends beyond V1 in these diseases,
highlighting the possible role of higher-order visual areas in
maintaining visual function [15].

Retinal Lesions

Patients with congenital rod achromacy lack functioning cone
photoreceptor cells, mostly concentrated in the central retina
(fovea), resulting in permanent bilateral central scotomas.
Thus, foveal projection areas located in posterior V1 become
deafferented since birth (lesion projection zone (LPZ)) while
more anterior V1 areas responding to visual peripheral stimuli
receive normal retinal input (intact projection zone (IPZ))
(Fig. 3). Interestingly, Baseler et al. has found BOLD activity
in foveal V1 in three rod achromats, but not in controls, during

perifoveal visual stimulation (Fig. 4a). Strikingly, IPZ BOLD
signal seemed to shift towards LPZ [9]. These findings pro-
vided first time fMRI evidence for V1 reorganization in pa-
tients with very early retinal damage in life, possibly through
novel axonal projections, suggesting that the receptive fields
of perifoveolar neurons surrounding LPZ had shifted towards
V1 areas, deprived of foveolar signals. Alternatively, these
findings could represent: (1) an abnormal developmental or-
ganization since birth (and not necessarily reorganization); (2)
a functional imbalance between mutually inhibitory rod- and
cone-driven signals in V1, which could have unmasked the
rod-signal, resulting in perifoveal BOLD signal expansion;
and (3) upstream reorganization (i.e. lateral geniculate nucleus
(LGN) and/or retina) [6, 20, 30]. One question remained un-
answered, regarding the discrepancy between the extent of V1
reorganization found in patients (∼10 mm) versus animals
(∼6 mm) [31]. Since the lateral spread of horizontal axonal
connections is the likely substrate for cortical reorganization
in V1 after peripheral retinal lesions in animals, usually ex-
tending ∼6–8 mm, the fMRI BOLD signal extending beyond
this size in humans may indicate differences between species,
the existence of a polysynaptic chain of horizontal connec-
tions in humans and/or size estimation differences between
fRMI and single-cell recording methods [3, 12, 32–34].

The pioneering study of Baseler et al. has initiated a long-
standing and still unsettled controversy on whether or not

Fig. 2 Normal retinotopic
mapping in polar coordinate
space in an asymptomatic Leber’s
hereditary optic neuropathy
(LHON) carrier (female, 43 years)
(a) and a control (female,
42 years) (b) participants [19].
Both showed normal central
(foveal) visual fields, and
retinotopic mapping shows pres-
ervation of the retinotopic maps at
the foveal confluence. Polar angle
stimuli maps angular position re-
garding the centre of gaze that can
be represented by a pseudo-
colour-coded map. LH left hemi-
sphere, RH right hemisphere.
Courtesy of Otília C. d’ Almeida
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visual cortex has the potential to reorganize, especially in ac-
quired retinal lesions (see Table 1). Indeed, following this
study, Sunness et al. reported an absence of BOLD signal in
V1 LPZ of an adult patient with acquired dry macular degen-
eration (MD) [11]. This supported the view that for individ-
uals with retinal disease acquired later in life, V1 may have
lost its potential to remap. This patient demonstrated

pericentral scotomas partially sparing foveal vision, which
may have preclude a functional change in V1 LPZ (see be-
low). Yet, Baker et al. provided contrasting results in two MD
patients [3]. Here, the authors employed an fMRI task where
subjects were required to view a series of visual stimuli (i.e.
scenes, objects or faces) presented at the perifoveal border of
their central scotoma. Stimuli were presented precisely in a
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predefined area that lies in the intact peripheral part of their
visual field where patients deprived of foveal vision often
develop an alternative retinal locus to fixate—preferred retinal
locus (PRL). They were further told to indicate whether the
current visual stimulus had been presented immediately be-
fore (one-back task (OBT)). Notably, a robust BOLD response
was found in the foveal confluence including V1 (LPZ) in
patients but not in control subjects. In a parallel experiment,
visual stimuli (i.e. words) were presented either to the fovea or
to the PRL, but now without using OBT, to avoid the possible
influence of task bias in BOLD signal. Still, it remarkably
replicated the first experiment’s findings (Fig. 4e) [3].
BOLD activity at the LPZ was thought to represent either
disinhibition of pre-existing horizontal connections, axonal
sprouting or feedback to V1 from higher visual areas [2, 37].

The authors’ claim that their results were a demonstration
of large-scale reorganization of V1 has generated criticisms
mostly levelled at the experimental design, the pattern of V1
activity and the definition of reorganization used. Since the
paradigm employed by Baker et al. (OBT) was more complex
in nature than that usually used in conventional retinotopic
mapping, this could have amplified the unmasking of previ-
ously silent feedback connections between higher-order visual

areas and V1, especially in patients [25]. Additionally, if such
connections are part of the normal circuitry of the visual cor-
tex, some authors disagree that this represents reorganization,
rather considering it a functional change without specific
modifications in connection properties [6, 23••]. Also, in one
of the patients, the pattern of LPZ activity thought to reflect
reorganization was not consistent with the electrophysiologi-
cal pattern of reorganization seen in animals [6]. Specifically,
there was a silent zone of BOLD activity between IPZ and
LPZ, whereas the electrophysiological response seen in ani-
mals usually spreads continuously from the IPZ to the LPZ,
showing no gap.

Masuda et al. tried to solve the inconsistencies by using an
fMRI paradigm comprising tasks of varying complexity (pas-
sive viewing, passive judgement and OBT) in four MD pa-
tients while presenting visual stimuli of equally varying com-
plexity (reversing checkerboards, drifting contrast patterns,
intact and scrambled faces) at their perifoveal PRL (Fig. 4c)
[24]. Strikingly, during OBTonly, the PRL cortical projection
zone (IPZ) activation clearly extended into the LPZ of V1 in
three of the four patients, regardless of the visual stimulus
presented. Further work by Liu et al. and Masuda et al. has
replicated these findings in MD and retinitis pigmentosa pa-
tients (Fig. 4d), respectively [5, 26]. Taken together, it was
then suggested that in patients with acquired retinal disease,
the loss of retinal input conveyed by feedforward circuits to
V1 could functionally uncover the feedback circuits connec
ting higher-order cortical areas to V1, specifically during the
performance of more complex tasks (e.g. OBT), resulting in
V1 LPZ activity [3, 24]. Indeed, it has been shown that task-
related V1 foveal activity is modulated by attention and
visual-mental imagery even in normal individuals, and such
modulation has in fact been reported under peripheral (non-
foveal) visual stimulation [38–40]. Moreover, if LPZ V1 ac-
tivity was already seen during passive viewing paradigms
(e.g. checkerboard pattern), just like in Baseler’s study on
congenital retinal disease, this pattern would favour the pres-
ence of a stronger degree of plasticity, possibly reflecting
structural changes (reorganization) within V1 [9, 24]. Under
this theory, it still becomes difficult to explain Baker et al.’s
subsequent findings, who demonstrated V1 LPZ BOLD activ-
ity in twoMDpatients from their original study during passive
viewing of flickering checkerboards presented at their PRL
(Fig. 4e) [21]. Recently, Baseler et al. have revisited this issue
in the single largest fMRI study performed to date. Using
conventional retinotopic mapping analysis, the authors addi-
tionally performed population receptive field (pRF) analysis
and quantitative assessment of the retinotopic maps in a group
of 12 MD patients. pRF methods are more precise than con-
ventional retinotopic mapping and match more closely elec-
trophysiological measurements. The former methods estimate
not only a visual field map but also take into account other
neuronal population properties, including the range of visual

�Fig. 4 fMRI evidence for primary visual cortex (V1) plasticity following
retinal lesions. a In congenital retinal diseases such as rod achromacy,
foveal stimulation (left) does not activate foveal V1 due to the presence of
bilateral central scotomas, whereas perifoveal stimulation (right) activates
not only its corresponding retinotopic location but also the visually de-
prived foveal area (occipital pole) [9]. b Contrary to rod achromacy pa-
tients, in acquired retinal diseases such as macular degeneration, foveal
stimulation (left) does not activate foveal V1, and perifoveal stimulation
(right) only activates its corresponding retinotopic location in V1 [10].
Task design may influence BOLD activity in the visually deprived foveal
area (occipital pole) in macular degeneration patients. c Whereas during
passive viewing of stimuli presented perifoveally (left), activation is seen
at the corresponding retinotopic V1 location, adding a complex task to the
paradigm (e.g. one-back task) (right) elicits additional activation at the
visually deprived foveal area (occipital pole) [24]. Similarly, in patients
with retinitis pigmentosa, who characteristically demonstrate bilateral pe-
ripheral scotomas, task can also influence BOLD activity in the visually
deprived areas (anterior V1 in this case). dWhereas during passive view-
ing of stimuli spanning ∼30° diameter (left), activation is seen only at
foveal area (occipital pole), adding a complex task to the paradigm (e.g.
one-back task) (right) elicits additional activation at the visually deprived
peripheral areas (anterior V1) [26]. Not all studies in macular degenera-
tion have shown absence of V1 foveal activation under passive viewing. e
Whereas foveal stimulation (left) does not activate foveal V1, perifoveal
stimulation using visual words (centre) or checkerboards (right) activates
both the corresponding retinotopic location and the visually deprived
foveal area (occipital pole) [3, 21]. Foveal sparing seems to preclude
the presence of V1 foveal activation during passive viewing of perifoveal
stimuli in macular degeneration patients. f Foveal stimulation (left) does
not activate foveal V1, and perifoveal stimulation (right) only activates its
corresponding retinotopic location in V1 [11]. A pressing button depicted
in c and d represents the one-back task (OBT). Examples in c and e depict
fMRI paradigms under monocular stimulation, by covering one eye. For
further details, see Fig. 1 legend
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field locations which stimulate the neuronal population within
a voxel [41]. A central scotoma was simulated in a group of 12
controls by placing a static disc at mean luminance grey at the
centre of the visual stimulus throughout the scan [10]. The
results were consistent with the absence of significant reorga-
nization or remapping in the V1 LPZ inMD patients (Fig. 4b).
Specifically, both patients and controls with simulated central
scotomas showed no relevant BOLD activity at the occipital
pole (LPZ). Importantly, in about 5 % of voxels, both groups
showed neuronal pRF changes in the LPZ. The authors rea-
soned that this ectopic activity at LPZ, strikingly present in
controls immediately after inducing an artificial scotoma, pos-
sibly arised from large and/or displaced receptive fields, orig-
inated by dynamic changes occurring either in V1 intrinsic
horizontal connections or in feedback pathways to V1.
Hence, the presence of BOLD signal in the deprived visual
cortex described in some reports, which has been taken by
some groups as an fMRI evidence of long-term cortical struc-
tural changes, may in fact represent a form of short-term cor-
tical adaptation, as recently shown by Barton and Brewer in
normal individuals with simulated central scotomas [42••]. It
is likely that this form of adaptation will then be adjusted
across time by feedback signals from higher-level visual areas,
in order to optimise vision [23••].

Many of the above studies tested perifoveal stimulation at
the PRL location in MD patients (or a matched location in
controls). Dilks et al. asked whether V1 LPZ BOLD signal

was influenced by visual stimuli peripheral location: PRL ver-
sus non-PRL equally eccentric locations. Interestingly, they
found robust activation at IPZ and LPZ to stimuli presented
at either peripheral location (PRL and non-PRL) [27]. Yet,
Schumacker et al. found opposite results, by showing BOLD
signals at the IPZ and LPZ, only when the visual stimulus was
presented at their PRL [28]. Liu et al. did report greater corti-
cal activation only during PRL visual stimulation, but only at
IPZ and not at the foveal confluence [5]. Therefore, it is cur-
rently unclear if there is a functional relationship between PRL
use and V1 reorganization. Still, these apparently discordant
results can eventually be reconciled. The PRL location in late
onset MD patients is thought to be more influenced by cortical
reorganization, since its location is usually within 2° of the
scotoma border, and the reorganization process seems to be
particularly active at the scotoma border cortical representa-
tion. In contrast, in early onsetMDpatients, PRL locationmay
drive more independently from cortical reorganization and is
probably more linked to experience/training, since its location
is usually at least 2° from the scotoma border [20, 43]. Indeed,
in Schumacker’s study, five out of six patients had late onset
MD, while in Dilks’s study, both patients had early onset MD
[27, 28]. Results of the Liu’s study are more difficult to inter-
pret, since there was no evidence of visual cortical plasticity.
Foveal vision sparing seems to preclude V1 plasticity in MD
patients (Fig. 4f). This has been confirmed in three studies [11,
21, 24]. Probably, the visual field defect is not large enough to

Fig. 3 Schematic representation of the retinotopic representation of the
primary visual cortex (V1). a Nearby locations in the visual field are
represented at nearby locations in V1 (topographical mapping).
Peripheral vision is processed in anterior V1, whereas central (foveal)
vision is processed by a disproportionally larger area in posterior V1
(occipital pole) (cortical magnification) [35, 36]. b In a patient with rod
achromacy, because the primary visual cortex (V1) is deprived of its

normal retinal input (represented by bilateral central scotomas), a
circumscribed cortical area to which the lesioned retinal area projects
can be defined (lesion projection zone (LPZ); in the example, posterior
V1 or occipital pole, in both hemispheres). The spared retina, on the other
hand, maintains its normal input to the corresponding V1 area (intact
projection zone (IPZ); in the example, the anterior visual cortex). For
further details, see Fig. 1 legend

89 Page 6 of 17 Curr Neurol Neurosci Rep (2016) 16: 89



T
ab

le
1

Se
le
ct
ed

hu
m
an

fM
R
I
st
ud
ie
s
on

vi
su
al
co
rt
ic
al
pl
as
tic
ity

fo
llo

w
in
g
re
tin

al
le
si
on
s

St
ud
y

C
on
di
tio

n
N
um

be
r
of

pa
tie
nt
s/
co
nt
ro
ls

Pa
ra
di
gm

M
ai
n
fi
nd
in
gs

C
om

m
en
ts

B
as
el
er

et
al
.2
00
2
[9
]

R
od

ac
hr
om

ac
y

3/
2

R
et
in
ot
op
ic
m
ap
pi
ng

Pr
es
en
ce

of
V
1
re
or
ga
ni
za
tio

n
(p
ar
af
ov
eo
la
r

st
im

ul
at
io
n
ac
tiv

at
ed

th
e
fo
ve
ol
ar
L
PZ

on
ly

in
pa
tie
nt
s)

V
1
fo
ve
al
B
O
L
D
ac
tiv

ity
m
ay

re
pr
es
en
t

ab
no
rm

al
de
ve
lo
pm

en
ta
lo

rg
an
iz
at
io
n
[2
0,

21
]
or

fu
nc
tio

na
li
m
ba
la
nc
e
be
tw
ee
n
co
ne
-

an
d
ro
d-
dr
iv
en

si
gn
al
s
in
st
ea
d
[6
];
vi
si
on

lo
ss

is
di
ff
ic
ul
tt
o
as
se
ss
re
lia
bl
y
in
ro
d
ac
hr
om

at
s,

si
nc
e
is
co
nf
in
ed

to
a
ve
ry

sm
al
lc
en
tr
al
sc
o-

to
m
a
(<
1°
)
[3
]

Su
nn
es
s
et
al
.2
00
4
[1
1]

M
ac
ul
ar

de
ge
ne
ra
tio

n
1/
1

R
et
in
ot
op
ic
m
ap
pi
ng

A
bs
en
ce

of
V
1
re
or
ga
ni
za
tio

n
(a
bs
en
ce

of
B
O
L
D
ac
tiv

ity
in

th
e
ve
nt
ra
lv

is
ua
lc
or
te
x

(L
PZ

)
in

on
e
pa
tie
nt
)

Fo
ve
al
sp
ar
in
g
an
d/
or

sh
or
td

is
ea
se

du
ra
tio

n
m
ay

ha
ve

pr
ec
lu
de
d
B
O
L
D
re
sp
on
se
s
in
L
PZ

,
w
hi
ch

ne
ve
rt
he
le
ss

se
em

ed
to

be
m
in
im

al
ly

pr
es
en
t[
21
,2
2]
;d

at
a
is
sp
ar
se

an
d
im

ag
in
g

re
su
lts

ar
e
am

bi
gu
ou
s
[2
1]

B
ak
er

et
al
.2
00
5
[3
]

M
ac
ul
ar

de
ge
ne
ra
tio

n
2/
8

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t

(O
B
T
),
ob
je
ct
s,
fa
ce
s,

sc
en
es

P
re
se
nc
e
of

V
1
pl
as
tic
ity
,e
ve
nt
ua
lly

re
or
ga
ni
za
tio

n
(p
er
if
ov
ea
lv

is
ua
l

st
im

ul
at
io
n
ac
tiv

at
ed

V
1
(L
P
Z
)
an
d
ad
ja
-

ce
nt

co
rt
ex

on
ly

in
pa
tie
nt
s)

Pu
ta
tiv

e
un
m
as
ki
ng

of
pr
e-
ex
is
te
nt

co
nn
ec
tio

ns
be
tw
ee
n
V
1
an
d
ex
tr
as
tr
ia
te
vi
su
al
ar
ea
s

sh
ou
ld

no
tb

e
co
ns
id
er
ed

st
ru
ct
ur
al
re
or
ga
ni
-

za
tio

n,
bu
tr
at
he
ra

fu
nc
tio

na
lc
ha
ng
e
[6
,2
3•
•,

24
];
V
1
ac
tiv

at
io
n
co
ul
d
be

ta
sk
-d
ep
en
de
nt

[1
0,
24
,2
5]
;B

O
L
D
re
sp
on
se
s
w
er
e
no
ta
dj
a-

ce
nt

to
th
e
IP
Z
-L
P
Z
bo
rd
er

w
hi
ch

is
no
tc
on
-

si
st
en
tw

ith
an
im

al
el
ec
tr
op
hy
si
ol
og
ic
al
st
ud
-

ie
s
[2
6]

1/
4

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
no

O
B
T
—
pa
ss
iv
e
vi
ew

in
g)
,

w
or
ds

P
re
se
nc
e
of

V
1
pl
as
tic
ity
,e
ve
nt
ua
lly

re
or
ga
ni
za
tio

n
(p
er
if
ov
ea
lv

is
ua
l

st
im

ul
at
io
n
ac
tiv

at
ed

V
1
(L
P
Z
)
an
d
ad
ja
-

ce
nt

co
rt
ex

on
ly

in
pa
tie
nt
s)

Pu
ta
tiv

e
un
m
as
ki
ng

of
pr
e-
ex
is
te
nt

co
nn
ec
tio

ns
be
tw
ee
n
V
1
an
d
ex
tr
as
tr
ia
te
vi
su
al
ar
ea
s

sh
ou
ld

no
tb

e
co
ns
id
er
ed

st
ru
ct
ur
al
re
or
ga
ni
-

za
tio

n,
bu
tr
at
he
ra

fu
nc
tio

na
lc
ha
ng
e
[6
,2
3•
•,

24
]

M
as
ud
a
et
al
.2
00
8
[2
4]

M
ac
ul
ar

de
ge
ne
ra
tio

n
4/
3

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t

(p
as
si
ve

vi
ew

in
g,
un
re
la
te
d

ju
dg
em

en
t,
O
B
T
),

ch
ec
ke
rb
oa
rd
s,
co
nt
ra
st

pa
tte
rn
s,
sc
ra
m
bl
ed

fa
ce
s,

in
ta
ct
fa
ce
s

A
bs
en
ce

of
V
1
re
or
ga
ni
za
tio

n
(p
er
if
ov
ea
l

vi
su
al
st
im

ul
at
io
n
ac
tiv

at
ed

V
1
L
PZ

in
th
re
e
ou
to
ff
ou
rp

at
ie
nt
s,
on
ly
du
ri
ng

O
B
T,

re
ga
rd
le
ss

of
th
e
vi
su
al
st
im

ul
us

us
ed
)

It
is
no
tc
le
ar

if
m
od
ul
at
io
n
by

ta
sk

di
ff
er
s
fr
om

th
e
st
an
da
rd

m
od
ul
at
io
n
by

at
te
nt
io
n
[2
1,
22
,

27
];
gi
ve
n
th
at
fM

R
I
si
gn
al
s
ca
nn
ot

di
re
ct
ly

ex
cl
ud
e/
sh
ow

ax
on
al
gr
ow

th
,V

1
fo
ve
al
L
PZ

ac
tiv

at
io
n
sh
ou
ld

be
m
or
e
ap
pr
op
ri
at
el
y
de
-

sc
ri
be
d
as

fu
nc
tio

na
lr
eo
rg
an
iz
at
io
n
[5
];
re
or
-

ga
ni
za
tio

n
re
fe
rs
to

th
e
ob
se
rv
ed

ch
an
ge
s
in

ac
tiv

at
io
n
pa
tte
rn
s
w
ith

ou
ti
m
pl
yi
ng

an
y
pa
r-

tic
ul
ar

un
de
rl
yi
ng

m
ec
ha
ni
sm

[2
2]

B
ak
er

et
al
.2
00
8
[2
1]

M
ac
ul
ar

de
ge
ne
ra
tio

n
5/
4

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t

(O
B
T
),
ob
je
ct
s,
w
or
ds

P
re
se
nc
e
of

V
1
pl
as
tic
ity
,e
ve
nt
ua
lly

re
or
ga
ni
za
tio

n,
on
ly

w
he
n
fo
ve
al
lo
ss

is
co
m
pl
et
e
(p
er
if
ov
ea
lv

is
ua
ls
tim

ul
at
io
n

ac
tiv

at
ed

V
1
L
PZ

an
d
ad
ja
ce
nt
co
rt
ex

on
ly

in
pa
tie
nt
s
w
ho

sh
ow

ed
co
m
pl
et
e
fo
ve
al

lo
ss
)

Pu
ta
tiv

e
un
m
as
ki
ng

of
pr
e-
ex
is
te
nt

co
nn
ec
tio

ns
be
tw
ee
n
V
1
an
d
ex
tr
as
tr
ia
te
vi
su
al
ar
ea
s

sh
ou
ld

no
tb

e
co
ns
id
er
ed

st
ru
ct
ur
al
re
or
ga
ni
-

za
tio

n,
bu
tr
at
he
ra

fu
nc
tio

na
lc
ha
ng
e
[6
,2
3•
•,

24
];
V
1
ac
tiv

at
io
n
co
ul
d
be

ta
sk
-d
ep
en
de
nt

[1
0,
24
,2
5]

2/
8

Curr Neurol Neurosci Rep (2016) 16: 89 Page 7 of 17 89



T
ab

le
1

(c
on
tin

ue
d)

St
ud
y

C
on
di
tio

n
N
um

be
r
of

pa
tie
nt
s/
co
nt
ro
ls

Pa
ra
di
gm

M
ai
n
fi
nd
in
gs

C
om

m
en
ts

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t

(p
as
si
ve

vi
ew

in
g)
,

ch
ec
ke
rb
oa
rd
s

P
re
se
nc
e
of

V
1
pl
as
tic
ity
,e
ve
nt
ua
lly

re
or
ga
ni
za
tio

n
(p
er
if
ov
ea
lv

is
ua
l

st
im

ul
at
io
n
ac
tiv

at
ed

V
1
L
P
Z
an
d
ad
ja
ce
nt

co
rt
ex

on
ly

in
pa
tie
nt
s)

Pu
ta
tiv

e
un
m
as
ki
ng

of
pr
e-
ex
is
te
nt

co
nn
ec
tio

ns
be
tw
ee
n
V
1
an
d
ex
tr
as
tr
ia
te
vi
su
al
ar
ea
s

sh
ou
ld

no
tb

e
co
ns
id
er
ed

st
ru
ct
ur
al
re
or
ga
ni
-

za
tio

n,
bu
tr
at
he
ra

fu
nc
tio

na
lc
ha
ng
e
[6
,2
3•
•,

24
];
L
P
Z
ac
tiv

at
io
n
w
as

ne
ve
rt
he
le
ss

w
ea
ke
r

w
ith

pa
ss
iv
e
vi
ew

in
g
th
an

w
ith

ac
tiv

e
vi
ew

-
in
g
[5
]

D
ilk

s
et
al
.2
00
9
[2
7]

M
ac
ul
ar

de
ge
ne
ra
tio

n
2/
2

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t

(O
B
T
),
ob
je
ct
s

V
1
pl
as
tic
ity
,e
ve
nt
ua
lly

re
or
ga
ni
za
tio

n,
is
no
t

sp
ec
if
ic
to

th
e
pe
ri
ph
er
al
re
tin

al
lo
ca
tio

n
(P
R
L
an
d
no
n-
PR

L
vi
su
al
st
im

ul
at
io
n
pr
o-

du
ce
d
eq
ua
lr
es
po
ns
es

at
V
1
L
PZ

on
ly

in
pa
tie
nt
s)

Pu
ta
tiv

e
un
m
as
ki
ng

of
pr
e-
ex
is
te
nt

co
nn
ec
tio

ns
be
tw
ee
n
V
1
an
d
ex
tr
as
tr
ia
te
vi
su
al
ar
ea
s

sh
ou
ld

no
tb

e
co
ns
id
er
ed

st
ru
ct
ur
al
re
or
ga
ni
-

za
tio

n,
bu
tr
at
he
ra

fu
nc
tio

na
lc
ha
ng
e
[6
,2
3•
•,

24
];
la
rg
er

vi
su
al
st
im

ul
iw

ou
ld

en
ab
le
be
tte
r

lo
ca
liz
at
io
n
of

th
e
P
R
L
ac
tiv

at
io
n
[5
];
th
e
ta
sk

w
as

co
m
pl
ex

[5
]

Sh
um

ac
ke
r
et
al
.2
00
8
[2
8]

M
ac
ul
ar

de
ge
ne
ra
tio

n
6/
6

R
et
in
ot
op
ic
m
ap
pi
ng

V
1
pl
as
tic
ity
,e
ve
nt
ua
lly

re
or
ga
ni
za
tio

n,
is

sp
ec
if
ic
to

th
e
pe
ri
ph
er
al
re
tin

al
lo
ca
tio

n
(P
R
L
ac
tiv

ity
at
V
1
L
P
Z
w
as

si
gn
if
ic
an
tly

gr
ea
te
r
th
an

no
n-
PR

L
ac
tiv

ity
on
ly

in
pa
-

tie
nt
s)

T
he

la
ck

of
V
1
B
O
L
D
ac
tiv

ity
in
co
nt
ro
ls
m
ak
es

th
e
re
su
lts

di
ff
ic
ul
tt
o
in
te
rp
re
t[
29
];
it
is

un
cl
ea
r
w
he
th
er
th
e
po
st
er
io
r
ca
lc
ar
in
e
su
lc
us

co
rr
es
po
nd
ed

to
th
e
V
1
fo
ve
al
L
PZ

[5
]

L
iu

et
al
.2
01
0
[5
]

M
ac
ul
ar

de
ge
ne
ra
tio

n
8/
2

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t

(p
as
si
ve

vi
ew

in
g
fu
ll-
fi
el
d

vs
.f
ov
ea
l,
P
R
L
vs
.n
on
-

PR
L
st
im

ul
at
io
n,
O
B
T
),

ch
ec
ke
rb
oa
rd
s,
sc
en
es

In
co
m
pl
et
e
V
1
pl
as
tic
ity
,e
ve
nt
ua
lly

re
or
ga
ni
za
tio

n
(P
R
L
ac
tiv

ity
at
V
1
IP
Z
w
as

si
gn
if
ic
an
tly

gr
ea
te
rt
ha
n
no
n-
P
R
L
ac
tiv

ity
;

ev
id
en
ce

of
V
1
fo
ve
al
L
PZ

re
sp
on
se

on
ly

du
ri
ng

O
B
T,

in
pa
tie
nt
s)

Pu
ta
tiv

e
un
m
as
ki
ng

of
pr
e-
ex
is
te
nt

co
nn
ec
tio

ns
be
tw
ee
n
V
1
an
d
ex
tr
as
tr
ia
te
vi
su
al
ar
ea
s

sh
ou
ld

no
tb

e
co
ns
id
er
ed

st
ru
ct
ur
al
re
or
ga
ni
-

za
tio

n,
bu
tr
at
he
ra

fu
nc
tio

na
lc
ha
ng
e
[6
,2
3•
•,

24
]

B
as
el
er

et
al
.2
01
1
[1
0]

M
ac
ul
ar

de
ge
ne
ra
tio

n
16
/1
2
+
12

R
et
in
ot
op
ic
m
ap
pi
ng

A
bs
en
ce

of
V
1
re
or
ga
ni
za
tio

n,
no
te
xc
lu
di
ng

ad
ap
ta
tio

n
(a
bs
en
ce

of
B
O
L
D
ac
tiv

ity
in

V
1
L
P
Z
in

pa
tie
nt
s;
∼5

%
of

vo
xe
ls
at
th
e

oc
ci
pi
ta
lp

ol
e
(L
PZ

)
w
er
e
re
sp
on
si
ve

in
pa
tie
nt
s
an
d
co
nt
ro
ls
w
ith

si
m
ul
at
ed

ce
nt
ra
l

sc
ot
om

as
)

R
eo
rg
an
iz
at
io
n
re
fe
rs
to
th
e
ob
se
rv
ed

ch
an
ge
s
in

ac
tiv

at
io
n
w
ith

ou
ti
m
pl
yi
ng

an
y
pa
rt
ic
ul
ar

un
de
rl
yi
ng

m
ec
ha
ni
sm

[2
2]

M
as
ud
a
et
al
.2
01
0
[2
6]

R
et
in
iti
s
pi
gm

en
to
sa

3/
2

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t

(p
as
si
ve

vi
ew

in
g,
O
B
T
)—

co
nt
ra
st
pa
tte
rn
s

A
bs
en
ce

of
V
1
re
or
ga
ni
za
tio

n
(e
vi
de
nc
e
of

V
1
fo
ve
al
L
PZ

re
sp
on
se

on
ly

du
ri
ng

O
B
T,

in
pa
tie
nt
s)

D
ilk

s
et
al
.2
01
4
[2
2]

M
ac
ul
ar

de
ge
ne
ra
tio

n
1/
2

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t

(O
B
T
),
ob
je
ct
s

P
re
se
nc
e
of

V
1
pl
as
tic
ity
,e
ve
nt
ua
lly

re
or
ga
ni
za
tio

n,
af
te
r
co
m
pl
et
e
fo
ve
al
lo
ss

(p
er
if
ov
ea
lv

is
ua
ls
tim

ul
at
io
n
ac
tiv

at
ed

V
1

L
PZ

on
ly

af
te
r
co
m
pl
et
e
fo
ve
al
lo
ss
)

fM
R
If
un
ct
io
na
lm

ag
ne
tic

re
so
na
nc
e
im

ag
in
g,
B
O
LD

bl
oo
d
ox
yg
en

le
ve
l-
de
pe
nd
en
t,
V
1
pr
im

ar
y
vi
su
al
co
rt
ex
,L

P
Z
le
si
on

pr
oj
ec
tio

n
zo
ne
,I
P
Z
in
ta
ct
pr
oj
ec
tio

n
zo
ne
,O

B
T
on
e-
ba
ck

ta
sk
,P

R
L
pr
ef
er
re
d

re
tin

al
lo
ca
tio

n

89 Page 8 of 17 Curr Neurol Neurosci Rep (2016) 16: 89



T
ab

le
2

Se
le
ct
ed

hu
m
an

fM
R
I
st
ud
ie
s
on

vi
su
al
co
rt
ic
al
pl
as
tic
ity

fo
llo

w
in
g
op
tic

ne
rv
e
le
si
on
s

St
ud
y

C
on
di
tio

n
N
um

be
r
of

pa
tie
nt
s/
co
nt
ro
ls

Pa
ra
di
gm

M
ai
n
fi
nd
in
gs

C
om

m
en
ts

M
ik
ie
ta
l.

19
96

[5
5]

G
la
uc
om

a;
ot
he
r
op
tic

ne
ur
op
at
hi
es

7/
3

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,c
he
ck
er
bo
ar
ds

R
ed
uc
ed

V
1
re
sp
on
se

(V
1
B
O
L
D
re
sp
on
se
s

w
he
re
re
du
ce
d
w
he
n
co
m
pa
re
d
to
co
nt
ro
ls
;

th
e
B
O
L
D
re
sp
on
se

de
cr
ea
se

gr
os
sl
y

co
rr
es
po
nd
ed

to
th
e
vi
su
al
fi
el
d
de
fe
ct
)

T
he

m
et
ho
do
lo
gy

us
ed

re
su
lte
d
in

po
or

re
sp
on
se

lo
ca
liz
at
io
n
[5
6]
;q

ua
nt
ita
tiv

e
co
m
pa
ri
so
ns

be
tw
ee
n
vi
su
al
fi
el
d
de
fe
ct
s

an
d
fM

R
I
re
sp
on
se
s
w
er
e
no
tp

er
fo
rm

ed
[5
7]

D
un
ca
n
et
al
.

20
07
a,
b

[5
6,
57
]

G
la
uc
om

a
6

R
et
in
ot
op
ic
m
ap
pi
ng

N
or
m
al
V
1
M
ap
pi
ng

(V
C
B
O
L
D
si
gn
al

de
cr
ea
se

co
rr
es
po
nd
ed

to
th
e
vi
su
al
fi
el
d

de
fe
ct
;o

pt
ic
di
sc

st
ru
ct
ur
al
m
ea
su
re
m
en
ts

co
rr
el
at
ed

w
ith

V
1
re
sp
on
se
)

R
eo
rg
an
iz
at
io
n
w
as

no
tt
he

fo
cu
s
of

th
e
st
ud
y;

th
er
e
w
er
e
no

co
nt
ro
ls
to

co
m
pa
re

fe
llo

w
ey
e
re
sp
on
se
s;
th
e
fe
llo

w
ey
e
w
as

no
t

su
bs
ta
nt
ia
lly

af
fe
ct
ed
,w

hi
ch

m
ay

ha
ve

pr
ec
lu
de
d
V
1
re
m
ap
pi
ng
;v

is
ua
ls
tim

ul
us

w
as

on
ly

m
on
oc
ul
ar

[5
8]

Q
in
g
et
al
.

20
10

[5
9]

G
la
uc
om

a
6

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,c
he
ck
er
bo
ar
ds

R
ed
uc
ed

V
1
re
sp
on
se

(V
1
fo
ve
al
re
sp
on
se

w
as

as
so
ci
at
ed

w
ith

vi
su
al
fi
el
d
lo
ss
;o

pt
ic

di
sc

st
ru
ct
ur
al
m
ea
su
re
m
en
ts
,d
id

no
t

co
rr
el
at
e
w
ith

V
1
re
sp
on
se
)

R
eo
rg
an
iz
at
io
n
w
as

no
tt
he

fo
cu
s
of

th
e
st
ud
y;

th
er
e
w
er
e
no

co
nt
ro
ls
to

co
m
pa
re

fe
llo

w
ey
e
re
sp
on
se
s;
th
e
fe
llo

w
ey
e
w
as

no
t

su
bs
ta
nt
ia
lly

af
fe
ct
ed
,w

hi
ch

m
ay

ha
ve

pr
ec
lu
de
d
V
1
re
m
ap
pi
ng
;v

is
ua
ls
tim

ul
us

w
as

on
ly

m
on
oc
ul
ar

[5
8]

G
er
en
te
et
al
.

20
15

[5
8]

G
la
uc
om

a
25
/8

R
et
in
ot
op
ic
m
ap
pi
ng

R
ed
uc
ed

V
1
re
sp
on
se

(s
ub
gr
ou
p
an
al
ys
is

sh
ow

ed
th
at
se
ve
re

gl
au
co
m
a
pa
tie
nt
s
ha
d

le
ss

pr
oe
m
in
en
tV

1
B
O
L
D
re
sp
on
se
s;
V
1

fo
ve
al
an
d
pe
ri
fo
ve
al
re
sp
on
se

w
as

as
so
ci
at
ed

w
ith

vi
su
al
fi
el
d
lo
ss
;o

pt
ic
di
sc

st
ru
ct
ur
al
m
ea
su
re
m
en
ts
w
er
e
as
so
ci
at
ed

w
ith

V
1
re
sp
on
se
)

R
eo
rg
an
iz
at
io
n
w
as

no
tt
he

fo
cu
s
of

th
e
st
ud
y;

no
in
te
ra
ct
io
n
an
al
ys
is
w
as

pe
rf
or
m
ed
;

di
se
as
e
se
ve
ri
ty

w
as

m
ar
ke
dl
y

he
te
ro
ge
no
us

be
tw
ee
n
pa
tie
nt
s
an
d

be
tw
ee
n
ey
es
,w

hi
ch

m
ay

ha
ve

ca
nc
el
le
d

di
ff
er
en
ce
s
be
tw
ee
n
pa
tie
nt
s
an
d
co
nt
ro
ls

B
or
ge
s
et
al
.

20
15

[1
3•
•]

G
la
uc
om

a
9/
4

R
et
in
ot
op
ic
m
ap
pi
ng

an
d
bl
oc
k-

de
si
gn

ex
pe
ri
m
en
t(
pa
ss
iv
e
vi
ew

-
in
g)
,c
he
ck
er
bo
ar
ds

N
o
V
1/
V
2
pl
as
tic
ity

(V
1/
V
2
L
PZ

re
sp
on
se

w
as

re
du
ce
d
in

th
e
gl
au
co
m
at
ou
s
ey
e
an
d

co
rr
es
po
nd
ed

to
th
e
vi
su
al
fi
el
d
de
fe
ct
,

su
gg
es
tin

g
no
rm

al
V
1/
V
2
m
ap
pi
ng
)

M
ap
pi
ng

st
im

ul
iw

er
e
no
to

pt
im

is
ed

fo
r
th
e

es
tim

at
io
n
of

re
ce
pt
iv
e
fi
el
d
si
ze
,w

hi
ch

co
ul
d
ha
ve

pr
ov
id
ed

m
or
e
de
ta
il
at
th
e
L
PZ

bo
rd
er

ar
ea

Z
ha
ng

et
al
.

20
16

[6
0•
•]

G
la
uc
om

a
18
/1
8

R
et
in
ot
op
ic
m
ap
pi
ng

an
d
bl
oc
k-

de
si
gn

ex
pe
ri
m
en
t(
pa
ss
iv
e
vi
ew

-
in
g)
,m

ag
no
ce
llu

la
r
an
d

pa
rv
oc
el
ul
ar

st
im

ul
i,
m
ov
in
g
an
d

st
at
ic
ri
ng
,c
he
ck
er
bo
ar
ds

N
o
re
du
ct
io
n
in

V
1/
V
2
re
sp
on
se

in
ea
rl
y

gl
au
co
m
a
(e
ar
ly
gl
au
co
m
a
pa
tie
nt
s
sh
ow

ed
se
le
ct
iv
e
re
du
ct
io
n
of

ac
tiv

ity
in

L
G
N
an
d

SC
,b
ut

no
ti
n
V
1/
V
2)

R
om

bo
ut
s

et
al
.1
99
8

[6
1]

O
pt
ic
ne
ur
iti
s

9/
8

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,r
ed

ho
m
og
en
eo
us

lig
ht

fl
as
hi
ng

R
ed
uc
ed

V
C
re
sp
on
se

(p
at
ie
nt
s
sh
ow

ed
re
du
ce
d
V
C
ac
tiv

ity
sp
ec
ia
lly

du
ri
ng

st
im

ul
at
io
n
of

th
e
af
fe
ct
ed

ey
e)

T
he

m
et
ho
do
lo
gy

us
ed

re
su
lte
d
in

po
or

an
at
om

ic
al
lo
ca
liz
at
io
n
[1
4]
;t
he

m
et
ho
do
lo
gy

w
as

no
to

pt
im

is
ed

to
de
te
ct

ex
tr
a-
oc
ci
pi
ta
la
ct
iv
at
io
n
[6
2,
63
];
tim

e
be
-

tw
ee
n
O
N
an
d
sc
an

ev
al
ua
tio

n
w
as

m
ar
k-

ed
ly

he
te
ro
ge
no
us
;p

at
ie
nt
s’
co
nv
en
tio

na
l

im
ag
in
g
da
ta
w
er
e
no
tp
ro
vi
de
d
[6
2]
;v
is
ua
l

fi
el
d
de
fe
ct
s
w
er
e
no
tr
ep
or
te
d;

th
e
re
la
-

tio
ns
hi
p
be
tw
ee
n
fM

R
I
re
su
lts

an
d

ne
ur
oo
ph
th
al
m
ol
og
ic
al
fi
nd
in
gs

w
as

no
t

ad
dr
es
se
d
[6
4]

G
ar
ea
u
et
al
.

19
99

[6
5]

O
pt
ic
ne
ur
iti
s

4/
4

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,c
he
ck
er
bo
ar
ds

A
na
ly
si
s
m
et
ho
ds

w
er
e
no
to

pt
im

is
ed

to
de
te
ct
ex
tr
a-
oc
ci
pi
ta
la
ct
iv
at
io
n
[6
2,
63
];

Curr Neurol Neurosci Rep (2016) 16: 89 Page 9 of 17 89



T
ab

le
2

(c
on
tin

ue
d)

St
ud
y

C
on
di
tio

n
N
um

be
r
of

pa
tie
nt
s/
co
nt
ro
ls

Pa
ra
di
gm

M
ai
n
fi
nd
in
gs

C
om

m
en
ts

R
ed
uc
ed

V
1
re
sp
on
se

(p
at
ie
nt
s
sh
ow

ed
re
du
ce
d
V
1
ac
tiv

ity
du
ri
ng

st
im

ul
at
io
n
of

th
e
af
fe
ct
ed

ey
e)

vi
su
al
fi
el
d
de
fe
ct
s
w
er
e
no
tr
ep
or
te
d;

th
e

m
et
ho
do
lo
gy

us
ed

re
su
lte
d
in

po
or

an
a-

to
m
ic
al
lo
ca
liz
at
io
n
[1
4]

W
er
ri
ng

et
al
.

20
00

[6
2]

O
pt
ic
ne
ur
iti
s

7/
7

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,r
ed

ph
ot
ic
st
im

ul
at
io
n

R
ed
uc
ed

V
C
re
sp
on
se
,a
nd

ex
tr
as
tr
ia
te

co
rt
ic
al
pl
as
tic
ity

(p
at
ie
nt
s
sh
ow

ed
re
du
ce
d

V
C
ac
tiv

ity
an
d
in
cr
ea
se
d
re
sp
on
se

in
ex
tr
a-
oc
ci
pi
ta
la
re
as

du
ri
ng

st
im

ul
at
io
n
of

th
e
af
fe
ct
ed

ey
e)

V
is
ua
lf
ie
ld

de
fe
ct
s
w
er
e
no
tr
ep
or
te
d;

th
e

m
et
ho
do
lo
gy

us
ed

re
su
lte
d
in

po
or

an
at
om

ic
al
lo
ca
liz
at
io
n
[1
4]
;t
he

re
la
tio

ns
hi
p
be
tw
ee
n
fM

R
I
re
su
lts

an
d

ne
ur
oo
ph
th
al
m
ol
og
ic
al
fi
nd
in
gs

w
as

no
t

ad
dr
es
se
d
[6
4]
;e
xt
ra
-o
cc
ip
ita
lB

O
L
D
re
-

sp
on
se
s
w
er
e
ch
ar
ac
te
ri
ze
d
by

a
ve
ry

lo
ng

ha
em

od
yn
am

ic
de
la
y
of
ap
pr
ox
im

at
el
y
15
–

40
s
[6
3]

L
an
gk
ild

e
et
al
.2
00
2

[6
4]

O
pt
ic
ne
ur
iti
s

9/
10

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,c
he
ck
er
bo
ar
ds

R
ed
uc
ed

oc
ci
pi
ta
lr
es
po
ns
e,
no
te
xc
lu
di
ng

pl
as
tic
ity

(p
at
ie
nt
s
sh
ow

ed
re
du
ce
d
an
d
as
ym

m
et
ri
c

oc
ci
pi
ta
lr
es
po
ns
e;
oc
ci
pi
ta
lr
es
po
ns
es

co
rr
el
at
ed

w
ith

th
e
vi
su
al
fi
el
d
de
fe
ct
s,

al
be
it
in
so
m
e
pa
tie
nt
s,
re
sp
on
se
s
co
ul
d
no
t

be
fu
lly

ex
pl
ai
ne
d
by

th
e
sc
ot
om

a
al
on
e,

su
gg
es
tin

g
ne
ur
on
al
ad
ap
ta
tio

n)

A
na
ly
si
s
di
d
no
ti
nc
lu
de

ex
tr
a-
oc
ci
pi
ta
la
ct
i-

va
tio

n
[6
3]

R
us
s
et
al
.

20
02

[6
6]

O
pt
ic
ne
ur
iti
s

20
/2
0

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,c
he
ck
er
bo
ar
ds

R
ed
uc
ed

V
C
re
sp
on
se

(p
at
ie
nt
s
sh
ow

ed
re
du
ce
d
V
C
ac
tiv

ity
es
pe
ci
al
ly

du
ri
ng

st
im

ul
at
io
n
of

th
e
af
fe
ct
ed

ey
e)

A
na
ly
si
s
di
d
no
ti
nc
lu
de
d
ex
tr
a-
oc
ci
pi
ta
la
c-

tiv
at
io
n;

co
nt
ro
ls
fo
llo

w
-u
p
vi
si
td

id
no
t

m
at
ch
ed

th
at
fr
om

pa
tie
nt
s

F
ar
o
et
al
.

20
02

[6
7]

O
pt
ic
ne
ur
iti
s

9/
10

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,c
he
ck
er
bo
ar
ds

R
ed
uc
ed

V
C
re
sp
on
se

(p
at
ie
nt
s
sh
ow

ed
re
du
ce
d
V
C
ac
tiv

ity
)

M
on
oc
ul
ar

st
im

ul
at
io
n
w
as

no
tp

er
fo
rm

ed
;

an
al
ys
is
di
d
no
ti
nc
lu
de
d
ex
tr
a-
oc
ci
pi
ta
l

ac
tiv

at
io
n;

no
co
rr
el
at
io
n
w
as

m
ad
e
be
-

tw
ee
n
be
ha
vi
ou
ra
ld

at
a
an
d
th
e
B
O
L
D

si
gn
al

M
ik
ie
ta
l.

20
03

[6
8]

O
pt
ic
ne
ur
iti
s;

am
bl
yo
pi
a

1/
4

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,c
he
ck
er
bo
ar
ds

R
ed
uc
ed

V
C
an
d
L
G
N
re
sp
on
se

(p
at
ie
nt

sh
ow

ed
re
du
ce
d/
ab
se
nt

V
C
an
d
L
G
N
ac
-

tiv
ity

du
ri
ng

st
im

ul
at
io
n
of

th
e
af
fe
ct
ed

ey
e)

To
os
y
et
al
.

20
05

[1
5]

O
pt
ic
ne
ur
iti
s

21
/4
6

B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,p
ho
tic

st
im

ul
at
io
n

L
O
C
pl
as
tic
ity

(b
et
te
r
vi
su
al
fu
nc
tio

n
an
d

op
tic

ne
rv
e
in
te
gr
ity

w
er
e
as
so
ci
at
ed

w
ith

st
ro
ng
er

V
C
re
sp
on
se
s;
L
O
C
se
em

ed
to

un
de
rg
o
ea
rl
y,
bu
tt
ra
ns
ie
nt

ad
ap
ta
tiv

e
pl
as
tic
ity

)

L
O
C
w
as

de
fi
ne
d
by

its
av
er
ag
e
M
on
tr
ea
l

N
eu
ro
lo
gi
ca
lI
ns
tit
ut
e
(M

N
I)
co
or
di
na
te
s,

no
ta
llo

w
in
g
fo
r
m
or
e
pr
ec
is
e
an
at
om

ic
al

lo
ca
liz
at
io
n
[1
4]

L
ev
in

et
al
.

20
06

[1
4]

O
pt
ic
ne
ur
iti
s

8/
4

R
et
in
ot
op
ic
m
ap
pi
ng

an
d
bl
oc
k-

de
si
gn

ex
pe
ri
m
en
t(
pa
ss
iv
e
vi
ew

-
in
g)
,c
he
ck
er
bo
ar
ds
,s
cr
am

bl
ed

ob
je
ct
s,
si
m
pl
e
ob
je
ct
s

R
ed
uc
ed

V
1/
V
2
re
sp
on
se
,a
nd

L
O
C
pl
as
tic
ity

(V
1/
V
2
ac
tiv

at
io
n
w
as

le
ss

pr
on
ou
nc
ed

du
ri
ng

st
im

ul
at
io
n
of

th
e
af
fe
ct
ed

ey
e,

w
hi
le
L
O
C
ac
tiv

at
io
n
w
as

si
m
ila
r
in

bo
th

ey
es
)

T
im

e
be
tw
ee
n
O
N
an
d
sc
an

ev
al
ua
tio

n
w
as

m
ar
ke
dl
y
he
te
ro
ge
ne
ou
s;
M
R
I
w
hi
te

m
at
te
r
di
se
as
e
al
on
g
th
e
vi
su
al
pa
th
w
ay
s

w
as

no
td

et
ai
le
d

K
or
sh
ol
m
et
al
.

20
07

[6
9]

O
pt
ic
ne
ur
iti
s

19
B
lo
ck
-d
es
ig
n
ex
pe
ri
m
en
t(
pa
ss
iv
e

vi
ew

in
g)
,c
he
ck
er
bo
ar
ds

R
ed
uc
ed

V
1/
V
2,
L
G
N
an
d
L
O
C
re
sp
on
se
s,

no
te
xc
lu
di
ng

L
G
N
pl
as
tic
ity

(p
at
ie
nt
s

sh
ow

ed
re
du
ce
d
V
1/
V
2,
L
G
N
an
d
L
O
C

re
sp
on
se
s
du
ri
ng

st
im

ul
at
io
n
of
th
e
af
fe
ct
ed

L
G
N
re
du
ce
d
ac
tiv

at
io
n
of

L
G
N
up
on

st
im

ul
at
io
n
of

th
e
un
af
fe
ct
ed

ey
e
du
ri
ng

re
co
ve
ry

co
ul
d
no
tb

e
re
pl
ic
at
ed

in
a

su
bs
eq
ue
nt

an
al
ys
is
[6
3]

89 Page 10 of 17 Curr Neurol Neurosci Rep (2016) 16: 89



promote an imbalance between feedforward and feedback
circuitries to V1. One of these patients, in fact, was rescan
ned 5 years later undergoing the same paradigm, now with
complete loss of foveal vision. An extension of the BOLD
response into the foveal confluence was subsequently ob-
served [22].

Functional MRI and retinotopic mapping can provide ev-
idence for visual cortex plasticity. Other advanced morpho-
logical and functional MRI techniques have been used to
probe the structural integrity and connectivity within the vi-
sual cortex and adjacent areas, when deprived from normal
retinal input. This is an important issue, since degeneration/
atrophy and/or disruption of the retinotopic configuration in
the visual cortex may limit future treatments to overcome
visual impairment, including the use of retinal implants
[44]. Indeed, particularly in macular degeneration, volumet-
ric reductions have been found in several locations along the
visual pathways, including the early visual cortex [8, 45•,
46]. Retinotopic-specific visual deprivation, anterograde
trans-synaptic degeneration and possibly a non-retinotopic-
specific associated neurodegenerative process have all been
postulated for explaining structural changes in the visual
cortex [45•]. On the other hand, connectivity between V1
and early extrastriate areas (V2/3) has been recently investi-
gated by using a new functional MRI data analysis approach
(connective field modelling) in a subset of patients with early
onset MD. It was shown that patients still exhibited intact
retinotopic connectivity between these areas, hence not
supporting the presence of plastic structural changes [47•].

Visual cortical plasticity is also currently being investigat-
ed in patients with Leber congenital amaurosis (LCA) un-
dergoing gene transfer therapy to restore retinal and visual
function. LCA is a retinal degeneration characterized by pro-
found visual loss since birth or early childhood. Several mu-
tations have been identified in the gene encoding retinal
pigment epithelium-specific protein 65 kDa (RPE65) in
these patients [48]. Recently, it was shown that subretinal
injection of an adeno-associated virus carrying the RPE65
normal complementary DNA could improve retinal and vi-
sual function [49]. Ashtari and colleagues recently showed
that the visual cortex in these patients is still responsive to
visual stimulation after prolonged visual deprivation, in
areas corresponding to the region of the retina that had been
treated [50]. Overall, there was a reasonable preservation of
the expected cortical retinotopy in this study, although unex-
pected BOLD activity extension to extrastriate cortex led the
authors to reason that brain plasticity might have taken place.
The same group has further demonstrated that the cortical
response seems to improve after gene therapy (and corre-
spondent enhancement of visual input). Because such im-
provement was also noted under stimulation of the eye not
being treated at the time of the study, this was considered to
represent cortical plasticity [51]. It was concluded that suchT
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plasticity is possibly related to structural remodelling of the
V1 and geniculostriate fibres [52]. The lack of comparison
with fMRI assessment before initiating gene transfer therapy
in the majority of these patients precludes additional conclu-
sions, particularly when it is known that visual cortex BOLD
response in untreated LCA patients can be normally activated
if sufficient light stimulation is given [53]. In one other report,
there was no evidence of visual cortex plasticity after gene
therapy. Importantly, both patients had foveal sparing, which
may have precluded plasticity [54•].

Optic Nerve Lesions

Human fMRI studies investigating the effects of optic neurop-
athy on the visual cortex are scarce, and most of them do not
probe cortical reorganization directly, often lacking precise
retinotopic mapping (Table 2).

Glaucoma is a chronic optic neuropathy with evidence of
retinal ganglion cell loss, leading to cupping and atrophy of
the optic disc and corresponding visual field defects prog
ressing from peripheral to central areas. Recent evidence has
demonstrated that glaucoma neurodegenerative changes also
extend to the visual cortex, probably mediated trans-
synaptically [71]. Importantly, additional central nervous sys-
tem involvement in frontal, temporal and parietal areas has
been evidenced [71]. In fact, glaucoma patients seem to show
lower cognitive scores than controls, albeit this needs to be
further investigated by using thorough cognitive testing in a
large number of patients [72]. In early work, Miki et al.
showed that the BOLD decrease in V1 grossly corresponded
to the visual deficits in three patients with glaucoma [55].
Contemporary work, using more sophisticated mapping tech-
niques, has replicated these findings, by demonstrating a

decrease of V1 LPZ BOLD activity, and thus suggesting ab-
sence of V1 reorganization or remapping (Fig. 5) [13••, 56,
57]. Since many of these studies included patients with uni-
lateral glaucoma, the fact that one eye was largely unaffected
may have precluded V1 plasticity. Qing et al. reported that
foveal V1 BOLD response was less prominent in glauco
matous patients, albeit their visual field deficit was peripheral
[59]. A subclinical decrease of retinal ganglion cells may have
led to reduced retinal input to foveal representation in V1.
Interestingly, in the above studies, fMRI response seems to
correlate with the structural measurements of the optic disc
and visual field loss [56–58]. Taken together, it has been sug-
gested that the reduction of V1 BOLD response in glaucoma
patients probably reflects trans-synaptic degeneration in V1
and subsequent atrophy [71]. Interestingly, anterograde
trans-synaptic degeneration seems to selectively affect the
subcortical visual nuclei first, before reaching V1. Zhang
et al. supported this theory by showing a normal V1 BOLD
response in patients with early stage glaucoma, in sharp con-
trast with the reduced activity at the subcortical visual nuclei
(i.e. lateral geniculate nucleus and superior colliculus) [60••].
Indeed, several structural imaging studies have provided a
strong line of evidence for V1 and V2 atrophy in glaucoma
patients [8, 73–76]. Equally important is the finding of volu-
metric increase in visual and non-visual areas distant from V1
and V2, including the cuneus, inferior occipital and temporal
gyrus, and superior parietal and angular gyrus, which may
indicate compensatory cortical plasticity, especially in early
disease [73–75]. Further investigations are needed to probe
these results (i.e. lack of V1 plasticity, normal V1 BOLD
response in early glaucoma, plasticity in higher-order visual
areas), especially in patients with bilateral glaucoma, the most
common form of the disease, since the presence of normal

Fig. 5 fMRI evidence for
primary visual cortex (V1) plas-
ticity following optic nerve le-
sions. In patients with unilateral
glaucoma, there is a
retinotopically localized reduc-
tion of activation in V1 during
stimulation of the affected eye
(right) when compared to stimu-
lation of the fellow eye (left)
[13••]. In the example depicted,
monocular stimulation is alternat-
ed, by covering one eye at a time.
For further details, see Fig. 1
legend
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visual function in one eye is thought to preclude V1 plasticity.
Importantly, future fMRI studies on glaucoma should use a
control group comprising patients with optic neuropathies oth-
er than glaucoma in whom visual cortex appears to be intact,
in order to better interpret the apparent loss of V1 BOLD
signal in glaucoma.

Optic neuritis (ON) is an acquired demyelinating optic
neuropathy frequently associated with multiple sclerosis,
which classically presents with transient unilateral loss of
visual acuity and colour vision, usually with a central sco-
toma. Clinical recovery is the rule, though persistence of
paraclinical abnormalities (e.g. conduction delay in visual
evoked potentials (VEP)) is common residual deficit [62].
This raises the possibility that visual cortical plasticity in
V1 or higher-order visual areas may contribute to the be-
havioural recovery process. As in glaucoma however, there
is a suggestion that abnormal reduced responses in the
early visual cortex seem to be circumscribed to the
retinotopically corresponding visually deprived areas, thus
supporting lack of plasticity at V1 [14, 64]. Evidence is
nevertheless weak, since retinotopic mapping techniques
have not been used consistently. Instead, the presence of
intact and/or increased activation in higher-order visual
areas (e.g. lateral occipital cortex (LOC)) may in fact rep-
resent cortical plasticity contributing to the recovery pro-
cess (see below) [15]. In ON studies, and unlike the termi-
nology chosen for this paper, the term reorganization is
often used to describe fMRI changes thought to reflect
functional changes in neuronal function and their interac-
tions (and not necessarily remapping), which ultimately
contribute to maintain clinical function ‘adaptative reorga-
nization’ or not ‘non-adaptative reorganization’ [15].
Rombouts et al. showed for the first time in ON patients
that monocular visual stimulation, especially over of the
affected eye, resulted in smaller BOLD activity in the early
visual cortex, advocating that these results were due to
substantial reduction of the visual input [61]. Subsequent
studies have reproduced these findings in the early visual
cortex, and some additionally reported increased BOLD
activity in several higher-order extrastriate areas [62,
64–66, 68]. LOC, however, has been the extrastriate area
that most consistently shows increased BOLD activity dur-
ing both the acute and recovery phase of ON (but see
Korsholm et al. 2007) [14, 15, 69, 70]. In fact, the greater
LOC response in the acute phase, the better is the visual
outcome at 1 year, after accounting for other markers of
tissue damage [70]. Increased BOLD activity in extra
striate areas is currently regarded as a form of neuro
plasticity, thought to represent a functional suppression of
the abnormal input from the affected eye and/or structural
synaptic reorganization or dendritic arborisation [62, 70].
Early visual cortex (V1/V2) BOLD responses on the other
hand, usually decreased during stimulation of the (more)

affected eye, seem to result from a dynamic balance be-
tween feedforward and feedback signals to V1, coming
from retinogeniculate fibres and higher-order extrastriate
areas, respectively [14]. Still, it is necessary that future
investigations using retinotopic mapping techniques inves-
tigate in detail early visual cortex responses in ON and
probe earlier assumptions suggesting preservation of
retinotopy in early visual cortex [64]. The possibility of
LGN plasticity in ON is so far equivocal [69, 70]. Nota
bly, in the majority of these studies, functional and struc-
tural markers of optic nerve integrity and visual function
correlated with striate and/or extrastriate BOLD activity
[62, 64–66, 69, 70]. If indeed higher-order visual cortex
plays a role in ON recovery, it seems to be limited to static
visual functions, since motion-related extrastriate cortical
areas demonstrate sustained reduced BOLD activity fol-
lowing ON and correlate with the performance of tasks that
require motion perception [77]. Additionally, structural im-
aging studies have corroborated the lack of neuroplasticity
in the early visual cortex (V1/V2) by demonstrating local
atrophy, presumingly caused by transsynapic anterograde
degeneration following ON and/or the development of si-
lent lesions in the optic radiations [78]. Recently, Raz et al.
(2013) has proposed a very interesting theory of reorgani-
zation in ON. Since the fellow (presumingly unaffected)
eye seems to evidence a VEP delay in time-to-peak which
is not related to subclinical demyelination, the authors sug-
gest that such delay may reflect an adaptive plastic process,
eventually mediated by the visual cortex and/or LGN to
compensate for the reduced retinal inputs arriving from
the affected eye. Thus, instead of spatial reorganization,
this could represent temporal reorganization, which pro-
vides a subnormal temporal synchronization between the
eyes in order to enable binocular vision [79]. This data may
help to contextualize Korsholm et al.’s work showing LGN
activity changes following ON during stimulation of the
fellow eye [69].

Unlike ON, anterior ischemic optic neuropathy (AION),
resulting from acute infarction of the optic nerve head, has
not been studied in detail with fMRI. The visual prognosis
is considerably worse than in ON, although around 30 % of
patients may improve visual acuity by several lines over
2 years [80]. Aguirregomozcorta et al. (2011) showed re-
duced activation in visual areas during visual stimulation
of the affected eye, following an episode of AION. These
features persisted over 6 months, which is consistent with
the poor visual recovery documented in their series. Impor
tantly, fellow eye stimulation in patients generated greater
activation in extrastriate cortex than in controls, which was
considered a form of neuroplasticity [81].

While most of research detailed here has concerned the
presence of cortical plasticity among patients with established
visual field defects, it should be noted that in certain diseases,
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cortical plastic changes probably begin even before a clinical-
ly measurable visual insult occurs, in the pre-symptomatic
stage. One such example is Leber hereditary optic neuropathy
(LHON), a mitochondrial inherited genetic disorder, which
ultimately results in severe bilateral centrocecal scotomas in
young adults. Carriers often show occult or subclinical abnor-
malities such as the presence of retinal nerve fibre layer
(RNFL) swelling, before developing severe absolute central
scotomas [82]. Work from our lab has measured the cortical
thickness of V1, V2 and V3 areas (pre-retinotopically
mapped) in 15 LHON carriers. Notably, extrastriate V2 and
V3 areas showed increased cortical thickness when compared
to controls [19]. Furthermore, we found that the peripheral
retinotopic portions of V2/V3 regions, in particular, were
strongly correlated with RNFL swelling and associated with
the relative paracentral visual field defects found in the major-
ity of these patients. We reasoned that early retinal and visual
field changes have probably triggered extrastriate cortical
plasticity without disrupting retinotopic maps, similarly to
what has been shown in glaucoma (see above) [83].

Corneal, Quiasmal and Optic Radiation Lesions

A few case reports have examined the visual cortex response
following lesions in the visual pathways in locations other
than the retina and optic nerve. Huber et al. (2015) among
others reported a patient who had monocular vision restored
in adulthood after becoming blind due to bilateral corneal
trauma at the age of 3. Since surgery, there was little recovery
of vision and functional and structural imaging showed
marked decrease in BOLD activity in striate and extrastriate
cortices and microstructural abnormalities in the retroge
niculate pathways [84•, 85]. Visual deprivation at an early
age seems to have arrested the development of visual neurons
with small foveal receptive fields, which are fundamental for
object recognition [86]. In acquired (intrinsic and extrinsic)
chiasmal damage in adulthood, it has been shown that visual
cortical areas receiving retinal input from the crossing nasal-
retinal fibres became deprived and are not activated during
visual stimulation [87, 88]. The recovery documented on vi-
sual field perimetry in these cases nicely correlates with the
return of BOLD signal in previously visually deprived areas
[87]. No evidence of plasticity was found in these cases.
Contrasting with the above-mentioned reports, V1 plasticity
(possibly reorganization) has been claimed in a stroke patient
showing partial damage of the right inferior optic radiations
and a corresponding left upper visual field defect. Retinotopic
mapping revealed an expansion of BOLD activity from the
cortical representation of left lower visual field IPZ into the
left upper visual field LPZ. Interestingly, this ‘distortion’ of
the visual field map was accompanied by a similar subjective
perceptual distortion (a square was perceived as a rectangle
extending vertically) [32].

Conclusions

In congenital bilateral retinal diseases, primary visual cortex
seems to undergo extensive remapping, allocating more space
to visually deprived regions. In contrast, in acquired bilateral
retinal diseases, structural plasticity seems to be limited, and
robust fMRI evidence for reorganization in the adult visual
cortex is lacking. In macular degeneration, task-dependent
re-weighting of feedback signals from extrastriate areas seems
a more plausible explanation for the presence of BOLD signal
in the foveal representation than cortical reorganization. In
optic nerve diseases such as glaucoma, emerging evidence
also suggests that normal mapping is preserved; at least in
primary visual cortex, reorganization seems to be absent.
Parti cularly, in unilateral glaucoma, visual cortex plasticity
may be precluded by the presence of normal visual function in
the fellow eye. Yet, an increasing number of functional and
structural imaging studies on glaucoma and other optic neu-
ropathies such as optic neuritis have shown that plasticity is
probably taking place beyond the primary visual cortex at
higher-order visual areas. The exact role of these areas and
their impact on clinical status needs to be probed further. The
presence of transneuronal degeneration in the visual cortex
may pose constraints on improving vision in patients with
eye diseases, since it may interfere with restorative treatments.
Longitudinal studies are crucial to trace its progression and
provide information about the best timing to prevent it.
More research using standard retinotopic procedures is needed
to establish whether visual cortex fully retains its retinotopic
organization following optic nerve diseases.
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