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debates within cognitive neuroscience over the speed and
interactivity of the cortical and subcortical systems involved
in perception and object recognition.

Several ERP and MEG studies find that early, “sensory”
brain responses are enhanced by letter-strings (including
words and non-word strings) relative to less familiar, non-
linguistic stimuli of similar visual complexity. Tarkiainen
et al. (1999) report MEG responses at ~150 ms that were larger
for letter strings than for strings of letter-like symbols (letters
at non-standard orientations; labeled “Type II” activity), while
earlier activity at ~100 ms was modulated by visual noise but
not by linguistic properties (labeled “Type I” activity). Similar-
ly, ERP studies report that the occipital-temporal N170
component, which peaks at ~170 ms, is enhanced by the
presentation of letter strings, relative to non-linguistic control
stimuli (e.g., strings of alphanumeric characters), especially in
the left hemisphere (Bentin et al., 1999). These effect patterns
are consistent with an initial word-form “feature detector”
function, which is selectively engaged by visual features
contained in words or word-like stimuli and which res-
ponds less vigorously to unfamiliar, non-linguistic stimuli
(Solomyak and Marantz, 2009; Tarkiainen et al., 1999). The
lack of such sensitivity at earlier latencies is consistent with
the conclusion that ~170 ms marks the approximate begin-
ning of word-form analysis during word recognition; that is,
word-form feature detectors are not engaged prior to ~170 ms
post-stimulus-onset.

Other studies suggest faster engagement of higher levels of
analysis during word recognition. A previous study reports
that the N170 is enhanced by mirror-inverted words, relative
to normal words1 (Proverbio et al., 2007). This enhanced
neural response to less familiar stimuli is opposite the feature-
detector response pattern. There are multiple possible expla-
nations for the finding of enhanced activity for the unfamiliar,
mirror-reversed words. Proverbio et al. (2007) asked subjects
to detect target letters inside letter strings (e.g., find “O” in
“RIFLUSSO”) that were mirror-reversed or not. Target letter
shapes were always shape-reversible, looking identical in the
standard and the mirror-reversed condition (e.g., “O” or “A”),
while surrounding letters mostly were profoundly altered in



which does not explicitly focus participants on low-level
physical features of the input and which becomes more



P5 and P7) and a right occipital-temporal channel-group (PO6,
PO8, CB2, P6 and P8). Fig. 3 shows mean voltages within the
three time windows.

2.2.1. Letter-rotation effect

2.2.1.1. P1 component. In the 95–125 ms window, letter-
rotation delayed the P1 peak (Fig. 4A, B) This was reflected in
a significant linear (t134=3.91, p<0.0001) but not a quadratic
contrast for peak latency. Letter-rotation had a non-linear
impact on P1 amplitude (Fig. 3A, B) reflected in a significant
quadratic (t134 =4.58, p<0.00001), but not a linear contrast for
mean voltage. Pairwise comparisons at adjacent levels of
letter-rotation showed that P1 amplitude increased (mean
voltage became more positive) with letter-rotation in the
0–22.5° step (F1, 33=12.5, p<0.01), did not change in the
22.5–45° or 45–67.5° steps (Fs<1), and then decreased in the
67.6–90° step (F1, 33=15.4, p<0.001); see Fig. 3A, B.

2.2.1.2. N170 component. In the 160–190 ms time window,
letter-rotation delayed the N170 peak (Fig. 4C, D). This was
reflected in a significant linear contrast for peak latency
(t134=9.24, p<0.00001). Letter-rotation had a non-linear impact
on N170 amplitude (Fig. 3C, D), reflected in significant linear
(t134=−12.04, p<0.00001) and quadratic (t134=12.5, p<0.00001)
contrasts for mean voltage. Pairwise comparisons at adjacent
levels of letter-rotation showed that N170 amplitude increased
(mean voltage became more negative) with letter rotation in the
0–22.5° step (F1, 33=138.4, p<0.001), and the 22.5–45° step
(F1,33=50.0, p<0.001), did not change in the 45–67.5° step (F<1),
and decreased in the 67.5–90° step (F1, 33=35.9,p<0.001). These
effects were concentrated at occipital-temporal sites bilaterally
(
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Fig. 3 – Mean voltages at each of the five rotation levels. Panels show data averaged within the 95–125 ms window (A: left
channel group; B: right channel group); the 160–190 ms window (C: left channel group, D: right channel group); and the
195–225 ms window (E: left channel group, F: right channel group). Word and pseudoword ERPs are averaged together at each
rotation level. Error bars indicate standard error within each rotation level.
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3.1. Letter-rotation effects

The enhancement of P1 and N170 by letter-rotated strings
relative to letter-upright strings, is consistent with rapidly
increased visual system neural activity in response to the
difficulty of recognizing words constructed from rotated
letters. This effect pattern contrasts with previous findings
of depressed early brain responses to unfamiliar stimuli, such
as non-linguistic symbol strings, relative to real words
(Tarkiainen et al., 1999). Response depression by unfamiliar
stimuli has been associated with the failure of unfamiliar
stimuli to engage specialized word-form detection mecha-
nisms (Tarkiainen et al., 1999). The discrepancy between
these prior results and the current findings may reflect
different task demands and stimuli. In the Tarkiainen et al.
(1999) study, non-linguistic symbol strings and letter-strings
appeared in separate blocks and under passive viewing
conditions. These task conditions may allow participants
to process non-linguistic symbol stimuli shallowly, without
engaging word-recognition mechanisms. The current experi-
ment rendered a shallow processing strategy unlikely for the
rotated-letter words, because 1) the rotated stimuli were
recognizable as Roman letters, making them likely to engage
letter-recognition mechanisms (as opposed to non-linguistic
stimuli), 2) letter-rotation was not predictable across trials,
and 3) the lexical decision task required attempting to extract
lexical-semantic representations from the input. Under these
circumstances, we suggest that rotated letters rapidly engage
letter-recognition systems and in fact recruit additional
processing resources to assist in analysis difficulty, relative
to upright-letter words—by ~100 ms. Rotated letters may
drive activation of units that are consistent with the input
letters and also erroneous units representing other letters,
resulting in competition between letter-representations, and
recruiting top-down feedback that aids selection of the
appropriate letter-level representations.

Previous findings of enhanced N170 to mirror-inverted
(Proverbio et al., 2007) or picture-plane inverted words (Rossion
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drive rapid partial activation of lexical representations with
which they are partially consistent. Holcomb and Grainger
(2006) have argued that such overactivation may explain
enhancement of the later N400 component by pseudowords;
here we suggest that such over-activation occurs earlier, within
the N170 latency window. The resulting activation of multiple,
alternatives at the lexical level may generate feedback to lower-
level word-form representations, increasing word-form pro-
cessing activity, which manifests in enhanced N170.

3.3. Cascaded, interactive processing

Several aspects of the data are consistent with a faster timescale
for the processing of letter-level than higher-level (lexical)
analysis. First, the effects of letter-rotation began earlier than
those of lexical status, at the P1.2
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information flow between lower and higher levels within the
visual system (Foxe and Simpson, 2002; Lamme and
Roelfsema, 2000). (Foxe and Simpson, 2002) report human
ERP evidence that occipital cortex responds to visual stimuli
by 56 ms, and that frontal cortex is active by 80 ms. Monkey
intracranial recordings show that feedforward information
flow from V1 to the highest levels of the ventral visual system
(inferotemporal cortex, IT) occurs in ~23 ms (Schroeder et al.,
1998; Schroeder et al., 2001) and that robust selectivity for
complex stimuli (e.g., faces) occurs at latencies of ~100 ms
(e.g.,



Lexical status effects were analyzed by ANOVA with factors
lexical status (word/pseudoword) and hemisphere (left/right).
Significant main effects were followed by simple effects
analysis.

4.6. Behavioral data analysis

Lexical decision times greater than 2.5 SDs from each
participant's mean decision time were dropped. This affected
2.8% of the data. The effect of parametrically increasing letter-
rotation on lexical decision time and accuracy were analyzed
with linear mixed effects models with Rotation as a fixed
factor and Subjects as a random factor. We included linear
and quadratic contrasts to capture non-monotonic patterns
apparent in visual inspection of the data.
5. Conclusion

Our findings provide support for a hierarchical model of word
recognition in which analysis proceeds from low to higher
levels of analysis in a cascaded, interactive dynamic. At the
early latency of ~100 ms and continuing through the initial
200 ms, we find evidence that letter rotation causes analysis
difficulty that recruits additional processing resources. We do
not find evidence of an initial “feature detection” stage at
which real, standard-oriented words enhance brain responses
over other stimuli. By ~160 ms, letter recognition has
advanced to a level where processing difficulty reflects the
degree of letter rotation and also access of lexical represen-
tations. At this timepoint, we also see evidence of con-
current processing of both letter-level and lexical-level
representations.
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