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a  b  s  t  r  a  c  t

Transcranial  magnetic  stimulation  (TMS)  continues  to deliver  on  its promise  as  a  research  tool. In  this
review  article  we focus  on  the  application  of  TMS  to early  visual  cortex  (V1,  V2,  V3)  in studies  of  visual
perception  and  visual  awareness.  Depending  on the  asynchrony  between  visual  stimulus  onset  and  TMS
pulse (SOA),  TMS  can  suppress  visual  perception,  allowing  one  to  track  the  time  course  of functional
relevance  (chronometry)  of early  visual  cortex  for vision.  This  procedure  has  revealed  multiple  mask-
ing effects  (‘dips’),  some  consistently  (∼+100 ms SOA)  but  others  less  so  (∼−50  ms,  ∼−20  ms,  ∼+30  ms,
∼+200  ms  SOA).  We  review  the  state  of TMS  masking  research,  focusing  on  the  evidence  for  these  mul-
tiple  dips,  the  relevance  of  several  experimental  parameters  to the obtained  ‘masking  curve’,  and  the
use of multiple  measures  of visual  processing  (subjective  measures  of  awareness,  objective  discrimina-
arly visual cortex
hronometry
onscious vision
nconscious vision
eedback
uppression

tion  tasks,  priming  effects).  Lastly,  we  consider  possible  future  directions  for this  field.  We  conclude  that
while  TMS  masking  has  yielded  many  fundamental  insights  into  the  chronometry  of  visual  perception
already,  much  remains  unknown.  Not only  are  there  several  temporal  windows  when  TMS  pulses  can
induce visual  suppression,  even  the well-established  ‘classical’  masking  effect  (∼+100  ms)  may  reflect
more  than  one  functional  visual  process.

© 2014  Elsevier  Ltd. All  rights  reserved.
ontents

1. Introduction  .  . .  .  .  . .  .  . . .  .  .  . .  .  . . .  .  . . . .  . . .  . . . .  . . . .  . . .  .  . . .  .  . . .  . . .  . . . .  .  . . . . . . .  . . . .  . .  .  . . . . . .  .  . . . . .  . . .  .  . . . .  . . . . . . . .  . . . . .  . . .  . .  .  .  . . . . .  .  . .  .  .  .  . . . . .  . . . . .  . . .  . . . . . 296
1.1.  TMS  masking.  .  .  . . .  .  . . .  . . . .  . . .  .  . . . .  . . .  .  . . .  .  . . . . . . .  .  . . . . . .  .  . . . .  .  .  .  . . . . . .  .  . . . . . . . .  .  . . . .  . . .  . . . . . . . .  . .  .  . . . .  . . .  . . .  . . . .  . . . .  . .  . .  .  .  .  . . .  . . . .  . . .  . . .  .  . .  .  . 296

2.  The  multiple  regions  stimulated  in  TMS  masking  .  . . .  . . .  .  . . . .  . .  . . . . .  . . .  .  .  . .  .  . . . .  . . . . . . . .  . .  . . .  . .  . . . . . .  .  . . . . . .  .  . .  . . .  .  .  . . .  . . . . .  . . . . .  .  .  . .  . .  .  . . .  .  . . . . .  . . 296
2.1.  Conclusion  .  . . .  .  . . .  .  . . . . . .  . . . .  . . .  .  . . .  .  . .  .  .  . .  .  .  .  .  .  . .  .  . . .  .  . . .  .  . . .  . . .  .  . .  .  . .  . . . . .  . .  . . . . . . .  . . . . . . . .  .  . . .  . .  . .  . . .  . .  .  . . . .  .  . .  .  .  . .  .  .  . . .  .  . . . . . .  . . .  .  .  .  .  . .  . . 297

3.  The  multiple  dips  in  the  masking  curve  . . .  .  . . . .  . . . .  . . .  . . . .  . . . . . . .  . . .  . . . . .  . . .  .  . . .  . .  .  . . . . . .  .  .  . . . . .  .  . . . . . .  .  . . . .  . . .  . . . . . . .  . . .  . . .  .  . . .  .  .  . .  . .  .  . . .  . . . . . .  . . . 297
3.1. The  feedforward–feedback  hypothesis . . .  . . .  .  . . .  .  .  . .  . . . .  . . .  . . . .  . . . . .  . . .  .  . . .  . . .  . . .  . .  . . .  . .  . . . . . .  . . .  . . . .  .  . . . . . . .  . . .  . . . . . . .  . . . . . . . . .  .  .  .  .  . . . .  .  .  .  .  297
3.2.  The  ∼30 ms dip  . . . . .  . . . .  . . .  .  . . .  .  . . . . . .  . . .  .  . . .  .  . . .  .  . . .  .  .  . .  . . .  .  .  . .  .  . . . . . . . . . .  . . .  .  . . .  . . . .  . . . . . . .  .  . . . . . .  .  . . . . . . . . . . . . .  .  . . .  . . . . . .  .  . . .  .  .  . . . .  .  . . .  . . .  298
3.3. The  ∼200  ms  dip  . .  .  . . .  . . . . . . .  . . . .  . . .  .  . . .  .  . . . . . . . . . . . . . . .  .  . .  . . . .  .  . . . . . .  . . .  . . . . . .  . . . .  .  . .  . .  .  . .  . . .  .  . . . . . . .  . . . . . .  . . . . . . . . .  . . .  . .  .  .  . .  .  . . . . . . . . .  .  .  . .  .  298
3.4. Conclusion  . .  . . .  .  . . .  . . . .  . . .  .  .  . .  .  . . . . . .  . . .  .  . . .  .  .  . . . . . .  .  . . .  . . .  .  .  . .  . . . . . . .  .  . .  . .  .  . . . . .  . .  .  . . . . . .  . . . .  . . . . .  . . .  . . . .  .  . .  . . . .  .  . . . .  .  .  . . .  .  . . . . . .  . . .  .  .  .  .  . .  . . 299
3.5. The  ‘negative’  dips  . .  . . . . . . . . . . .  . . . .  . . . .  .  . . .  .  . . . . . .  .  . . . . . .  .  . . . .  .  . .  .  .  . .  . . . .  . . .  . . . . . .  . .  . . . . .  . .  . . .  . .  . . . . . .  . .  .  . . . .  . . .  .  . .  .  . . . .  .  .  .  .  . . . . . . .  . . .  . .  .  . .  . .  299
3.6.  The  classical  dip:  ∼100  ms. .  .  . . . . . . . . . .  . . .  .  . . .  .  . . .  . . . . . . .  . . .  . . . . .  . . . . . .  .  .  .  . . . .  . . . . . . .  .  .  .  . . .  . . . . . . .  .  . .  .  . . .  .  . .  .  .  . . .  . . . . . . .  .  . . .  . .  .  . .  .  .  . . . . . .  . . . . 299

3.7.  Conclusion  .  . .  .  . . .  . . . .  .  . . .  .  . . .  .  . . . . . . .  . . . .  . . .  . . . .  . . . .  . . . . . .  .  .  . . . .  . .  . . 

3.8. Two  dips  in  motion  masking  studies  . . . . . . . . . . . .  . . . .  . . .  . . .  . . . . . . .  .  . 

3.9.  Conclusion  .  . .  .  . . .  . . . .  .  . . .  .  . . .  .  . . . . . . .  . . . .  . . .  . . . .  . . . .  . . . . . .  .  .  . . . .  . .  . . 

∗ Corresponding author at: Maastricht University, Faculty of Psychology and Neuroscien
etherlands. Tel.: +31 43 388 1461; fax: +31 43 388 4125.

E-mail address: tom.degraaf@maastrichtuniversity.nl (T.A. de Graaf).

ttp://dx.doi.org/10.1016/j.neubiorev.2014.06.017
149-7634/© 2014 Elsevier Ltd. All rights reserved.
. . .  . .  . . . .  .  .  .  . . . . . .  .  . . . .  .  . .  . . . . . . .  . . . .  . . .  .  . .  . . . . . . . . .  .  . . .  .  . .  . .  .  .  .  . . . .  .  . . . . 300

. . . . . . .  .  . . .  .  .  . . . . . .  . .  .  . . .  .  . . . . .  . . .  . . . . . . . . . .  .  . . . . .  .  . . . . . .  . .  .  .  .  .  .  . . .  .  . . . . .  300

. . .  . .  . . . .  .  .  .  . . . . . .  .  . . . .  .  . .  . . . . . . .  . . . .  . . .  .  . .  . . . . . . . . .  .  . . .  .  . .  . .  .  .  .  . . . .  .  . . . . 300

ce, Department of Cognitive Neuroscience, Oxfordlaan 55, 6229EV, Maastricht, The

dx.doi.org/10.1016/j.neubiorev.2014.06.017
http://www.sciencedirect.com/science/journal/01497634
http://www.elsevier.com/locate/neubiorev
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2014.06.017&domain=pdf
mailto:tom.degraaf@maastrichtuniversity.nl
dx.doi.org/10.1016/j.neubiorev.2014.06.017


296 T.A. de Graaf et al. / Neuroscience and Biobehavioral Reviews 45 (2014) 295–304

4.  Multiple  measures  of  vision:  conscious  and  unconscious  processing  . .  . .  . . .  .  .  .  . . . . .  . .  . . . . .  .  . .  . . .  .  . . . .  . . .  . . . .  . . . . . . .  .  . . . .  . . . . . . . . .  . .  .  .  .  .  . . . .  .  . . . . .  . 301
5.  Revisiting  the  classical  masking  dip  .  . . . . . . .  . . . .  .  . . .  . . . .  . . .  .  . . .  . . .  . . . . . . . . . . . .  . .  .  .  . . .  . . .  . . . . . . .  .  . . .  .  . . . .  .  . . . . . .  . . . . . . .  . . .  . . . .  .  . . .  .  . .  .  . .  . . .  .  . .  . . . .  . . . 302
6. Conclusions  and  future  directions  . . .  . . .  . . .  .  . . . . . . .  .  . . .  .  . . . .  . . .  . . . .  . . .  . . . .  . . . . . .  .  . .  . . . . . . . . . . . . .  .  . . . .  . . .  . . . . . .  .  . . . . . . .  . . . . . . .  . .  .  . . . .  .  .  .  . .  . . . . .  .  . . . . .  302

Acknowledgments  . .  .  . . .  . . . .  .  . . .  . . .  .  . . . .  . . . . . .  . . . .  . . . .  .  . .  .  . . .  .  . .  . . . . .  .  . .  . . . . .  .  .  .  . . .  . .  .  . . . . . .  .  . . . .  .  . .  .  . . .  .  . . .  . .  . . . . . .  .  . . . . . . .  . . . .  . . .  . . . . . .  .  .  .  .  . . . . . .  . 303
Appendix  A.  Supplementary  data . . . .  . . .  .  . . .  .  . . . .  . . .  . . . .  . . .  .  . . . . . .  .  . .  . . . . . .  . . . .  . . .  . . . . .  .  . . . .  . . .  . .  . . .  . . .  . .  .  . . . .  .  . . .  . . . .  .  . .  . . .  .  . . . .  . .  . .  . .  .  . . .  . . . . . .  303

.  . . . .  .

1

w
(
p
c
i
f
c
t
u
i
p
b
W
p
b
o
p
o
2
l
c
i
w
(
m
a
d

1

f
A
a
a
w
w
a
n
a
w
m
m
t

o
n
t
w
p
i
i
v
(

References  .  . . . . .  . . . .  . . .  . . . . . . . . . . .  . . .  .  . . .  .  . . . . . .  . . . .  . . . .  . . .  . . . .  . . . . . . .  

. Introduction

Amassian and colleagues effectively started a new scientific field
hen they used magnetic pulses to disrupt human vision in 1989

Amassian et al., 1989). Transcranial magnetic stimulation (TMS)
ulses are brief and rapidly changing magnetic fields, elicited by a
oil attached to a strong capacitor, which penetrate the skull and
nduce an electric field in underlying brain tissue. The strength and
ocality of the induced field depend on coil characteristics. Round
oils consist of a single wired loop and induce a large field around
heir rim. Today, “figure-of-eight” (also called “butterfly”) coils are
sed more often, since their two adjacent circular windings result

n a relatively focal peak magnetic field. Aside from single TMS
ulses, short bursts of 2, 3 or even more pulses can be applied to
riefly disrupt neuronal processing (for basic TMS  methodology see
assermann et al., 2008). But the more pulses are administered

er trial, the less temporally specific the experimental paradigm
ecomes. And indeed, the potential for temporal specificity is one
f the key values of TMS  as a research tool. The electromagnetic
rocess underlying a single TMS  pulse takes less than a millisec-
nd, but its effects on neurons can last for seconds (Moliadze et al.,
003). Nevertheless, when applied to more robust neuronal popu-

ations, i.e. brain regions, TMS  is considered a useful tool to probe
hronometrically the functional relevance of targeted areas in the
ntact human brain (Pascual-Leone et al., 2000). In the work that

e review here, that targeted area is the human early visual cortex
EVC). As a reference tool, we provide Table S1 (Supplementary

aterial online), which summarizes the stimulation parameters
nd main results of the chronometric TMS  masking studies on EVC
iscussed in this review.

.1. TMS  masking

TMS  was first applied to human motor cortex to success-
ully elicit muscle contractions (Barker et al., 1985). The work by
massian et al. (1989) four years later constituted a significant
dvance for at least three reasons. First, TMS  was applied to probe

 brain region other than motor cortex, namely occipital cortex,
ith very clear behavioral/perceptual effects. Second, their study
as a clear demonstration of the chronometric potential of TMS

s a research tool: they used the brief disruptive effects of mag-
etic pulses to track the role of occipital cortex in visual perception
s a function of time. Third, due to this, something fundamental
as added to our knowledge about human vision, since no other
ethod could show if a brain region was necessary (as opposed to
erely involved) at a particular point in time and for a particular

ask.
In this seminal experiment, TMS  was applied to posterior

ccipital cortex where visual information first reaches the human
eocortex (Amassian et al., 1989). Visual information consisted of
hree letters, presented to the participants on a monitor. The task
as to report as many of the letters as possible. Occipital TMS
ulses were applied at various stimulus onset asynchronies (SOAs)
n relation to the visual stimulus onset. This original TMS  mask-
ng paradigm was thus suited to answer two questions: (1) is early
isual cortex functionally relevant for visual task performance? and
2) at which precise points in time is this the case?
 . .  .  . . . . . . . .  .  . . . . . . .  .  . . .  . .  . . .  . .  . . .  .  .  . . .  . . . .  .  . . . . . . .  .  .  . .  .  .  .  . .  . . .  .  . . . . . .  .  . .  .  303

Results showed that no letters at all were correctly identified
when pulses were applied at 80 or 100 ms  SOA. Nearly all let-
ters were correctly identified when pulses were applied before
60 ms,  or after 140 ms.  Performance was  intermediate at SOAs of
60 and 120 ms.  Thus, a clear “TMS masking curve” was demon-
strated. Besides this important main finding, Amassian et al. (1989)
foreshadowed current interests, addressing in their short research
report a number of additional questions that are intensively inves-
tigated today.

First, they asked whether or not the masking effect is neural in
origin. The magnetic stimulation also elicits muscle contractions in
the neck, and makes a loud ‘clicking’ sound. These factors may  affect
attention, which in turn may  affect performance in visual tasks (e.g.
Duecker et al., 2013). Moreover, a startle response to either of these
factors could elicit eyeblinks, which can affect visual performance.
Amassian et al. (1989) immediately showed that such non-neural
TMS  effects could not fully explain the effects, since moving the
magnetic coil sideways or upward affected the specific letters that
were recognized/reported in exactly the fashion that we should
expect based on known retinotopic organization of visual cortex.
While this demonstrated a neural disruption, it did not prove that
non-neural effects have no influence on the masking curve: each
new TMS  masking experiment must continue to control for possible
non-neural TMS  effects.

The original article also addressed the questions: (1) which pre-
cise brain regions/processes are affected by the TMS  pulses? (2)
which stage of visual processing is affected by TMS? (3) can and do
the pulses affect conscious and/or unconscious vision selectively?
In addition and relation to these questions, more recent TMS  mask-
ing studies have focused on issue (4) is the ‘classical’ TMS  masking
effect around 100 ms  SOA the only temporal stage at which early
visual cortex is functionally relevant for vision?

These questions were prescient, and largely form the founda-
tions of the TMS  masking field today. Here, we aim to provide
an overview of what has been added to this pioneering work in
the last 20 years. We  will focus exclusively on TMS  masking stud-
ies targeting early visual cortex and work related to this. The last
specific TMS  masking reviews that we know of were published
years ago by Kammer (2007, 2008). After that, interesting new
work has appeared, clarifying some issues but raising new ones
as well. Looking ahead, we will discuss how TMS  at quite a few
separate SOAs has been shown to induce visual suppression, how
such findings depend on behavioral measures of visual processing,
and ultimately how even the well-established classical masking
effect first reported by Amassian et al. (1989) may  not constitute a
straightforward stage of processing. In short, the TMS  masking field
has become enriched, and rather complex in the process. Hopefully
this review will provide some handholds in gaining an overview.

2. The multiple regions stimulated in TMS  masking

Before diving into the temporal aspects of TMS  masking
research, it is worth reviewing the spatial domain. After all, while

early studies often aimed to target primary visual cortex (i.e. V1
or striate cortex), today there are a number of approaches to
target the appropriate region, and there is a growing body of evi-
dence concerning which regions are actually stimulated in these
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pproaches. The early studies often used an anatomical landmark
pproach, for example by placing the TMS  coil 1–3 cm above the
nion (e.g. Amassian et al., 1989; Corthout et al., 2002, 2003;
orthout et al., 2000; Corthout et al., 1999a) or over occipital
lectrode sites according to the international 10/20-system (e.g.
eckers and Homberg, 1991). Another procedure is the hunting
ethod. Here the location of the coil is systematically moved (for

nstance along a predefined grid) starting for example from 2 cm
bove the inion, until a location where TMS  pulses produce visual
uppression is found. A large-field visual stimulus can be used to
ocalize the scotoma (as in Kamitani and Shimojo, 1999). A sim-
ler variant of the hunting method is the phosphene localization
ethod (e.g. de Graaf et al., 2012; Silvanto et al., 2005a). It makes

se of phosphenes, i.e. percepts akin to flashes of light, which TMS
pplied over visual cortex elicits in many (though not all) partic-
pants. Phosphenes from EVC TMS  were reported very early on
for instance already by Barker et al. (1985) in an abstract in J
hysiol, 369), and are established not only as an interesting phe-
omenon in their own right but also used as a measure of cortical
xcitability in pathological conditions such as migraine (e.g. Brigo
t al., 2013) or dementia with lewy bodies (Taylor et al., 2011).
n the context of TMS  masking, the phosphene localization method
nvolves systematically moving the coil over posterior occipital cor-
ex (starting e.g. 2 cm above the inion) until a coil position is found
here phosphenes are elicited in a specific retinotopic location.

his method is based on the assumption that the neural popula-
ions that produce phosphenes in a given location of the visual
eld are also crucially involved in processing visual stimuli that
re presented in the same location (an assumption supported by
ndings that TMS-induced phosphenes and scotomas correspond
opographically; Kammer, 1999; Kammer et al., 2005a; Kastner
t al., 1998).

These three methods for positioning the coil successfully elicit
asking effects. Yet which is the exact cortical area that is stim-

lated as a consequence of these localization procedures? This
uestion was  addressed early on, using pre-existing anatomical
nowledge in combination with behavioral findings (e.g. Kamitani
nd Shimojo, 1999; Kammer et al., 2005a; Kastner et al., 1998) or
o-registration with MRI  data (e.g. Potts et al., 1998). Recent studies
sed fMRI-based mapping of visual cortex in individual participants

n combination with modeling of the TMS-induced electric field
n the brain to examine this question (Salminen-Vaparanta et al.,
012b; Thielscher et al., 2010). Salminen-Vaparanta et al. (2012b)
tudied the stimulation site in the anatomical landmark method by
aking use of fMRI-based retinotopic maps of V1 and V2 subareas

nd modeling of the TMS-induced electric field in the retinotopic
ubareas of V1 and V2. They found that when the TMS  coil was pos-
tioned 2 cm above the inion, both V1 and V2 were stimulated, but
here was a great deal of variation between participants. On aver-
ge, the dorsal V2 was the most affected functional area and the
ower visual field areas received the strongest stimulation. For the
unting and phosphene localization procedures, Thielscher et al.
2010) found that V2d was the area most likely responsible for
isual suppression of the stimuli in the lower right visual field.
n addition, they observed that isolated V3 stimulation produced
isual suppression. The modeling of the TMS-induced electric field
or two of the participants in Koivisto et al. (2011b) also showed
learly that the stimulation location defined by the hunting method
or a stimulus in the left or right lower visual field (2 cm above and

 cm lateral from inion) resulted in stronger electric field in the
orresponding retinotopic area in V2/V3 border than in V1.

Even when explicitly aiming to selectively stimulate V1, using

euronavigation to directly target individual functionally-defined
1, modeling of the electric field showed that the TMS-induced
lectric field was stronger in V2 than in V1 for about half of the
articipants in Salminen-Vaparanta et al. (2012b). While it thus
havioral Reviews 45 (2014) 295–304 297

appears to be difficult to selectively disrupt the functioning of V1,
selective stimulation of V2 has been confirmed to induce visual sup-
pression (Salminen-Vaparanta et al., 2012a). Thus, although some
have argued on functional/behavioral grounds that V1 is the stim-
ulated region in at least some experiments (e.g. Juan and Walsh,
2003), these modeling results converge in suggesting that the tra-
ditional anatomical landmark method or hunting methods lead to
equally strong or even stronger stimulation of V2 (perhaps also V3)
than V1. Whether V1 is directly affected as well may depend on
coil positioning and associated eccentricity of the induced scotoma
(Kastner et al., 1998).

2.1. Conclusion

The results of recent modeling studies, which addressed the cor-
tical sites of TMS  masking effects by simulating the electric fields
induced by TMS  pulses in classical TMS  coil positioning approaches,
thus far converge on the following conclusion: it could be a mistake
to attribute the visual suppression effects to disruption of V1 only.
This is important information, since V1 has often been assumed
or reported as the target(ed) region. Of course, especially with
closely neighboring and connected functional regions, it is impos-
sible to say precisely how the induced electric field translates to
neural activity in those regions. For example, stimulation of V2/V3
might still affect V1 through anatomical connections (Kammer
et al., 2005a). Moreover, this line of research should continue, as
more precise and meaningful results will be inevitable with fur-
ther development of both the quality/detail of anatomical brain
scans and technology/sophistication of the computational mod-
els. For the moment it seems safe to conclude that multiple early
visual regions are functionally relevant for visual perception. In the
remainder of this review we  refer to ‘early visual cortex’ (EVC) as
the TMS-disrupted site in masking studies.

3. The multiple dips in the masking curve

Amassian et al. (1989) found one large dip in the TMS  masking
curve. By ‘dip’ we  mean a disruption of visual task performance (in
graphs generally visualized as a downward deflection from base-
line of task performance or visibility report - hence ‘dip’). The dip
found by Amassian et al. (1989) we  have referred to as the ‘clas-
sical dip’ (de Graaf et al., 2011a,b, 2012), because this masking
effect around 100 ms  SOA has been replicated in every TMS  masking
study that we  know of. Clearly, something fundamental happens in
early visual cortex around +100 ms,  and it is very susceptible to
TMS pulses. But the exact timing of the dip around +100 ms  varies
between experiments. Moreover, one should question whether this
is the only temporal stage in which early visual cortex is function-
ally relevant for conscious vision.

3.1. The feedforward–feedback hypothesis

Visual information passes early visual cortex on its way  to the
rest of the brain along several pathways (e.g. DeYoe et al., 1994;
Felleman et al., 1997). This first pass-through can be referred to as
a ‘feedforward sweep’ (Lamme  and Roelfsema, 2000). But according
to various psychological and neurobiological models (Bullier, 2001;
Lamme, 2001; Lamme et al., 2000; Pollen, 2003), a feedback signal
to early visual cortex might be functionally relevant for vision as
well. This recurrent signal could be important to ‘check’ processing
results with the input (Bullier, 2001; Di Lollo et al., 2000), to fill in
the finer details of the visual image (Hochstein and Ahissar, 2002),

or be responsible for visual awareness of the stimulus (Lamme,
2001; Lamme  et al., 2000). Whichever particular theory on the role
of recurrent processing is correct, a ‘feedforward–feedback hypoth-
esis’ might be considered to predict not one, but at least two dips in
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he TMS  masking curve. In what follows directly below, we consider
tudies using static visual stimuli.

.2. The ∼30 ms dip

Corthout et al. (1999a,b, 2002, 2003) reported that TMS  pulses
round 20–40 ms  have an effect on visual task performance. This
eems an interesting yet odd dip. For example based on visual
voked potential (VEP) studies it has often been assumed that visual
nputs do not arrive at EVC until around 50–60 ms  post-stimulus
Baseler and Sutter, 1997; Vanni et al., 2004; Di Russo et al., 2002).
owever, although a strong response to visual input in human EVC

eems to arise around that time, invasive recordings in monkeys
Celebrini et al., 1993; Cowey, 1964; Knierim and van Essen, 1992)
nd humans (Wilson et al., 1983) indicate that the earliest activ-
ty in V1 can start before this. And independent evidence suggests
hat around 100 ms  SOA, recurrent activation of V1 can already take
lace (see below). Lamme  and Roelfsema (2000) and Lamme  et al.
1998) moreover provided evidence that two distinct periods of
ctivity in V1 may  occur, of which the first could start as early as
0 ms.  So, hypothetically, a first masking dip at around 20–40 ms
ould reflect a feedforward stage of visual processing, while the
lassical 100 ms  masking dip could reflect feedback processing.

On the other hand, there do not seem to be many replications of
his early dip. That seems strange if 20–40 ms  TMS pulses disturb
n automatic feedforward process: all information is always fed
orward, so disruption of feedforward activity should be an effect
hat is found relatively easily and without much dependence on the
isual stimuli or other experimental parameters. Kammer (2008)
eviewed the evidence for the ‘early’ dip around 20–40 ms  and
ound it inconclusive. He speculated that perhaps inter-individual
ifferences in (functional) anatomy could explain why only some-
imes the early dip is found. Perhaps stimulation of precisely V1
rather than V2/V3) might be necessary for the early dip and so the
arly dip could only be found in participants whose primary visual
ortex lies relatively close to the surface. But a recent experiment
argeting specifically V1 with the aid of fMRI-based mapping of
isual cortex also failed to reproduce the 20–40 ms  dip (Salminen-
aparanta et al., 2012b).

Paulus et al. (1999) found a TMS  masking effect at 15–45 ms  that
as separate from a second dip at the classical window around

00 ms.  They found this early dip, however, only for achromatic
timuli, and not chromatic stimuli, in the same observers. They
nterpreted their data in relation to magnocellular and parvocellu-
ar pathways, noting that both pathways are involved in achromatic
timuli, but only the parvocellular pathway is involved in chro-
atic stimuli. Magnocellular signals are known to be transmitted

aster through the early visual areas than parvocellular signals (e.g.
owak et al., 1995). Maybe the early dip could thus be a “magno-
ip” and the classical dip a “parvo-dip”? Or perhaps the early dip is
nly found when stimuli are specifically tuned to massively involve
he magnocellular pathway. Corthout et al. (1999a,b, 2002, 2003)
ound behavioral impairment around 20–40 ms  several times, but
ot always as a ‘separate’ dip (i.e. sometimes ‘fused’ with other
ips). Paulus et al. (1999) found it, and Kammer et al. (2003) found

t in one subject out of three. We  have previously tested for it
nd failed to replicate (de Graaf et al., 2011b; Jacobs et al., 2012b)
ystematically, although when using simple achromatic orienta-
ion stimuli we recently did find some (yet inconclusive) evidence
or TMS-induced suppression at +20 ms,  in a subset of participants
unpublished results). Overall, null results here are difficult to gen-
ralize (de Graaf and Sack, 2011) and positive results must be duly

redited.

In (intermediate) conclusion, the 20–40 ms  dip seems elusive,
ossibly dependent on stimuli, and not straightforward to inter-
ret. We  will see below (see The ‘negative’ dips) that TMS  pulses
havioral Reviews 45 (2014) 295–304

applied prior to stimulus presentation also affect visual perfor-
mance, showing that TMS  can affect visual processing also when
applied before online processing of the visual stimulus has begun.
If that is possible, then our lack of an unambiguous a priori inter-
pretation of a 20–40 ms  dip should not refrain us from investigating
this potential dip further.

3.3. The ∼200 ms dip

Consistent with the feedforward–feedback hypothesis are
reports of a TMS  masking dip after the classical masking window
around 100 ms:  such findings lend themselves to interpretation of
the classical dip as a feedforward stage of processing while the later
dip could reflect feedback processing.

Recently, a second masking dip at 220 ms  SOA, clearly separated
from the classical dip, was  reported (Camprodon et al., 2010). The
participants performed forced-choice discrimination between nat-
ural images of birds and large mammals. This essentially constitutes
a categorization task, arguably ‘higher-order’ than for example
orientation discrimination tasks. Koivisto et al. (2011a) also lent
support to the feedforward–feedback hypothesis. Using a task of
categorizing visual natural scenes (animals vs. nonanimals), they
targeted EVC and lateral-occipital cortex (LO: a higher-order ven-
tral stream region). EVC was functionally relevant (the classical dip)
before LO, and still functionally relevant after LO started around
150 ms  to become functionally relevant. Although two separate
EVC dips were not observed, the pattern of results was not in line
with a fully feedforward account, which cannot explain why early
visual cortex should be functionally relevant after visual inputs
have already reached LO. Evidence that feedback signals to early
visual cortex can indeed modulate (conscious) perception in inter-
action with TMS  pulses was  provided earlier (Ro et al., 2003). More
recently, Wokke et al. (2013) showed that, for an illusory stimulus,
EVC was  functionally relevant only in a later stage (160–182 ms)
than LO was functionally relevant (100 ms).

Previously, Heinen et al. (2005) found two dips, one (just) within
the classical window starting at 130 ms, one quite late starting
at 250 ms.  Their study focused on figure-ground segregation pro-
cesses, and their rather late ‘classical’ effect from 130 to 160 ms
is perhaps not so straightforwardly connected to TMS masking
effects using more generic visual stimuli and tasks (see also Wokke
et al., 2012). Taken together, these various studies suggest that EVC
may  be functionally relevant at a late stage when more ‘complex’
or ‘higher-order’ visual processes are required. In support of this
conjecture, Juan and Walsh (2003) found that double-pulse TMS
over EVC impaired visual search of single features at 80/120 ms,
whereas search of feature conjunctions was impaired by TMS
applied 200/240 ms  after stimulus onset. Testing 100–450 ms  SOAs,
Dugué et al. (2011) found that attention-demanding serial visual
search was impaired when TMS  was applied over early visual cor-
tex 300 ms  after the onset of the stimulus array, whereas TMS
had no effect on more automatic parallel search. Koivisto and
Silvanto (2012) extended these findings by suggesting that the late
V1/V2 activity period after 200 ms  does not necessarily reflect the
requirement of serial visual search through a complex display but
generalizes also to a situation that is more specific to feature bind-
ing.

Attempts to replicate the late ∼200 ms  masking dip with simple
forms or other simple static stimuli have not appeared successful
so far (Jacobs et al., 2012a,b; Koivisto et al., 2012; Railo and Koivisto,
2012). For example, a recent study by our group applied single TMS
pulses across the identical post-stimulus temporal range measured

by Camprodon et al. (2010) and with identical resolution, dur-
ing visual discrimination of symbolic arrow stimuli (Jacobs et al.,
2012a). The classic masking dip was  clear, but no TMS effects
after 120 ms  were observed. Thus, it seems that the late dip can
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e produced only with rather complex stimuli and/or tasks that
equire figure-ground segregation (Camprodon et al., 2010; Heinen
t al., 2005) or feature binding/conjunction search (Dugué et al.,
011; Juan and Walsh, 2003; Koivisto and Silvanto, 2012). See also
hambers et al. (2013) and Allen et al. (2014) for more recent
emonstrations of late TMS-induced visual suppression effects.

.4. Conclusion

While the latter postulation does lend support to the
eedforward–feedback hypothesis, it also suggests that the
eedforward–feedback framework in the current context may  need
o be refined. It has been suggested that much processing occurs
ithin 100 ms  from stimulus onset, involving perhaps multiple

oops of feedforward–feedback (e.g. Bullier, 2001; Corthout et al.,
003; Foxe and Simpson, 2002; Juan and Walsh, 2003). Rather than
rying to decide whether the classical dip is either feedforward
r feedback, and which secondary dips then constitute the alter-
ative, it may  be more useful to consider whether there are not
ultiple stages at which EVC is functionally relevant and to begin

robing the conditions under which these stages appear in TMS
asking contexts. As a case in point, a recent study showed that
hen peripheral stimuli had to be compared, even though TMS
ulses targeted foveal cortex, the contribution of EVC was  neces-
ary for accurate performance as late as 350–400 ms (Chambers
t al., 2013). In conclusion, EVC may  be crucial in various stages
f visual processing over hundreds of milliseconds, depending on
timulus and task parameters.

.5. The ‘negative’ dips

When occipital TMS  pulses are applied prior to the visual stimu-
us onset (i.e. at negative SOAs), effects on visual task performance
ave also been reported. Corthout et al. (1999a,b) found that
MS pulses prior to visual stimuli could impair performance. The
lassical masking effect and a pre-stimulus masking effect have
een compared to paracontrast and metacontrast visual masking,
espectively (Breitmeyer et al., 2004). But in subsequent work,
orthout et al. (2000) postulated two pre-stimulus (i.e. negative)
ips, which they dubbed “dip0” and “dipX”. Corthout et al. (2003)
eported these dips to be separable. Dip0 was around −50/−40 ms,
ipX was around −10 ms.

The conceptual problem with negative dips is twofold. First, if
isual inputs will arrive to occipital cortex tens of milliseconds after
he TMS  pulse, how can the pulse disrupt vision? Second, eye blinks
ith various degrees of severity can be induced by occipital TMS,

or instance as a startle-reflex to muscle contractions or the loud
licking noise. Eye blinks during or around stimulus presentation
ould obviously confound the data.

The potential contribution of TMS-induced eye blinks to the neg-
tive dip has been examined in three ways. First, based on the
riginal logic from Amassian et al. (1989), it is possible to test
hether or not the negative dip is retinotopic. For the ∼−50 ms
egative dip, this did not seem to be the case (Corthout et al., 2003;

acobs et al., in press). Second, one may  study when eye blinks
nterfere with visual processing, and how long it takes for an eye
link to be elicited by a TMS  pulse. Stimulation of the facial nerve
resulting in reflex blinking) could affect visual discrimination of
etters presented within an SOA corresponding to dip0 (∼−50 ms)
ut not dipX (∼−10 ms)  (Amassian et al., 1998). Eye-tracking stud-

es with occipital TMS  also suggest that blinking could principally
xplain the −50 ms  masking effect (measuring the latency of ‘pupil-

overing’ after a pulse) (Corthout et al., 2000, 2011). From this,
orthout et al. (2011) recently concluded “that dip0 is almost cer-
ainly caused by pupil covering and that dipX is almost certainly not
aused by pupil covering” (p. 248). However, even if eye blinks do
havioral Reviews 45 (2014) 295–304 299

contribute to a masking dip this does not exclude the possibility of a
concurrent neural effect. And so as a third approach, eye blinks can
be measured and trials with blinks simply eliminated from the data
to evaluate whether visual suppression still takes place at negative
SOAs. Our lab recently replicated the negative dip at a broad range
of SOAs (from −80 to −40 ms)  and used electro-oculography (EOG)
to measure eye muscle activations during a TMS masking experi-
ment. Removing trials with eye blinks did reduce the average extent
of visual suppression by TMS, but negative SOAs still showed signif-
icant masking effects (Jacobs et al., 2012b). Only one large negative
dip was found, which was  variable in latency across the partici-
pants, so the postulated dip0 and dipX were not separated. But all
this work does suggest that at least some pre-stimulus masking
(negative dip) is possible. We  recently demonstrated, using TMS
over a range of TMS  intensities at SOAs of +90 ms  and −25 ms,  that
the pre-stimulus masking effect can be detected using orientation
stimuli (de Graaf et al., 2011a). In a new study, we moreover showed
that these TMS  masking effects at an SOA of −20 ms  are retinotopi-
cally specific, while TMS  masking at an SOA of −50 ms  involved
non-specific effects (Jacobs et al., in press).

How can we explain these TMS  masking effects? At post-
stimulus (positive) SOAs, TMS  presumably affects the signal-
to-noise ratio of online visual information processing (see
Reichenbach et al., 2011, and for a general recent review see
Miniussi et al., 2013). A recent computational model of TMS-
induced suppression of local visual circuit responses could
reproduce in large part the classical masking effect but showed
no suppression for pre-stimulus (‘negative’) SOAs (Miyawaki et al.,
2012). A fundamentally different suppression mechanism must
occur for negative SOAs. In de Graaf et al. (2011a), we suggested
that while post-stimulus TMS  pulses disrupt the signal-to-noise
ratio (SNR), pre-stimulus TMS  pulses may  put occipital cortex
in a particular state that is not conducive to future information
processing. We  speculated that this may  involve a modulation of
intrinsic brain oscillations in the visual system’s natural frequency
band (alpha-band: ∼8–12 Hz) (Jacobs et al., 2012a,b) since previ-
ous work showed that the power (Thut et al., 2006) and phase
(Busch et al., 2009; de Graaf et al., 2013; Mathewson et al., 2009)
of ongoing parieto-occipital alpha oscillations determine visual
task performance. Other (potentially related/coinciding) neural
accounts of the pre-stimulus masking dip that have been suggested
are interference with expectation or attentional processing prior
to stimulus onset (Laycock et al., 2007) and extension of the TMS
effect into lower level (sub)cortical visual areas either via recur-
rent connections (Stevens et al., 2009) or anthrodromically through
feedforward connections (Cowey, 2008). These various explana-
tions are not mutually exclusive, but further work is required to
probe their contributions.

3.6. The classical dip: ∼100 ms

In the TMS  masking literature, there is one dip that is clear
and uncontested: the classical dip around +100 ms.  Amassian et al.
(1989) initially supposed that the masking curve delineated the
timing of information entering and exiting EVC; an interpreta-
tion both elegant and straightforward. Perhaps because of this, the
classical masking dip is fairly undifferentiated in the current TMS
masking literature. There are a limited number of studies focusing
on how various factors (e.g. TMS  coil shape, TMS  intensity, occipi-
tal targeting method, visual stimulus type) affect parameters of the
classical dip (e.g. width of the curve, onset of the curve, peak mask-
ing latency, recovery of performance). For example, early studies

explored the effect of TMS  intensity on the width of the masking
curve. Beckers and Homberg (1991) reported that increasing TMS
intensity leads to an earlier onset of the masking curve (see also
Corthout et al., 2000; Kammer et al., 2005b). More recently, we
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xplored how intensity affects the findings when focusing on cer-
ain SOAs of interest and measuring both objective and subjective
isual performance: both were similarly affected for both nega-
ive and classical SOAs; see de Graaf et al. (2011a) and Jacobs et al.
in press). In an exploratory study with a ‘sensitive paradigm’ we
btained at least two closely neighboring masking dips within the
lassical dip, with performance returning to baseline in-between
de Graaf et al., 2011b). Other parameter explorations have included
he effect of stimulus or background luminance on masking onset
atency (e.g. Kammer et al., 2005b; Masur et al., 1993; Miller et al.,
996: with increasing luminance masking starts at earlier SOAs),
nd even the effect of perceptual learning on TMS  masking (Neary
t al., 2005). Recent studies have also indicated that the type of stim-
lus can have an effect on the latency of the classical dip. de Graaf
t al. (2012) in a within-subject design obtained an earlier peak
asking latency when presenting gratings as compared to faces.

uperimposing these stimuli in a follow-up measurement did not
eplicate this difference, yet suggested slower recovery of the mask-
ng curve when subjects performed a task on the faces information,
s compared to focusing on the gratings in the same superimposed
mages. Koivisto et al. (2011b) found in a between-subjects design

 similar slower recovery for ‘higher-order information’, this time
or judgments of symbolic arrow direction as compared to the ori-
ntation of bars.

.7. Conclusion

In sum, there is a growing body of evidence that the details of
he classical masking effect can depend on experimental parame-
ers. Moreover, on reflection a window spanning 60 ms  to 140 ms
OA is so broad, it seems implausible that one simple and same
rocess is going on in all the TMS  masking studies addressing the
lassical masking effect. New evidence supports a growing intuition
hat the classical masking effect is not a straightforward one-stage
rocess of early visual cortex passing on visual inputs. Moreover,
brahamyan et al. (2011) showed that when the intensity of TMS  is

ust below phosphene threshold, visual task performance can actu-
lly be improved rather than impaired, whereas masking occurs
ith higher than phosphene threshold intensities. Thus, weak

ntensity TMS  pulses bring the activation of neurons closer to the
etection threshold, whereas strong pulses decrease the detection
f sensory events, suggesting nonlinearity in the input response
unctions of the neurons. Not only the role of EVC around 100 ms,
lso the effect of a single TMS  pulse may  be more complex than
onventionally considered. In sum, a focus on the classical dip as
ither the feedforward stage or the feedback stage in the context
f the feedforward–feedback hypothesis, and an interpretation of
MS  pulses as simply inducing a transient ‘virtual lesion’, may  have
een overly simplistic. Increased complexity holds the potential
or increased insights into brain and early visual processing, which

akes the reviewed findings both intriguing and promising. Before
onsidering the classical masking dip further, another body of rel-
vant literature should be considered.

.8. Two dips in motion masking studies

We  have been liberal with our use of the ‘feedforward–feedback
ypothesis’, referring to a collection of theories that have one thing

n common: EVC is functionally relevant not only when information
rst reaches it, but also afterwards, when information feeds back
o it from higher-order areas. The most straightforward type of evi-
ence for this scenario would come from a pattern of TMS  results in
 specific task where 1) early visual cortex is shown to be relevant,
) a higher-order visual region is shown to be relevant after this, 3)
arly visual cortex is again shown to be functionally relevant after
he functionally relevant window of the higher-order region. To test
havioral Reviews 45 (2014) 295–304

this particular framework, two  visual areas need to be stimulated
in the same subjects: early visual cortex and a higher-order visual
region that can be targeted by TMS.

One candidate higher-order region for demonstrating the
feedforward–feedback cycle between EVC and extrastriate cortex
is the human motion area V5, or hMT. Pascual-Leone and Walsh
(2001) used two TMS  coils, one targeting hMT  and one target-
ing EVC. TMS  over hMT  induced moving phosphenes. EVC was
then stimulated at various SOAs around the hMT stimulation pulse.
Interestingly, a TMS  pulse to EVC (below phosphene threshold),
when applied some 30–40 ms  after the pulse to hMT, abolished the
apparent movement of the phosphenes or abolished the moving
phosphenes altogether. This indicated that some form of recurrent
signals from hMT  to early visual cortex were actually necessary for
the visual awareness of moving phosphenes to arise. Silvanto et al.
(2005a) also stimulated hMT, but with a subthreshold pulse (which
in isolation did not lead to any, moving or otherwise, phosphenes)
and early visual cortex with a suprathreshold pulse. Suprathresh-
old pulses to early visual cortex in isolation led to stationary
phosphenes, but when they were preceded (by some 10–50 ms)  by
subthreshold hMT  stimulation the phosphenes took on hMT  char-
acteristics: they became bigger and were moving (Silvanto et al.,
2005a). Thus, the backprojections could determine the content of
the conscious visual experiences.

These studies showed that feedback per se is necessary for
moving phosphenes perception, and that feedback per se can code-
termine the contents of conscious perception. But these results do
not yet validate the feedforward–feedback hypothesis for regular
visual perception. Silvanto et al. (2005b) asked subjects to report
awareness of motion dot displays, while applying TMS to EVC or
hMT  across a range of SOAs. EVC was functionally relevant first,
then hMT  was  functionally relevant but EVC was  not, and subse-
quently, EVC was again functionally relevant in a second, distinct
masking dip. In both time windows when EVC was functionally
relevant, hMT  was not. In this scenario, the first EVC masking dip
could represent a feedforward stage, and the second EVC mask-
ing dip must represent a feedback stage. hMT does its functionally
relevant processing in-between.

It would be valuable to directly relate such motion masking
findings to the multiple masking dips reported in stationary mask-
ing experiments. Unfortunately, studies with two separate dips in
motion perception (Koivisto et al., 2010; Silvanto et al., 2005b) have
often triggered the TMS  pulses in relation to stimulus offset. And
since the stimulus durations were determined separately for each
individual participant, TMS  latencies cannot be straightforwardly
translated to SOAs. If we  do calculate the SOAs for stimuli with an
average duration (67 ms)  in Koivisto et al. (2010), the SOA for the
early EVC dip was 87 ms and for the late EVC dip it was 127 ms.  The
early dip, hypothetically corresponding to the feedforward stage,
thus falls clearly into the time window of the “classical dip”, while
the later dip, hypothetically corresponding to recurrent feedback,
seems to parallel the end part of the classical dip. This might suggest
that the classical dip cannot be said to reflect one of these stages,
but in itself contains several stages. More on this conjecture below.

3.9. Conclusion

Whereas TMS  masking began with a single masking effect
around +100 ms  SOA, the field today is focusing on a range of tem-
poral stages. More research is required to understand precisely
under which experimental conditions the early 20–40 ms dip can
be found, and in which paradigms the late ∼ + 200 ms  obtains.

The former remains elusive, yet the latter appears to reflect a
relatively advanced functional stage of processing; perhaps early
visual cortex receiving task-relevant recurrent projections from
higher-order regions such as parietal cortex. After early reports
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y Corthout et al. (see references above) interest in negative dips
as recently renewed, since TMS-induced eye blinks cannot explain
ll negative (TMS pulses applied prior to visual stimulus) masking
ffects. Finally, ongoing research aims to delineate how experi-
ental parameters affect the classical masking effect. There are

ncreasing indications that there is more to this temporal stage than
as initially supposed. We  return to that theme below.

. Multiple measures of vision: conscious and unconscious
rocessing

Amassian et al. (1989) already noted that sometimes partici-
ants were correct in their identification of the presented letters,
ven though they reported that they did not consciously perceive
he letters. “Such reports hint at a dual process, the first registering
he letters at an unconscious level and the second rapidly entering
onsciousness but more susceptible to the MC  pulse” (Amassian
t al., 1989, p. 460). This remark foreshadowed the current inter-
st in the role of EVC in conscious awareness versus unconscious
nformation processing. Only recently have TMS  masking stud-
es begun to incorporate multiple measures of visual processing,
ncluding direct subjective report of conscious perception, forced-
hoice behavioral tasks, and (un)conscious priming effects.

Ro et al. (2004), Jolij and Lamme  (2005), and Boyer et al. (2005)
rst addressed the issue systematically, optimizing the TMS  mask-

ng paradigm to simulate ‘blindsight’. Blindsight patients have
esions in the primary visual cortex, resulting in scotomas, or con-
cious blind spots, in their visual field (Weiskrantz, 1996). Even in
he absence of conscious perception these patients can relatively
ccurately process some information about stimuli presented in
he blind areas, such as motion direction or the location of stimuli.
o et al. (2004) showed in normal participants that, when TMS
ulses to early visual cortex successfully masked visual stimuli,
hese stimuli could still affect saccades (see Christensen et al.
2008) and Ro (2008) for effects on reaching movements). Jolij
nd Lamme  (2005) showed that TMS  suppression of the visibility
f emoticons (subjects could not localize the emotional emoti-
on in an array of neutral emoticons) did not necessarily abolish
rocessing of the emotional content (subjects could still indicate
hether the emoticon was ‘sad’ or ‘happy’), demonstrating ‘affec-

ive blindsight’ in normal observers. Boyer et al. (2005) directly
ssessed the subjective experience of subjects (“did you see the
rientation of the bar, yes or no”) on every trial, and assessed
n trials without subjective awareness of the stimuli to what
xtent objective information processing was effective (“forced-
hoice guess: was the bar horizontal or vertical?”). Five subjects
erformed highly accurately on the forced-choice task, even though
hey reported no conscious percept of the orientation on those
rials. The same was found for color judgments (Boyer et al.,
005).

These results seemed to emulate blindsight, suggesting that
arly visual cortex is necessary for conscious perception but not
nconscious processing of orientation and color stimuli. But the
xperimental paradigm in Boyer et al. (2005) has since been
xtended in terms of experimental controls and behavioral meas-
res. It has been suggested that some additional control conditions
ould more clearly demonstrate whether discrimination perfor-
ance without reported awareness was affected by TMS  (Koivisto

t al., 2010). Indeed, in our own efforts concerning this issue,
e have been able to replicate the finding that subjects perform

bove-chance on trials where they do not consciously report see-

ng the stimulus (de Graaf et al., 2011a; Jacobs et al., 2012b). Yet,

e generally found above-chance performance without reported
onsciousness also for no-TMS trials and SHAM (placebo) TMS
rials. Such observations illustrate the need for further control
havioral Reviews 45 (2014) 295–304 301

conditions. Without them, TMS-induced blindsight results may
be explained by a difference in sensitivity of the two measures
of visual processing. In fact, a very recent investigation used sig-
nal detection theory analysis to directly address this issue. In a
series of experiments, Lloyd et al. (2013) showed that when a
response bias-free measure such as d-prime (d′) was used, no
dissociation remained between forced-choice task performance
(‘objective measure of vision’) and yes-no awareness reports (‘sub-
jective measure of vision’). When it comes to judging the possibility
of TMS-induced blindsight, it would be good to confirm this null
result in further studies using a variety of experimental parame-
ters and stimuli. Moreover, it is unclear what to make of studies that
found condition-dependent ‘TMS-induced blindsight’. Either way,
Lloyd et al. (2013) clearly demonstrated that response bias needs
to be considered and eliminated in this type of work. A very recent
contribution did indeed control for response bias, and neverthe-
less found above-chance visual task performance to be dissociated
from conscious vision (Allen et al., 2014). They moreover used two
sets of stimuli, of which one could bypass the retinotectal pathway
sometimes thought to underlie TMS-induced blindsight. This clever
experiment demonstrates how these questions remain of interest
today, and how innovations in the masking paradigm still yield new
insights.

Thus, the earlier pioneering reports inspired future studies to
incorporate multiple measures of visual processing. We have gen-
erally employed two measures of vision, one subjective (e.g. a
stimulus visibility rating on a four-point scale) and one objective
(e.g. 2-alternative forced-choice—2AFC). We  evaluated across SOAs
(de Graaf et al., 2011b, 2012; Jacobs et al., 2012a,b), or TMS  pulse
intensities (de Graaf et al., 2011a; Jacobs et al., in press), whether
TMS  differentially affected subjective reports or objective perfor-
mance. We  have generally found a strong correspondence between
TMS  effects on both the objective and subjective measures (see
also Koivisto et al., 2014), suggesting that TMS  pulses affect visual
processing holistically. We  hypothesized that perhaps objective-
subjective disruption dissociations would only become apparent at
certain TMS  intensities, for example if conscious-related processes
in EVC are more susceptible to TMS  disruption than unconscious-
related processes. Yet, for TMS  at −25 ms  and +90 ms  (de Graaf et al.,
2011a) as well as −50 ms  and −20 ms  (Jacobs et al., in press), effects
were nearly identical for both measures of vision across a wide
range of intensities.

But the fact that vision as a whole is affected by TMS  does
not preclude the possibility that unconscious processing remains
when conscious perception is wholly abolished. To investigate this
issue, behavioral performance in trials without conscious percep-
tion must be evaluated as in Ro et al. (2004), Jolij and Lamme (2005),
and Boyer et al. (2005). In one recent report, we found significant
above-chance performance in unconscious trials for some SOAs
(−40 ms,  +80 ms,  +100 ms)  but not in others, suggesting that per-
haps the ‘TMS-induced blindsight’ effect may  depend on the timing
of TMS  pulses (Jacobs et al., 2012b). Koivisto et al. (2010) examined
the issue for motion stimuli. Replicating the core findings from
Silvanto et al. (2005b), they stimulated early visual cortex in the
‘early’ and ‘late’ time windows, with hMT  in-between, finding again
that early visual cortex was functionally relevant in both time win-
dows. But while Silvanto (2005b) implemented only a subjective
‘conscious’ measure, now an objective ‘unconscious’ 2AFC discrim-
ination task was  included as well. Interestingly, performance on
trials in which visual awareness of motion direction was absent was
above-chance for no-TMS trials and for an ‘early’ masking window
(i.e. 20 ms  stimulus offset asynchrony), but was at chance-level for

a ‘late’ masking window (i.e. 60 ms  stimulus offset asynchrony; on
average 127 ms  SOA), suggesting that in this paradigm the feed-
back was required for both conscious and ‘unconscious’ processing
of motion.
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Some studies include still another measure of visual processing.
ack et al. (2009) presented subjects with symbolic arrow primes
pointing to the left or to the right), which were meta-contrast

asked. Even when thus not consciously perceived, the arrow
rimes generally improve performance when subjects discrimi-
ate the pointing-direction of the target arrows (Vorberg et al.,
003). If TMS  in the classical masking window affects only con-
cious processing, this symbolic response priming effect should
emain unaffected by TMS. Yet, TMS  at SOAs from 60 to 100 ms  abol-
shed response priming. Koivisto et al. (2012) in a similar paradigm
ested a wider range of SOAs. They could show that TMS  over EVC
educed unconscious priming at SOAs from 30 to 90 ms,  whereas
onscious recognition of (unmasked) primes was impaired at SOAs
rom 30 to 180 ms.  Importantly, TMS  over lateral occipital cortex
LO) impaired unconscious priming at SOAs from 90 to 120 ms
although only when the task was fresh), suggesting that uncon-
cious priming relied on a linear feedforward sweep from V1 to
igher areas. These results suggest that the end part of the classical
ip (around 120 ms)  was, at least in this particular study, related
pecifically to conscious perception, and that this late part may
ave reflected feedback processing from higher areas because LO
as functionally relevant well before the classical dip had ended. A

ecent study by Persuh and Ro (2013) provided further support for
he dependence of unconscious shape priming on EVC within the
ime frame of the classical dip.

Railo et al. (2012) studied processing of colors and found no
onsciousness-specific suppression of chromatic stimuli by occip-
tal TMS  in TMS  windows up to 100 ms.  Conscious color detection,
orced-choice color discrimination, and unconscious color prim-
ng were all abolished by TMS  over EVC. Lastly, Koivisto et al.
2011b) tested the effects of occipital TMS  on subjective (conscious)
nd objective (forced-choice) processing of two types of stimuli,
ymbolic arrow stimuli and orientation stimuli. TMS  affected both
onscious and unconscious processing of symbolic stimuli in the
ame classical time windows (from 60 to 120 ms). But for the ori-
ntation stimuli, TMS  specifically suppressed conscious processing
rom 90 to 120 ms,  thus again at the ‘later part’ of the classical mask-
ng window. In a different paradigm, we also noted that occipital
MS  in late classical SOAs (110–130 ms)  affected the processing of
ne type of visual stimulus (faces) but not orientation stimuli (grat-
ngs). Here, both types of stimuli were superimposed and only the
ask differed (experiment 2 in de Graaf et al., 2012). An idea set forth
n Koivisto et al. (2011b) could similarly explain both datasets, as

ell as several related findings discussed above. That idea requires
einterpretation of the classical dip.

. Revisiting the classical masking dip

We  observed several times above that the classical dip, spanning
s broad a period as 60–140 ms  SOAs, may  not reflect a single stage
f processing. Our current hypothesis is that the classical masking
ip essentially contains two stages (Koivisto et al., 2011b; de Graaf
t al., 2012; Miyawaki et al., 2012). The first part of the masking
urve (i.e. until 90–100 ms)  represents a feedforward stage of activ-
ty, in which early processing stages relevant for both conscious
nd unconscious vision, and presumably relatively independent
f stimuli, tasks and context take place. But soon after this, local
ecurrent activity within EVC and between EVC and extrastriate
reas commences, in the second part of the classical masking dip
i.e. ∼100 ms  to ∼130 ms), potentially determining the contents of
isual awareness (Koivisto et al., 2011b) and potentially susceptible

o attentional/task demands (de Graaf et al., 2012). The involvement
f feedforward activity in the early part and recurrent processing
n the late part of the masking curve is supported also by the study
f Emmanouil et al. (2013) who found that bottom–up (saliency)
havioral Reviews 45 (2014) 295–304

and top–down (attentional set) factors influenced differently the
early and late parts of the masking curve that resembled the classi-
cal masking dip. In addition, the TMS  studies (Koivisto et al., 2010,
2012, 2014; Silvanto et al., 2005b) which have stimulated EVC and
higher cortical areas across SOAs during the same task have shown
that the higher areas start to play a functional role around 90 ms
after stimulus-onset, that is, in the middle of the classical dip. This
pattern indicates that the hierarchically higher areas are activated
before the critical contribution of EVC has been accomplished, sug-
gesting that it temporally plausible that the higher areas modulate
the EVC activity in top-down manner during the time-window of
the classical dip.

Electrophysiological recordings in animals (Lamme  and
Roelfsema, 2000) and humans (Boehler et al., 2008; Liu et al.,
2009) show that the feedforward sweep reaches the highest extra-
striate areas within about 100 ms  and is immediately followed
by recurrent processing in V1 about 100–120 ms  after the onset
of visual stimulus. It is possible that these recurrent processes
may  be involved with ‘high-resolution’ vision (e.g. Bullier, 2001;
Hochstein and Ahissar, 2002). If the stimulus or task requires
such high-resolution information, the latter part of the classical
masking dip will appear (the crucial recurrent processes are
disrupted), while it is ‘missing’ when these recurrent processes
are not necessary for a given stimulus/task. Alternatively, or in
addition, recurrent processes taking place around 100–130 ms
may  be required for the establishment of conscious vision but not
for forced-choice task performance (as in the results of Koivisto
et al., 2011b, 2012) although this may  depend on the stimuli used
(e.g. Koivisto et al., 2010, 2011b).

More generally, a two-stage classical suppression effect was
proposed on the basis of numerical simulations using computa-
tional models of local circuits in early visual cortex (Miyawaki
et al., 2012). Miyawaki et al. (2012) showed that TMS  effects
on feedforward activity (neurons responsive to the visual stim-
ulus) could explain the early (approximately around 70–80 ms
SOA) suppression, but not the later (approximately after 100 ms
SOA) suppression found since Amassian et al. (1989). When the
model was  adapted to include sustained excitation and/or strong
excitatory recurrent connections, the temporal pattern of TMS  sup-
pression in the model started to include the later suppression effect.
These results also support a reconceptualization of the classical
masking effect as containing TMS  disruption of two  distinct neural
mechanisms (Miyawaki et al., 2012).

It thus appears that much can still be gained by using TMS
to investigate even the ‘classical masking dip’, using different
stimuli/tasks in the same subjects, and using concurrently different
measures of vision (subjective, forced-choice behavioral, response
priming). In any case, different groups and different methods are
converging on the conclusion that the classical masking effect is
not as simple as it may  have seemed.

6. Conclusions and future directions

It is somewhat ironic that we  currently see so much promise,
when it comes to further insights in the context of TMS  masking,
in a deeper probing of what is actually the most established TMS
masking result: the classical masking dip. It is exactly because it
is so established that it may  be very meaningful to study and ‘use’
this effect more. One approach here is the use of different kinds
of stimuli or different tasks on the same stimuli. If TMS  over EVC
has differential effects depending on a particular task or condition,

this could mean that EVC is functionally relevant specifically in
one or the other task. This strategy can be applied whenever the
hypothesis involves engagement of early visual regions in the tasks
at hand. There has for example been recent interest in the role of
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arly visual cortex in memory (e.g. van de Ven and Sack, 2012).
ut also, the classical masking dip can be probed further with new
aradigmatic approaches, such as the simultaneous measurement
f multiple subjective and objective measures of visual processing,
he combined variation of TMS  SOA and intensity, and (f)MRI based

odeling of TMS  effects in/on the brain. Results to date have been
onsidered above. We  must conclude that not only there is more to
earn from the classical masking dip, all the other ‘dips’ introduced
ver the years are far from established, though a pattern is begin-
ing to emerge. Until we can further elucidate when and why  some
f these masking effects are obtained some of the time, an accurate
epiction of the chronometry of early visual processing remains
ifficult.

But TMS  masking as a field is still young. The abolishment of
isual perception by a magnetic pulse to the back of the head
emains one of the most tangible and impressive effects in the
MS  literature. This review suggests that early visual cortex plays a
ausal role in conscious and unconscious visual perception during
he classical masking window, but probably indeed also in various
ther stages, up to hundreds of milliseconds after stimulus onset
nd even before the stimulus appears. The exact nature of the func-
ional role of early visual cortex in all these different time windows
emains surprisingly obscure, though results appear to depend on
timulus and task parameters. By expanding on these issues, there
s definitely more to learn using the TMS  masking paradigm.
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