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The cruciform model posits that if a Visual Evoked Potential component originates in cortical area V1, then 23
stimuli placed in the upper versus lower visual field will generate responses with opposite polarity at the 24
scalp. In our original paper (Ales et al., 2010b) we showed that the cruciform model provides an insufficient 25
criterion for identifying V1 sources. This conclusion was reached on the basis of simulations that used realis- 26
tic 3D models of early visual areas to simulate scalp topographies expected for stimuli of different sizes and 27
shapes placed in different field locations. The simulations indicated that stimuli placed in the upper and 28

16 Keywords:
17 Evoked potentials

ig guciform model lower visual field produce polarity inverting scalp topographies for activation of areas V2 and V3, but not 29
20 V1 for area V1. As a consequence of the non-uniqueness of the polarity inversion criterion, we suggested that 30
21 EEG past studies using the cruciform model had not adequately excluded contributions from sources outside V1. 31
22 fMRI In their comment on our paper, Kelly et al. (2012) raise several concerns with this suggestion. They claim 32
that our initial results did not use the proper stimulus locations to constitute a valid test of the cruciform 33
model. Kelly et al., also contend that the cortical source of the initial visually evoked component (C1) can be 34
identified based on latency and polarity criteria derived from intracranial recordings in non-human primates. 35
In our reply we show that simulations using the suggested critical stimulus locations are consistent with our 36
original findings and thus do not change our conclusions regarding the use of the polarity inversion criterion. 37
We further show that the anatomical assumptions underlying the putatively optimal locations are not con- 38
sistent with available V1 anatomical data. We then address the non-human primate data, describing how 39
differences in stimuli across studies and species confound an effective utilization of the non-human primate 40
data for interpreting human evoked potential responses. We also show that, considered more broadly, the 41
non-human primate literature shows that multiple visual areas onset simultaneously with V1. We suggest 42
several directions for future research that will further clarify how to make the best use of scalp data for 43
inferring cortical sources. 44
© 2012 Published by Elsevier Inc. 45
46

48
Q43539 Introduction Potential (ERP) component C1, which shows such polarity inversions, 62
might not reflect responses arising solely from cortical area V1. Kelly 63
51 Prior work has suggested that response polarity inversion for et al. (2012) were critical of this suggestion for several reasons. We 64
52 upper and lower visual field stimuli can be used isolate the response thank Kelly et al. (2012) for their comments that have prompted us 65
53  generated by cortical area V1 (Jeffreys, 1971; Jeffreys and Axford, to clarify our initial claims and to more fully address this important 66
54 1972a). The underlying geometric model on which this technique is issue. 67
55  based has come to be known as “the cruciform model.” Ales et al. Kelly et al. (2012) raised several concerns that we will address in 68
56 (2010b) used measurements of the 3-D geometry of visual areas V1, four parts. First, Kelly et al. (2012) state that we failed to perform a 69
57 V2 and V3 to simulate the scalp topographies for stimuli placed in critical simulation and thus what we presented did not adequately 70
58  the lower and upper visual fields. In our original paper, we showed address predictions from prior work (Clark et al., 1995; Di Russo 71
59  that simulated upper and lower field sources in V1 did not produce et al,, 2002). Kelly et al. (in press) made a specific suggestion for the 72
60  frank polarity inversions at the scalp, but that sources in V2 and V3 proper simulation. In Section “Simulations of scalp topographies 73
61  did. Because of this result, we suggested that the Event-Related generated by nominally optimal stimulus locations”, we present 74
results from the simulation suggested by Kelly et al. (2012). These 75
results show that even for putatively optimal stimulus locations, fields 76
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Kelly et al. (2012) suggested that the true shape and visual field
topography of V1 reflects the model of V1 presented in (Clark et al.,
1995). In Section “Origins and validity of cruciform models”, we
review the 3D anatomy of striate and extra-striate cortex and the
location of the horizontal meridian predicted by the revised cruciform
model (Clark et al., 1995). We find that a main prediction of the re-
vised cruciform model—that the horizontal meridian in V1 is shifted
away from the fundus of the calcarine sulcus—has no independent
support in the anatomical literature.

Kelly et al. (2012) state that even if the human anatomy fails to
support the cruciform model, it is still possible to identify V1 sources
on the basis of the relative timing of V1 evoked responses that
have been derived from primate intracranial recordings. In Section
“Response timing and comparisons with intracranially recorded
data”, we review the non-human primate evidence for significant
time delays between V1 and the rest of the visual hierarchy and
conclude that the available evidence does not support a clear and
substantial time window during which V1 is active in isolation.
Finally, in Section “Interpreting C1 in human studies”, we review
human ERP evidence that is consistent with the presence of sub-
stantial extra-striate contributions to the C1 component measured
at the scalp.

a

Simulations of scalp topographies generated by nominally
optimal stimulus locations

Kelly et al. (2012) state that we inappropriately truncated the
complete form of the cruciform model in our cartoon depiction of
the model and that our simulations used stimuli that were too large
and that were not placed at optimal locations. Kelly et al. (2012)
suggest that the correct way to test the revised cruciform model
would be to simulate responses from a set of optimal visual field loca-
tions for isolating V1 activity via a polarity inversion at the scalp for
upper vs. lower field responses.

Fig. 1 shows the result of the simulation suggested by Kelly et al.
(2012). We simulated topographies for the first 10 of our original
subjects for a 1° radius circle centered 4° from fixation, angled
+25° and —45° from the horizontal meridian. These correspond to
the polar angles determined by Clark et al. (1995) and these stimulus
locations have been used to study the sources of evoked potentials
(Di Russo et al., 2002, 2005). We used identical methodology to
Ales et al. (2010b). Briefly, we used retinotopic maps provided by
fMRI and MRI to define the location and orientation of the sources
corresponding to the visual stimuli. We then calculated the topogra-
phies for these stimulus locations in each subject, and then averaged
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Fig. 1. Scalp topographies for the stimulus locations suggested by Kelly et al. (2012) averaged over 10 subjects. Methods for generating these topographies are identical to Ales et al.
(2010b). Each color map is scaled separately to highlight the shape of the topography, with red colors representing positive potentials, and blue colors representing negative
potentials. a) Simulations for right visual field. b) Simulations for left visual field. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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these topographies at the electrodes across the subjects. Finally, we
plotted this average topography on a realistic scalp surface.

The new results are in accordance with our previous findings (Ales
et al., 2010b). Fig. 2 collects the three different stimulus shapes we
have simulated. The topographies for the optimal locations are most
similar to the previous results for 3-4° ring stimuli. One-degree radius
circles suggested by Kelly et al. (2012) produce topographies for
extrastriate areas V2 and V3 that are similar to our previous results
from rings that spanned an entire quadrant. The proposed optimal
stimulus locations suggested by Kelly (2012) for isolating V1 do not
generate a full polarity inversion for sources in V1. However, areas V2
and V3 do produce topographies that are almost completely polarity
inverted on an electrode-by-electrode basis for stimuli in the upper
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and lower visual fields for the nominally optimal stimulus parameters
suggested. The lack of polarity inversion for V1 sources in our original
report was not due to a failure of simulating the critical stimulus values
needed to elicit a polarity inversion in V1.

Origins and validity of cruciform models

Given the failure of nominally optimal stimulus locations to produce
the predicted “clear polarity inversion” for V1 sources, combined with
the fact that V2 and V3 sources do, it is instructive to delve into the
origins of the original cruciform model and its more recent variant.
Jeffreys (1969, 1971) introduced the idea that the orderly arrangement
of retinotopic cortex enables one to choose appropriate stimuli that
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Fig. 2. Scalp topographies generated by different retinotopic stimulus locations. Each color map is scaled separately to highlight the shape of the topography, with red colors
representing positive potentials, and blue colors representing negative potentials. Changing the stimulus configuration has the largest effect on topographies from V1, with
minor changes to topographies from V2 and V3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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distinguish between striate and extrastriate generators of scalp VEP's.
Jeffreys and Axford (1972a,b) went on to systematically investigate
the correlation between stimulus locations and human VEP responses.
At the time of their studies, however, Jeffreys & Axford had to rely on
data from clinical examinations of the visual field defects caused by
World War I gunshot wounds (1945). Besides a verbal description,
Holmes provided a hand-drawn annotation of the location of visual
areas on a cadaver brain. What was available at the time of the original
formulation of the cruciform model was thus highly schematic.

The 3D geometry of striate cortex

Clark et al. (1995) revised the original Jeffreys & Axford model on
the basis of inferences they made about shape of striate cortex that
were based on the scalp topography of VEP responses and dipole
modeling. Clark et al. (1995) presented small stimuli at many loca-
tions in the upper and lower visual fields at 8° eccentricity. Based
on recordings made with these stimuli, the entire set of topographic
data from 50 to 80 ms was fit with two dipoles (P1 and C1), both of
whose locations were fixed, with the P1 dipole's orientation also
fixed. Only the C1 dipole's orientation was free to vary. Fixing the
orientation of the P1 source effectively contaminates the estimate of
the orientation of the C1 source. The orientation of the C1 source must
account for both the changing orientation of V1 and also the changing
orientation of extrastriate sources. The orientation of this C1 dipole
was then used to estimate the surface normals of a pre-specified,
cruciform-shaped V1 (see Figure 11 of Clark et al., 1995). Based on
this assumed shape for V1, Clark et al. (1995) needed to move the
location of the horizontal meridian away from the fundus of the
calcarine sulcus to a location on the ventral bank. This was forced
because the VEP inverted polarity for stimuli presented 20° below the
horizontal meridian. Several other VEP and MEG studies have also
found that scalp polarities do not invert at the horizontal meridian
(Aine et al,, 1996; James, 2003; Zhang and Hood, 2004). In supporting
this revision, Clark et al. (1995) claimed that Spalding (1952), a study
of visual field defects after gunshot wounds, found that the horizontal
meridian was represented ventrally. However, this is a misinterpreta-
tion of Spalding's findings. Spalding (1952, page 181) stated that the
horizontal meridian was represented on the “floor” of the calcarine sul-
cus and used the term floor to mean the fundus of the calcarine sulcus
and the term “walls” to mean the banks of the sulcus.

Clark et al.'s (1995) revision of the location of the horizontal me-
ridian based on surface VEP measurements is not supported by any
direct anatomical measurement. Kelly et al. (2012) argue that histo-
logical data are highly consistent with the horizontal meridian being
shifted from the fundus of the calcarine sulcus. Histological analysis
does not provide the location of the horizontal meridian. Histological
data can only define the location of the vertical meridian, via the
stripe of Gennari. One simply cannot use the locations of the vertical
meridians of V1 to locate the horizontal meridian within the sulcus.
What is needed is a methodology that directly links the visually
defined horizontal meridian to the anatomically defined calcarine
sulcus. Existing data of this type is consistent with striate cortex
folding precisely along the horizontal meridian. Studies of the sources
of visual field defects that were correlated with MRI findings (Galetta
and Grossman, 2000; Gray et al, 1998; Horton and Hoyt, 1991;
McFadzean et al,, 1994; McFadzean and Hadley, 1997) each state that
the horizontal meridian is located at the fundus of the calcarine.

A recent fMRI study (Rajimehr and Tootell, 2009) found that
meridian representations correlate with the curvature of cortex, with
horizontal meridians located in sulci, and vertical meridians on gyri.
The functional MRI data of Rajimehr and Tootell (2009) are consistent
with the field defect studies, but the use of 45° wedges for mapping
resulted in insufficient resolution to conclusively rule out a 20° shift.
Surprisingly, no study has yet quantified the uncertainty of the location
of the horizontal meridian in the calcarine sulcus. FMRI measurements

with very thin wedges, such as those used by Bridge et al. (2005)
to map the vertical meridian, could definitively locate the horizontal
meridian with respect to the fundus in living brains. These data would
be useful more broadly because the precise location of the horizontal
meridian at the fundus of the sulcus is the basis of an important compu-
tational model of the development of cortical folding (Van Essen, 1997).
The model hypothesizes that the calcarine sulcus folds at the horizontal
meridian in order to minimize the distance axons have to travel
between equivalent retinotopic locations in different visual areas. A
shifted meridian would force a reconsideration of the folding model.

The revised cruciform model also postulates that much of striate
cortex lies outside the calcarine sulcus (Aine et al., 1996). It is true
that boundaries of striate cortex are outside of the calcarine sulcus.
The main concern was that our original simulations, by extending
to the vertical meridians, included too much cortex outside of the
calcarine sulcus. We addressed this issue in Section “Simulations
of scalp topographies generated by nominally optimal stimulus
locations” by simulating smaller retinotopically defined sources. These
smaller sources produced different topographies from sources in V1,
but did not generate a polarity inverting V1 source. While the size of
our previously simulated stimuli is a valid criticism, it is not as large a
problem as was suggested. The revised cruciform model claims that a
much larger proportion of striate cortex is outside of the sulcus than is
consistent with anatomical data. Kelly et al. (2012) state “the full prima-
ry visual cortical area extends as much outside the calcarine sulcus as
inside”. This statement is inconsistent with fMRI data and anatomical
mapping data. FMRI data reveal that area V1 extends just beyond the
lip of the calcarine. This can be seen by comparing V1 and V2 locations
on the cortical surface in the Figure 2 of Fischl et al. (2008) and Figure 3
of Wilms et al. (2010), as well as the location of V1 shown in the Figure 2
of Hinds et al. (2008a). Horton and Hoyt (1991) provide a summary
drawing of the location of V1 from their reconstructions of this area
based on field defects. It shows very little of V1 exposed on the medial
surface. However, there is some confusion in the literature about exact-
ly how much of striate cortex is restricted to the calcarine fissure.
Stensaas et al. (1974) quantified the amount of exposed striate cortex
and their results have been interpreted to indicate that either 55%
(Aine et al., 1996) or 67% (Hinds et al., 2008b) of V1 is buried within
the calcarine sulcus. In addition, Spalding (1952, page 181) states “the
walls and floor of the calcarine fissure represent two thirds of the visual
field”. These data argue that the majority of striate cortex (~67%) is
inside the calcarine sulcus, with only ~33% outside the sulcus.

Even though the revised cruciform model does not match the
existing anatomical data on striate cortex, the differences are nuanced
and the anatomical studies have unspecified resolution. Studies of
field defects following lesions cannot quantify shifts of a few degrees
of polar angle. Most fMRI studies have identified the borders between
different visual areas based on meridian locations, usually on flattened
representations of cortex, but have not provided the detailed 3-D loca-
tions of the location of the V1 horizontal meridian. The discrepancies
between the shape inferred from C1 orientation changes and the
shape found in anatomical studies would be best resolved by specific
targeted research. Answering this question has relevance beyond ad-
dressing the neural generators of the VEP, as the shape and topogra-
phy of striate cortex is of fundamental importance to understanding
not only EEG topographies, but also visual field defects and models
of cortical connectivity and development.

The orientation of extrastriate sources

In our study, we found that simulated activation of extrastriate
areas V2 and V3 produces polarity inversions for upper and lower field
stimuli. Kelly et al. (in press) state that our finding of a polarity inversion
in V2 and V3 is “wholly unsurprising”. We agree, and note here that
while Foxe and Simpson (2002) made this observation before us, the
point has not been made by most other studies. Kelly et al. (in press)
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state that Jeffreys and Axford (1972b) found that CII showed a polarity
inversion for upper vs. lower field stimuli (Figs. 2 and 3) and that our
main finding of polarity inversion for extrastriate sources “is not at all
contrary to [Jeffreys & Axford]'s model”. However, this is inconsistent
with Jeffreys and Axford's own interpretation. Jeffreys and Axford
(1972b) modeled their measured topographies with orthogonally, and
not oppositely, oriented dipoles for the upper and lower fields. Jeffreys
and Axford state “the equivalent dipole sources for the extrastriate
cortical regions representing the upper and lower half-fields will be
roughly perpendicular as shown in Fig. 8”. (Jeffreys and Axford, 1972b,
page 32). In many studies, the assumptions made about the orientation
of extrastriate sources have not been stated explicitly. It is our opinion
that researchers have ignored the problem of polarity inverting
extrastriate sources. The following quote is one such example:

“At a given eccentricity, a stimulus patch in the upper visual field
and a stimulus patch in the lower visual field are expected to acti-
vate the lower and upper bank of the calcarine sulcus respectively.
The corresponding dipoles are expected to reverse in polarity. This
reversal is characteristic of the primary visual cortex and serves as
a means to identify signals from this source.” (Slotnick et al., 1999)

It is important for researchers to recognize that polarity inversions
are not unique to sources in striate cortex. Because polarity inversions
are not unique, they do not serve to exclude V2 and/or V3. Without
clearly excluding V2 and V3, it becomes impossible to decide whether
aresponse change from an experimental manipulation is a manifesta-
tion of the modulation of responses in V1, V2, or V3.

Response timing and comparisons with intracranially
recorded data

Kelly et al. (2012) note

“...even if stronger polarity inversion were demonstrated for
extrastriate cortex compared to striate cortex for those parame-
ters, how much of a problem would it present to the tenet that
C1is generated in V17? It stands to reason that the relative response
latency, relative response strength, and the polarity, of the initial
afferent potentials on the cortical surface in V1, V2 and V3 are
critical factors. Fortunately, there exist extensive data on these
factors, owing to intracranial recordings in non-human primates.”
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0% V2

—+

. Dorsal

. Ventral

+

67% V1
33% V2

There have, in fact, been relatively few studies that have compared
evoked response latencies in different cortical areas for the same
stimuli and even fewer that have compared latencies across areas
for stimuli that are typically used to evoke a C1 response. Across
human and primate studies, a wide range of stimuli have been used,
from brief, large, diffuse flashes (Schroeder et al., 1992), to small
pattern reversing checkerboards (Ales et al., 2010a; Di Russo et al.,
2005), to stimuli independently optimized for isolated single-units
(Schmolesky et al., 1998). Because different stimuli evoke responses
with different component morphology and latency (Odom et al.,
2009; Schroeder et al., 1991), it can be difficult to directly compare
across studies. Below we will review the available intracranial data
and demonstrate that the evidence for C1 being generated solely by
V1 is equivocal.

Onset latencies of visual areas

Kelly et al. (2012) claim that it is well established that there
is a significant latency offset across ascending stages of the visual
pathway, with V1 being activated first and in isolation. As evidence
for this claim they cite a series of macaque studies (Chen et al.,
2007; Givre et al.,, 1994; Givre et al., 1995; Maunsell and Gibson,
1992; Nowak et al., 1999; Raiguel et al., 1989; Schmolesky et al.,
1998; Schroeder et al., 1998, 2004) stating that all of these studies
“... agree on the presence of significant latency offsets across ascending
stages.” However, these intracranial data from non-human primate also
provide examples of simultaneous onset latencies across the visual
hierarchy.

We consider each of these citations in turn and then review other
relevant work. Three of the cited publications did not address striate
vs. extrastriate latencies. Givre et al. (1995) demonstrated that LGN
latencies are shorter than V1 latencies, but did not address timing
differences between cortical regions. Maunsell and Gibson (1992)
were concerned with changes in V1 responses following LGN lesions
and did not record from any other area. Schroeder et al. (2004) is an
excellent review detailing how fast multisensory convergence occurs
in low-level sensory cortices. However, it does not directly address
visual latencies between striate and extrastriate areas. Raiguel et al.
(1989) did demonstrate a significant difference in spike latencies
with V1 onset occurring before V2 onsets, but “all zones of V5
contained some cells with latencies slightly below those of the most

50% V1
50% V2

33% V1
67% V2

0% V1
100% V2

Fig. 3. Scalp topographies for mixtures of V1 and V2. These were simulated using negative activity in both V1 and V2. As in Fig. 1, these are averaged over 10 subjects. Methods for
generating these topographies are identical to Ales et al. (2010b). Each color map is scaled separately to highlight the shape of the topography, with red colors representing positive
potentials, and blue colors representing negative potentials. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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rapid V1 cells” (p. 158). This result demonstrates that V1 is not
invariably activated before other visual areas. Nowak et al. (1999)
measured the synchronization of spikes between V1 and V2 using V1
spikes occurring anytime after the stimulus to trigger the averaging
of V2 responses. They found that V1 and V2 produce synchronized,
simultaneous spikes, and discussed, but did not directly address
the difference in onset latency following a visual stimulus. An earlier
paper from the same group (Nowak et al., 1995) directly addressed
onset latencies following visual stimulation and showed that while
V1 leads V2 in layer 4, latencies in the supragranular layers of V1
and V2 are the same. The supragranular layers contain pyramidal
cells that can contribute strongly to surface potentials (Schroeder
et al., 1991). Schmolesky et al. (1998) compared spiking latencies
across a wide range of visual areas, and is one of the only studies
to include a comparison of V1 and V3. Schmolesky et al. (1998)
state:

“The third major finding of the present study is that the dorsal
stream signals travel through tiers of the anatomic hierarchy
rapidly. Indeed, the fastest layer 4Ca cell encountered exhibited
a latency that was only 6 ms longer than the fastest LGNd M cell
studied. The average responses of areas V3, MT, MST, and FEF
were, in turn, only 6-9 ms longer than the average V1 response.”

These data indicate that only a very brief delay is present between
V1 and several dorsal stream cortical areas. Moreover, only 10% of
V1 cells had faster latencies than the fastest cells in V2 and V3
(Schmolesky et al., 1998 Fig. 2). Thus, the spike latency distributions
of cortical areas largely overlap.

Spike timing vs. transmembrane current measurements

The spike latency data reviewed above do not provide a compelling
case for a clear time window for exclusive V1 activity. However, as
pointed out by Kelly et al. (2012), the best intracranial measurements
to use for such a comparison are transmembrane current (local field
potential) measurements, rather than single neuron spiking latencies,
because the former and not the latter are the basis of the surface
recorded VEP.

Among the papers cited by Kelly et al. (2012), the clearest
evidence for latency differences between V1 and extrastriate cortex
comes from current source density (CSD) recordings in V1 and
V2 in response to whole field flash stimuli (Mehta et al., 2000;
Schroeder et al., 1998). These studies found large sources in layer 4
of V1 that preceded activity in layer 4 of V2 by about 10 ms. These
studies represent some of the best data relating invasively recorded
measurements of neural activity to surface ERPs. However, as
described in detail below in Sections “How to compare macaques
to humans: the 3/5th rule” and “Stimulus differences lead to
differences in the laminar activation profile”, stimulus differences
make it difficult to draw a direct comparison between latencies mea-
sured in different studies. Pattern reversal data for V1 (Schroeder
et al., 1991) and for V2 (Schroeder et al., 1998) using stimuli without
large luminance transients are available and relevant to interpreting
human ERPs, but a specific analysis of latency differences between
areas was not provided in these studies and from the data presented
it is difficult to determine whether or not there is a difference.

Givre et al. (1994) provides a convincing demonstration that spike
latencies are not always directly relevant for predicting current-flow
latencies. In macaque V4, Givre et al. (1994) found that “the only
action potential correlate that we have observed for the N40 laminar
VEP and CSD profiles is a slight reduction in MUA”. Here we have a
case of transmembrane currents that could give rise to scalp poten-
tials whose latency would not be reflected in the spike-latencies.
In addition, this study provides clear evidence for the simultaneous

activation of V1 and V4 and the contribution of both to the initial
surface N40. Givre et al. (1994) state that:

“the mean onset latency of the earliest current sink in the main
thalamo-recipient lamina of V1 precedes the earliest sink in V4
by only 2.8 msec”. Furthermore, Givre et al. (1994) found that be-
tween V1 and V4 “there was extensive overlap in the distributions
with no significant difference in onset latency between areas
for two of the three subjects. This similarity of onset latencies
can also be seen in the AVREC waveforms for V1 and V4 illustrated
in Fig. 5(B)".

These results show that V4, an area lying well beyond V1 in the
cortical hierarchy, has only a negligible latency offset. However, in
contrast to Givre et al. (1994), both Schroeder et al. (1998) and a
later study (Chen et al.,, 2007) found that that the V4 latency was
about 8 ms slower than V1. Despite the discrepancy in the response
latency of V4, both of these studies found that responses in V1 and
the interparietal sulcus (IP) have the same onset latency. Interestingly,
the supragranular layers of V1 and V4 had the same onset latency
(See Fig. 5 Chen et al., 2007). Further, latencies in MT were faster
than V1 latencies (Fig. 3 Chen et al., 2007). All of the results described
above provide evidence for the existence of stages beyond V1 that do
not have a latency offset.

There are substantial gaps in our knowledge of response latencies
across the brain. Importantly, we have little knowledge of latencies
in V3. Compared to macaques, humans have a substantially larger
V3 (Van Essen), nearly as large as V2 (Dougherty et al., 2003). In
our simulations, both area V2 and V3 contribute polarity-inverting
responses to upper and lower field stimuli. In all of the studies
reviewed above, only Schmolesky et al. (1998) contains relevant
latency data from V3. This study also contains latency data from MT,
which may be instructive here regarding V3. Local field potential
data from awake macaque (Chen et al., 2007) show that MT has faster
CSD latencies than V1. Schmolesky et al. (1998) found that single
units in V3 and MT have nearly identical onset latency distributions.
If there is a correlation between spike latency and field potential
latency, then V3 could have similar response latency to V1. This raises
the possibility that V3 contributes to the earliest parts of C1. But, as

noted above, the single unit data from anaesthetized macaque may 4
not be directly predictive of VEP recordings. Clearly, this is an impor- -

tant open question that deserves future study.
How to compare macaques to humans: the 3/5th rule

Kelly et al. (2012) claim that a 3/5th-scaling rule can be used to
translate timings between human and non-human primates. The
point being that a given latency difference measured in non-human
primates should be scaled up by this factor to predict the duration of
isolated V1 activity. This conversion factor is derived from Schroeder
et al. (1991), Schroeder et al. (1998), and Schroeder et al. (2004).
Schroeder et al. (1998) used a diffuse flash of light subtending 20°
(26 ms onset latency in V1), while Clark et al. (1995) used a much
smaller flashed checkerboard (C1 onset latency was 40-45 ms).
While the ratio between 40 and 26 ms is 3/5, because of the difference
in stimuli between the two experiments this is not the correct
comparison. If we make comparisons between responses to similar
stimuli, a much different picture emerges. For flash stimuli recorded
at the scalp in humans, the first detectable response occurs at 30 ms
(Odom et al., 2009). More compellingly, Ducati et al. (1988) studied
the diffuse flash VEP response in humans undergoing thalamotomies
using penetrating electrodes inside striate cortex. Ducati et al.
(1988) found that the initial latency of responses in striate cortex
was 30 ms (peaking around 50 ms). Flash onset latencies are thus
very similar across species. For pattern reversal stimuli, Schroeder
(1991) suggest that the simian N50 is the same component as the
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human N70 (and the P60 is the same as P100 component). However,
when measurements are made in humans with subdural electrodes
placed on calcarine cortex, the first response for pattern reversal
stimuli is between 45 and 55 milliseconds (Farrell et al., 2007), again
the same as has been reported for macaque. Because similar intracra-
nial latencies are measured in human and non-human primate when
the same stimuli are used, it is questionable that a 3/5th-scaling rule
is globally applicable. Finally, it is difficult to choose the correct peak
correspondence for scalp components because by the time potentials
are measured at the scalp, they reflect the sum of several cortical
areas and peak latencies can be shifted by this superimposition.

Stimulus differences lead to differences in the laminar activation profile

Pattern stimuli without luminance transients evoke a very different
VEP than a diffuse flash (Odom et al., 2009). While, Clark et al. (1995)
used a pattern onset stimulus that also included a luminance increase,
many studies of human VEPs have used stimuli that do not include
a luminance transient. Schroeder et al. (1991) found that pattern rever-
sal stimuli produced “massive early” activation of the supragranular
layers of V1. Schroeder et al. (1991) found that the first reliable compo-
nent of the surface VEP to pattern reversal was the P60, which arose
from “di- and/or trisynaptic activation of supragranular neurons.”
Schroeder et al.'s (1991) finding that supragranular neurons generated
the first reliable surface VEP is important because the single unit study
of (Nowak et al., 1995) found that the latencies in the supragranular
layers of V1 and V2 are the same. Another study (Chen et al., 2007)
found similar onset latencies in the supragranular layers across a
wide range of areas. More studies that make detailed comparisons
between laminar activations and their corresponding surface manifes-
tations using stimuli that are used for human ERP recordings are clearly
needed.

The polarity of C1

Kelly et al. (2012) observe that the polarity of the C1 peak is con-
sistent with intracranial data from non-human primates. Schroeder
et al. (1998) demonstrated that, for diffuse flash stimuli, the initial
activation in both V1 and V2 elicits current sinks in layer 4, with
current sources below. This distribution of current sources and sinks
corresponds to a dipole oriented with its negative pole towards the
cortical surface.

The polarity as measured on the scalp reflects both the orientation
of the generator with respect to the cortical surface and the orienta-
tion of the cortical surface with respect to the scalp. The scalp polarity
as measured at C1 latencies in humans is consistent with a dipole in
V1 with its negative pole towards the cortical surface (Clark et al.,
1995). Dipoles of this type located in V2, however, produce opposite
polarity maxima on the scalp. Following this reasoning Kelly et al.
(2012) suggest that a negative polarity response on midline channels
for a stimulus located in the upper horizontal octant identifies V1.
This heuristic does not actually isolate V1. We simulated the scalp
distributions for different mixtures of V1 and V2 for small targets
presented at the nominally optimal stimulus locations (Fig. 3). As
demonstrated by the middle bottom topography (50% V1, 50% V2,
ventral) in Fig. 3, the expected negative polarity on midline channels
is present for 50/50 mixtures of V1 and V2. It is not until V2 activity
was greater than V1 activity that the opposite sign was observed.

Another simple rule for identifying a V1 source on the basis of
response polarity would be to declare a response as being generated
by V1 if the polarity of the maximum matches the polarity of the
predicted scalp maximum. In trying to utilize this rule it must be
recognized that responses from V2 will modulate the amplitude of
the V1 generated response. A pure V1 source in the lower visual
field has a positive polarity maximum (top left topography, 100%
V1, 0% V2, Fig. 3). The same visual stimulus evokes a negative scalp

maximum when V2 alone is active (top right topography 0% V1,
100% V2, Fig. 3). Upper visual field stimuli produce the opposite
polarity maxima. Importantly, the simulation shows that for an activa-
tion that includes a 2:1 V1:V2 mixture (67% V1, 33%, V2), the polarity
of the maximum potential is still consistent with the V1 polarity, even
though V2 is active. When V2 has equal, or greater, activation, the po-

larity of the maximum potential on the scalp reflects the V2 polarity. :

Therefore, if we know the polarity of the underlying generators in V1
and V2, we can identify which source provides the stronger activation
(by the sign of the maximum). However, knowing only the polarity

for each source does not enable the exclusion of a mixture of sources. :
If there is any ambiguity as to the sign of activation in cortex, then 5

even identifying the strongest generator becomes impossible.

Human source estimation studies, discussed in Section
“Retinotopically constrained source estimation”, report source polari-
ties in V2 and V3 that are inconsistent with the findings of Schroeder
etal. (1998). While the data from Schroeder et al. (1998) are the current
best prediction for the source polarities in V1 and V2, the results do not

provide the ground truth data for fully resolving this issue, as the data :

are from diffuse flash stimuli, and not small pattern stimuli without
luminance transients. Finally, for V3, an area as important as V2 for
the current discussion, the latency and polarity are not currently
known.

Interpreting C1 in human studies
At the time of the C1 peak, multiple generators are active

According to Kelly et al. (2012), the initial 15 ms of the evoked
response is immune from contamination from other sources. This
15 ms window arises, in their view, because non-human primate V1
leads V2 by 10 ms, which then should be scaled by 5/3rd. We have
questioned if V2 is the only possible contaminating source, and also
if the scaling factor is appropriate. For the sake of argument, let's
assume there is a 15 ms time window when only V1 is active. It is
common practice to measure C1 at its peak, as the peak is easier to
define than the onset time. The C1 peak is reached about 20 ms after
its onset latency (Jeffreys and Axford, 1972a). Therefore, by the time
of the C1 peak there are already contributions from other visual
areas. Indeed, Foxe and Simpson (2002) make this argument and
conclude that the C1 peak includes multiple sources and that only
the initial 10-15 ms of activation is immune from extrastriate sources
(a time period they dub “C1 early”). Further discussion of the nature
of the C1 component can be found in a review by Rauss et al. (2011).
In addition, even Clark et al. (1995) assumed multiple generators for
C1, as they fit their data with two dipole sources.

Even if one accepts the C1 early approach, a final problem arises
from typical filter setting used in C1 research. Low-pass filters have
the effect of smoothing data and can distort onset/offset times (Chapter
5, Luck, 2005). It is common practice to use low-pass filters with cut-off
frequencies at or below 100 Hz when studying C1. For example, Kelly
et al. (2008) low-pass filtered at 45 Hz. Low-pass filters at or below
100 Hz can spread responses over more than 10 ms. High-pass filtering
can also change the apparent latency of measured components.
The smoothing and distortion of the response depend on both the un-
derlying signal, and the impulse response of the chosen filter. Several
recent studies (Acunzo et al, 2012; Rousselet, 2012; Widmann and
Schroger, 2012) thoroughly investigate the above-mentioned issues
and suggest appropriate filter settings. Those studies suggest using
causal filters if onset latencies are important for the experimental
question. Typically, non-causal filters are used because they minimize
distortion of the underlying waveform. Non-causal filters spread distor-
tion both forward and backward in time distorting latency measures.
In contrast, causal filters, create more overall waveform distortion
but better preserve latency information. Any researcher who wishes
to measure the initial 10-15 ms of activation must employ careful
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filtering so as not to contaminate this time period with later-generated
activity.

Retinotopically constrained source estimation

Kelly et al. claim that the finding of simultaneously-onsetting
opposite polarity V1 and V2 sources in Ales et al. (2010a) is not con-
sistent with other data. We agree with Kelly et al. that it is important
to take such discrepancies seriously. First, it should be noted that the
result Ales et al. (2010a) is consistent with the findings of three other
studies that have used retinotopic mapping from fMRI to simulta-
neously estimate time-courses coming from multiple stimulus loca-
tions (Hagler and Dale, 2011; Hagler et al., 2009; Vanni et al., 2004).
Each of these studies found a waveform from V1 with its first
peak being negative. Each of the studies has also found activity
in extrastriate areas V2 and/or V3 that simultaneously onsets with
V1. Latency differences between striate and extrastriate are only ap-
parent when comparing between peaks of the same polarity (i.e. N1
to N1). Furthermore, these studies also find evidence for initial posi-
tive response in extrastriate areas concurrent to the initial negative
response in V1. The studies disagreed as to whether the positive
peak was from V2 and/or V3, with some studies attributing it to V2
(Ales et al., 2010a; Hagler and Dale, 2011), another to V3 (Hagler
et al,, 2009) or both V2 and V3 (Vanni et al., 2004). Ales et al.
(2010a) only modeled V2 and could not rule out V3 as a contributing
source. As can be seen in Fig. 1, and from our previous study (Ales
et al, 2010b), V2 and V3 present very similar topographies, and
therefore differentiating between V2 and V3 is difficult for these
constrained source localization procedures. Differentiating between
V1, V2 and V3 is a difficult due to the proximity of these sources.
The existing source localization results, while promising, are still
preliminary given the small number of participants that have been
studies. Although the resulting responses are similar, each of the
studies used very similar techniques and so they cannot be consid-
ered to be truly independent as they may share common sources
of systematic error. These techniques rely on being able to predict
the topography for many different retinotopic locations. Errors in
creating the topographic predictions can come from several sources.
The electrical model may not be completely accurate (i.e. from not
modeling anisotropic conductivity). Retinotopic data from fMRI also
is another source of error. Retinotopic maps from fMRI may have
local errors (i.e. from draining veins). In addition, obtaining highly
accurate alignment of fMRI data with anatomic models is difficult
because of distortions in the fMRI data caused BO-susceptibility and
gradient nonlinearities.

Direct comparison between the responses from non-human pri-
mate data is not possible at present, because of confounding stimulus
differences. The retinotopically constrained source estimation studies
have either used pattern appearance from a gray background with the
same mean luminance (Hagler and Dale, 2011; Hagler et al,, 2009; Vanni
et al,, 2004) or pattern reversal (Ales et al., 2010a). Further, Ales et al.
(2010a) used a dense multifocal stimulus that does not result in the
same response as standard pattern reversal (Fortune and Hood, 2003).
In order to more fully utilize the existing intracranial non-human
primate data it is important for a future study using retinotopically
constrained source estimation to employ non-patterned luminance in-
crement stimuli. Using stimuli that are more comparable across studies
and preparations will enable better validation and improvements for
these methods.

Despite the existence of these modeling errors, source localization
can be accurate. A recent study (Brodbeck et al., 2011) looked at the
surgical outcomes of individuals with epilepsy, determining how ac-
curately EEG source localization predicted the tissue to be resected.
The study found that source localization had a sensitivity and specific-
ity that exceeded MRI, PET or SPECT (84% and 88%, respectively). This
result demonstrates that source localization can be highly accurate.

While that study was asking a very different question than we
address here, it is nevertheless informative as it is one of a very few
source localization studies in humans that is able to compare results
with strong ground-truth data. As Kelly et al. (2012) correctly point
out, the lack of ground-truth data makes evaluating claims as to
the cortical locus generating ERPs is difficult. Continued research on
improving methods for recovering sources of ERPs should strive for
the best ground-truth comparisons available.

Conclusion

We reiterate that there is no strong evidence that polarity inver-
sion between upper and lower visual field stimuli provides a means
to isolate a pure V1 source. We simulated responses from the stimulus
locations suggested to produce polarity inversion from V1 sources.
The critical stimulus placement failed to create a polarity-inverting
source in V1, while V2 and V3 sources still produced polarity inver-
sions. The critical stimulus locations were motivated by a prior study
(Clark et al., 1995) that suggested the horizontal meridian was not
located at the fundus of the calcarine sulcus. We reviewed anatomical
evidence that is inconsistent with this revision of the location of
the horizontal meridian. Beyond the anatomical data, we reviewed
the functional evidence in both non-human primate and humans
for the simultaneous onsetting of several regions outside of V1. We
also explained how the 3/5th macaque/human latency conversion
factor is questionable because it was based on the comparison of
non-corresponding stimuli, and intracranial peak latencies with
scalp peak latencies. We discussed human data suggesting multiple
sources are active at the peak of C1. Finally, we brought up a technical
issue regarding the confounding effects that low-pass filtering can
have on estimating onset latencies.

We are not arguing that V1 does not contribute to C1. We are
arguing instead that the evidence for C1 being invariably indicative
of pure striate activation is not dispositive. It is likely that multiple
early visual areas are active during C1. Because extrastriate areas V2
and V3 produce polarity inversions for upper and lower visual fields,
there is currently no simple method based on scalp topography
for ensuring that V1 is the sole source of activation for an arbitrary
stimulus.
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