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FIG. 3. Example of average BOLD responses as estimated with the finite
impulse response (FIR) model in a voxel of patient 2 during polar angle
mapping and eccentricity mapping. The amplitude of the BOLD response is
relative to the mean signal during the cycle. This voxel had different responses
during eccentricity mapping, but not during polar angle mapping. The corre-
sponding models with the best fit considering amplitude, lag, and dispersion
are plotted in the same graph with dotted lines. The f-value for the difference
in responses between sessions is indicated in the graphs. The circular plots on
the right give the estimates of the proportion of the between session variance
that is caused by changes in amplitude, lag, and dispersion.

significant difference in lag during polar angle or eccentricity
mapping, the mean lags over the two sessions were used for
plotting. Visual field locations of voxels separated for V1, V2,
and V3 are shown in Supplemental Material S2.

Changes in receptive field locations

Visual inspection of the results revealed that most voxels did
not show a significant difference in receptive field location
between sessions, indicating no evidence for large-scale reor-
ganization of early visual cortex by training (mean percentage
of voxels per subject without a difference = 96.7%; SD =
2.2%). However, in most voxels that did show a change, the
receptive field was shifted toward a higher eccentricity (mean
percentage of voxels that showed a significant shift toward the
eccentricity = 87.6%; SD = 17.4%). The mean shift toward
higher eccentricity in all voxels was although very moderate
significant over subjects [paired 77, = 4.09; P = 0.005; median
change = 0.13°] (Fig. 6A). In addition, this mean shift was
much larger in the affected hemisphere than that in the nonaf-
fected hemisphere in all three subjects (patients 2, 4, and 8)
with bilateral visual activation [mean shift in the affected
hemisphere = 0.35°; SD = 0.06°; mean shift in the intact
hemisphere = 0.10°; SD = 0.07°; paired ¢, = 12.9; P =
0.006].

Changes in amplitudes and dispersion

A number of voxels showed a change in amplitude of the
BOLD response with training, either during polar angle map-
ping, eccentricity mapping, or both (mean percentage of voxels
per subject with a difference in BOLD amplitude = 11.7%;

SD = 10.0%). Most of these voxels showed a decrease in
activation (mean percentage of voxels with a reduction =
81.0%; SD = 15.5%). The mean reduction over all voxels was
not significant [paired #,, = —2.13; P = 0.071; median change =
—0.37%]. In addition, there was a small proportion of voxels
with a difference in dispersion between sessions. These differ-
ences in dispersion were observed only during eccentricity
mapping (mean percentage of voxels per subject with a differ-
ence in BOLD dispersion = 1.2%; SD = 10.0%). Note that the
cycle duration was much shorter during polar angle mapping,
which may have caused insensitivity for detecting changes in
receptive field size through dispersion during polar angle map-
ping. Most of the voxels showed an increase in dispersion
(mean percentage of voxels with an increase = 93.1%; SD =
11.1%). The mean increase of all voxels was significant [paired
te7y = 2.54; P = 0.04; median change = 392.3] (Fig. 6C). This
effect was also larger in the affected hemisphere of all three
patients with bilateral visual activation [mean increase in the
affected hemisphere = 2.0; SD = 0.3; mean shift in the intact
hemisphere = 0.1; SD = 1.0; paired t,, = 4.54; P = 0.045].
There was no significant correlation between changes in dis-
persion and amplitudes of the BOLD response (r = 0.483; P =
0.225). Changes in dispersion or amplitudes of the BOLD
response did not correlate with the shift toward a higher ec-
centricity (correlations were 0.063 and —0.056, respectively;
both n.s.).

Comparing fMRI retinotopic maps and perimetry visual

field maps

To assess the possibility for the presence of residual capac-
ity, meaning that the regained field was represented before (and
after) training, we compared the fMRI to the perimetry results.
To estimate whether differences in the density of voxels
between the intact, regained, and nonregained visual field were
significant, we performed three binomial tests for each subject.
Because differences between sessions in receptive field loca-
tions of voxels were very small (Fig. 5), we used the mean
location of both sessions because this provided a more reliable
estimate. These tests compared the density in, respectively:
I) the intact and regained visual field; 2) the intact and
nonregained visual field; and 3) the regained and nonregained
visual field. Note that for estimation of the probability of a
success of a single event (a voxel is located within a particular

Segmentation example

FIG. 4.
was damaged; therefore an outline for a search area for visual activation was
drawn based on the intact hemisphere. Purple shows the segment that was
drawn for this subject for the left and right hemispheres.

Ilustration of the segmentation for subject 7. The left visual cortex
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FIG. 5. Visual field maps of the eight patients as measured
with perimetry and with fMRI before and after training. Perim-
etry results are shown in the background by the partial circle in
gray and white. The white delineated portion of the circle
represents the visual field where stimuli were detected before
and after training. In the gray delineated portion, stimuli were
only detected after training. The undelineated portion was blind
before and after training. Superimposed are visual field loca-
tions that were represented by voxels in early visual cortices as
measured with fMRI. When a significant difference in lag was
present, the represented location of the first session in shown in
purple and the location of the second session is shown in green.
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Visual field map changes
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portion of the visual field), we used the percentage of polar
angle/eccentricity combinations (20 polar angle steps X 20
eccentricity steps) that were located within a particular portion
of the visual field. There was a clear difference between the
intact and the regained field in nearly all subjects (Table 2).
The number of voxels representing the regained visual field
was thus very low compared with that of the intact visual field.
Note that in subjects where the difference was least significant,
the size of the recovered visual field (in the scanner) tended to
be smaller (Spearman’s rho = 0.62; P = 0.051, one-sided). As
in most patients the visual field recovery extended beyond the
size of the visual field that we could measure from within the
MRI scanner, we could not make reliable comparisons with the
nonregained visual field.

Second responses during cycles

We compared the mean amplitudes of the second fitted
response between sessions for polar angle mapping and eccen-
tricity mapping. A second response during a cycle of a map-
ping stimulus indicates the presence of a second receptive field
within a voxel, as would be predicted on the basis of previous
research (Henriksson et al. 2007). There was a small and
nonsignificant reduction in the amplitude of BOLD responses
during both polar angle mapping and eccentricity mapping after
training [for eccentricity mapping: mean amplitude before = 1.66;
mean amplitude after = 1.51; 5, = —1.51; P = 0.18; for polar
angle mapping; mean amplitude before = 0.61; mean ampli-
tude after = 0.57; te;y = 0.90; P = 0.397]. Note that the
duration of a stimulus cycle during polar angle mapping was

TABLE 2. P values corresponding to the binomial tests that
contrasted the number of vowels representing the different portions
of the visual field

Intact Intact Regained

Subject vs. Regained vs. Nonregained vs. Nonregained
Patient 1 0.000 0.000 0.306
Patient 2 0.362 — —
Patient 3 0.002 0.000 1.000
Patient 4 0.002 — —
Patient 5 0.000 0.662 0.861
Patient 6 0.000 — —
Patient 7 0.002 0.000 0.013
Patient 8 0.725 — —

P values represent the significance of differences in the density of voxels
representing the intact, regained, and nonregained visual field.

Session 1

Session 2

most likely too short for detecting secondary responses, which
is reflected by the lower amplitude estimates of the second
response.

DISCUSSION

We measured properties of early visual cortex before and
after vision restoration training in eight subjects with postchi-
asmatic lesions to the visual system. Training induced a sig-
nificant visual field recovery as measured with perimetry. Our
fMRI results showed that, although most voxels had no differ-
ence in receptive field location between sessions, a number of
voxels had shifted their receptive field to a higher eccentricity
relative to the fovea after training. In addition, BOLD re-
sponses were on average more dispersed after training, sug-
gesting some growth of receptive field size as a result of
training. However, we found no evidence for extensive repre-
sentation of the regained visual field before or after training.

The changes in receptive field properties could account for
small increases in visual field size as a result of training. The
outward shift of receptive fields along the eccentricity axis that
we observed suggests that patients learn during training to
“zoom out” portions of their cortical representation. This effect
was larger in the damaged hemisphere than in the intact
hemisphere in patients that still had bilateral visual activation.
Although the average shift in receptive field locations was very
moderate (0.13° of visual angle), BOLD responses in individ-
ual voxels could show changes in lag that accounted for >1° in
the visual field. Importantly, this would be an effective method
for visual field enlargement in the affected hemifield only in
the case of incomplete destruction of the primary visual cortex.
This is supported by the notion that training is more beneficial
in cases where there is functional tissue remaining in the
affected hemisphere (Kasten et al. 1998a; Zihl and von Cramon
1979, 1985). Increases in receptive field size could further
contribute to visual field recovery. This effect was also larger
in the damaged hemisphere than that in the intact hemisphere.
It has been suggested that training effects are induced by neural
mechanisms for spatial attention (Chokron et al. 2008), which
is backed up by fMRI data showing that training increases
activity in brain areas that are associated with shifts in spatial
attention (Marshall et al. 2008). It has also been suggested that
these mechanisms of attention can cause structural changes
with vision restoration therapy (Poggel et al. 2004). Studies in
nonhuman primates have shown that attention can induce
changes in the input that is driving V1 neurons. Attention in the
periphery increases the summation area of individual neurons,
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probably through horizontal or feedback connections, thereby
effectively increasing receptive field sizes (Roberts et al.
2007). Note that the significant changes that we observed in
individual subjects could theoretically be part of normal ran-
dom fluctuations over time, although it is unlikely that such
fluctuations would show a consistent pattern across subjects as
we observed in this experiment. In addition, because patients
demonstrated a stable visual field defect before training, it is
unlikely that these fluctuations are a part of natural recovery.

We found no evidence for extensive representation of the
impaired visual field at the level of the early visual cortex. It
has been suggested that training exploits remaining functions
of early visual cortex that somehow do not contribute to
conscious vision (Ho et al. 2009). Such a mechanism predicts
the presence of neuronal representation of the impaired parts of
the visual field already before training. However, it has been
shown in patients with cerebral blindness that the visual fields
as measured with fMRI and those that are measured with
subjective perimetry show substantial overlap (Furuta et al.
2009). This limits the possible contribution of residual capacity
to vision restoration. Our fMRI results also showed a high
overlap with perimetry data before training, except in some
patients where the regained area that was mapped was small.
However, it is likely that there are some irregularities in
determining the receptive field locations of voxels—e.g., the
mapping stimuli that we used were both moving in a single
direction (contracting rings and a clockwise rotation
wedge)—so that intervoxel differences in hemodynamic prop-
erties could cause some divergences. This can result in cou-
pling voxels to visual field map locations that are blind accord-
ing to perimetry, whereas in fact they are responding to the
nonblind locations at the visual field border. Although this does
not affect the estimation of the relative changes in receptive
field locations between sessions, it can induce noise in cou-
pling the fMRI to the perimetry results. This noise will have a
relatively stronger effect when making comparisons with small
portions of the visual field.

We also found no evidence for the emergence of a second
representation in the intact hemisphere after training. Hen-
riksson et al. (2007) reported that after training, stimulation of
both the impaired hemifield and the normal hemifield resulted
in brain activation in the intact hemisphere in a patient with
homonymous hemianopia, as measured with both fMRI and
magnetoencephalography. This would imply that neurons
gained a second receptive field or that a subpopulation of
neurons within a voxel shifted their receptive field to the
ipsilateral hemifield. Our study did not confirm their finding
because the amount of variance that could be explained by a
secondary response did not increase between sessions. It
should be taken into account, however, that the stimuli in our
experiment were not dedicated to detect the presence of dual
representations within single voxels, which may have ham-
pered our ability to measure the type of training effect that was
observed by Henriksson et al. (2007). A secondary represen-
tation, for example, would be difficult to detect with normal
retinotopic mapping when it is diffusely organized. Other
mapping techniques that are now available may be better suited
for addressing this issue more directly (Dumoulin and Wandell
2008). Alternatively, the formation of a second receptive field
may occur only after prolonged training (i.e., over 200 h in 2
yr, as in Henriksson et al. 2007), but this would also imply that

the neural substrate of the field recovery would change over
time.

As a whole, we found no evidence for any neural mechanism
that can account for the large increases in visual field size that
are observed in some patients with complete hemianopias
(Mueller et al. 2007). Considering the cortical magnification
factor, representation of the restored visual field in early visual
cortex would require large-scale neuronal reorganization. The
two patients in our study that demonstrated such an increase in
visual field size had no signs of neuronal representation of the
damaged visual field before or after training. Because these in-
creases in visual field size were measured with extensive eye
movement control, we believe it is highly unlikely that the find-
ings in these two subjects are confounded (Bergsma and Van der
Wildt 2010). This suggests that training somehow helps these
patients to use visual information that enters the brain through
alternative neuronal pathways. For example, it has been shown
that the middle temporal area (MT) still produces visually
evoked responses after removal of V1 (Rodman et al. 1989),
which could be related to connectivity between the lateral
geniculate nucleus (LGN) and MT (Sincich et al. 2004). There
is also recent evidence obtained with diffusion tensor imaging
that the connectivity between the LGN and MT changes after
destruction of the primary visual cortex (Bridge et al. 2008).
Also, connections between the retina and the superior collicu-
lus could play a role (Cowey and Stoerig 1991). Such alterna-
tive connectivity could explain that training locations deep
within the absolute blind field can still have beneficial effects
for hemianopic patients (Jobke et al. 2009). It is unclear,
however, whether visual representation that is established
through alternative routes, without parallel representation in
the primary visual cortices, results in vision that is qualitatively
comparable with normal vision. These alternative routes lack
most of the common mechanisms for feature detection that are
present in early visual cortices. Imaging data even suggest that
they might not even induce conscious visual experiences (Goe-
bel et al. 2001). On the other hand, they could be important for
guiding behavioral compensation, such as making eye or head
movement toward visual events or evading objects during
locomotion.

In this study we continuously measured eye movements
during perimetry and carefully monitored eye movements dur-
ing the training sessions, but did not record eye movements
during the functional mapping experiments in the scanner. We
did not use an attentional task at central fixation since that
could interfere with the training effects because the training
effects may be the result of changes in attentional control by
the patients; however, it is highly unlikely that our results in
the scanner are caused by stable eccentric fixation or unstable
fixation. In the case of stable eccentric fixation, a shift of
receptive field locations in one hemifield would be accompa-
nied with a shift in the same direction in the other hemifield. If
patients would have shifted their gaze toward the lesion, for
example, then the receptive field locations of voxels would
have shifted toward the opposite direction across the entire
visual field. The outward shift in receptive field locations that
we observed produced opposite shifts in the two hemifields.
The influence of fixation instability on responses during reti-
notopic mapping, however, is more complex and less predict-
able. In any event, it would disturb the regular cyclic responses
during mapping stimuli, thereby producing on average lower
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and more dispersed BOLD responses. Although we observed
reduced amplitudes and increased dispersion of BOLD re-
sponses after training in some patients, these reductions did not
correlate with the shift of receptive field locations toward the
eccentricity. We therefore believe it is unlikely that the shift in
receptive field locations can be explained by more random eye
movements after training. Furthermore, the observed (nonsig-
nificant) correlation between changes in response amplitude
and dispersion was positive and thus the reverse of what would
be expected when both are caused by fixation instability. The
pattern of results as a whole does not suggest that eye move-
ments play a role in the current findings. It should also be taken
into account that reductions in amplitudes of BOLD responses
are not necessarily caused by eye movements; for example,
lower BOLD responses have been linked to decreases in effort
as a result of learning as well (Jansma et al. 2001). On the other
hand, signal reductions during retesting have also been ob-
served with fMRI without extensive training between sessions
(Clement and Belleville 2009; Raemaekers et al. 2007; Zand-
belt et al. 2008). These reductions may be related to the novelty
of the mapping stimuli or the scanner environment when
subjects are in the MRI scanner for the first session. Our study
did not include a control group and, to our knowledge, no
studies have addressed the test-retest reliability of BOLD
responses during retinotopic mapping, so no definite conclu-
sions can be drawn regarding this matter.

In conclusion, we have found changes in receptive field
locations and sizes that could return vision to a small portion of
the visual field in patients with cerebral blindness. Although
large increases in visual field were observed in some patients,
we did not observe changes in early visual cortex that could
account for them.
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