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study, we examined a syntactic measure (i.e., syntactic probability)
(18) and a semantic measure (i.e., latent semantic analysis, LSA)
(19) of our context manipulation. Syntactic probability of the
words did not differ between the two conditions (P = 0.343). Thus,
syntactic processing cannot explain the theta-context effect.
For the semantic-processing measure, we calculated the strength

between each word in the sentence and the picture name using LSA.
LSA provides a statistical measure of the semantic relationship be-
tween words. Associative strength was stronger for constrained than
unconstrained contexts from the second word onward (Ps < 0.034)
(see Analysis of Semantic Associations, below). The word with the
largest semantic contribution to defining the sentence context
was determined as the word that had the strongest LSA associ-
ation with the picture name.
The theta power for the context-defining words are shown in

Fig. 6A, as well as theta power to the preceding and following
word. The average LSA association values are shown in the bot-
tom part of Fig. 6A. The defining context theta-power increases
were more robust in the constrained than in the unconstrained
condition (group-level Wilcoxon signed-rank z = 1.99, P = 0.047).
For the constrained condition, all patients showed increased theta
power at the context-defining words relative to the preceding
word, shown in Fig. 6B (group-level Wilcoxon signed-rank test z =
2.803, P = 0.005). Note that for all but one patient, theta power
was already increased relative to baseline so the theta-power in-
creases at the context-defining word consist of a further increase
in the ongoing theta oscillations. For the unconstrained condition,
this pattern was not observed (group-level Wilcoxon signed-rank
z = 0.153, P = 0.879). There was no evidence for theta-power
differences between the context-defining word and the following
word (group-level Wilcoxon signed-rank z = � 1.27, P = 0.203).

Discussion
Our study demonstrates that the same neuronal computations
used by the hippocampus for memory function, as measured
through theta-oscillatory activity, also subserve online language
use. Specifically, theta power in the human hippocampal complex
increased with the establishment of a meaningful context in a
sentence. These theta effects were observed well before picture
presentation, providing evidence that the hippocampal complex is
actively involved in language processing.
We tested the relationship between theta power and semantic,

association-governed processing. Specifically, association strength
of the context-defining words differed between the two conditions

and theta power increased in all patients at the context-defining
words relative to the preceding word in the constrained condition.
Regarding rule-governed processing, syntactic probabilities of the
words were matched between the two conditions. Thus, rule-
governed processing cannot explain the theta-context effect.
Our results are in line with the hippocampal literature related

to retrieval of associative memories. When correctly recollecting
the context in which an item has been learned (i.e., a specific as-
sociation), hippocampal theta-power increases are observed (20).
Recent human lesion evidence also supports a role for the
hippocampal-complex structures in retrieving associations in the
domain of semantic memory. Patients with bilateral hippocam-
pal-complex damage showed impairment in semantic-association
tasks testing words learned before the brain damage (21). These
lesion findings implicate the hippocampal structures in main-
taining and strengthening existing associations between words
learned through life. Together with this neuropsychological evi-
dence, our physiological findings of increased theta power for
sentences with stronger semantic associations indicate that the
hippocampal complex contributes to language in an active fashion,
relating incoming words to stored semantic knowledge.
Hippocampal theta power also increases during episodic

memory retrieval (22). For our sentences, the constrained con-
texts allow the picture name to be retrieved in an anticipatory

Fig. 3. Context effect. Time-resolved spectra of the context effect (con-
strained vs. unconstrained) time locked to picture presentation in 10 patients,
with significant effects in stronger colors (multiple comparisons corrected). The
location of these contacts is given in Table 1. Trial events are shown at the
bottom (from left to right: the words of the sentence, picture presentation,
and response). The timing of each word position is indicated by the continuous
lines. The left end of each line indicates the earliest possible word onset. The
right end indicates the latest possible word offset (and next word onset). Median
word onset (and previous word offset) is indicated by the orange vertical bars.

Fig. 2. Picture naming times. Mean picture naming times for correct responses
as a function of condition for each participant.
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