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Acquisition and Design. Twenty-three participants (10 men and 13
women; mean age � 21.4; SD � 2.6) were recruited from the
student population of The University of Chicago. All were
right-handed, and had normal hearing and normal (corrected)
vision. The study was approved by the Institutional Review
Board of the Biological Sciences Division of the University of
Chicago, and all participants provided written informed consent.

The experimental materials were made up of 3 types of
contents, each consisting of 8 auditory spoken sentences. One-
third (20) of the materials were spoken stories in which the final
3 sentences were more informative (MI) given the previous
content (i.e., surprising). Another one-third were spoken stories
in which the final sentences were less informative (LI) given the
previous content (i.e., quite predictable). The final third were
nonnarrative sentence (NS) contents that consisted of meaning-
ful sentences that did not make up a continuous meaning.
Importantly, the stories in the more- and less-informative con-
ditions were identical apart from a word or two in the third
sentence, which determined the informativeness of the 3 critical
statements communicated at the end of the story (see ref. 1 for
details on stimulus construction). Each story was followed by 22
sec of rest.

Scans were acquired on a 3-Tesla scanner using spiral acqui-
sition with a standard head coil. For each participant, 2 volu-
metric T1-weighted scans (120 axial slices, 1.5 � 0.938 � 0.938
mm resolution) were acquired and averaged to provide high-
resolution images on which to identify anatomical landmarks and
onto which functional activation maps could be superimposed.
Functional images were acquired in the axial plane (32 slices,
slice thickness of 3.8 mm no-gap, interleaved acquisition, matrix
size � 64 � 64, TR � 2 sec; TE � 30; f lip angle � 77). Effective
functional resolution was 3.8 mm3. We collected 1,620 whole-
brain images (216 in each of the first 7 runs, and 108 in the eighth
run). An analysis of these data against a synthetic model using
general linear models (GLM) has been previously reported in
Hasson et al. (1).

Data Analysis: Preprocessing of Individual Functional Data in 3D Space
and Projection of Data to 2D Surface. For each subject, images were
spatially registered in 3 dimensions to a reference acquisition
collected in the first run (using AFNI; ref. 2). The time series
(TS) of each of the 8 fMRI runs was intensity scaled to the mean
of each voxel. Data were temporally filtered (bandpass; 0.009 �
f � 0.08). We then removed several sources of variance from the
TS data via linear regression. These included (i) 6 motion
parameters estimated during the head motion correction, (ii)
linear and second-order polynomial trend, and (iii) a TS that was
generated by averaging the TS of high-intensity white matter
voxels (this mask was generated semiautomatically and verified
manually). At this stage, data were also corrected for slice-timing
differences. No temporal or spatial smoothing was conducted as
part of preprocessing in the acquired volumes. Instead, inter-
subject registration and smoothing was carried out in the surface
domain as detailed below.

The left and right hemispheres of each participant’s anatom-
ical volume were inflated to a surface representation and aligned
to a common template using the warping procedures imple-
mented in the FreeSurfer software version 3.0.5 (3). The result-
ing anatomical representations were imported into SUMA (4).
This method of group registration in the surface domain results
in accurate reflection of individual data at the group level (5),

ensures that smoothing avoids inclusion of white matter data,
and avoids averaging data across sulci (6). The entire functional
TS data of each voxel (in 3D volumetric space) were then
projected from the 3D volumes onto the 2D surface. The
resulting dataset consisted of 1,620 time points � 196,000
vertexes per hemisphere per participant, and it was in this 2D
surface representation that functional connectivity values were
established. A 4-mm smoothing kernel was then applied to the
TS data to increase the signal-to-noise ratio. In addition, we used
FreeSurfer to obtain anatomical parcellations of the cortical
surface for each participant. These parcellation methods have
been shown to be comparable in accuracy to manual parcellation
(7, 8), and their statistical knowledge base derives from a training
set incorporating the anatomical conventions of Duvernoy (9).

Data Analysis: Generating Individual-Level Correlation Maps. For
each participant, individual-level functional connectivity maps
were generated against 2 seed regions (left precuneus, left
angular gyrus) in the following manner. First, a reference TS was
created by averaging the TSs of all of the vertexes in the seed
region (i.e., all vertexes were included independent of their
relative activation or deactivation with respect to the experi-
mental task). To minimize the potential effects of motion
artifacts on the estimation of connectivity, we removed images
acquired during periods where motion exceeded 1 mm (cf. ref.
10). Furthermore, to reduce the potential biasing effects of
outlier values in the TS, acquisitions in which the signal values
exceeded 5% were replaced with the median of the seed-region
TS. All analyses reported in this article were repeated with (i) an
outlier threshold of 2.5% or (ii) no outlier thresholding, and
these manipulations resulted in no qualitative changes to the
results. We chose left-hemisphere seed regions on the basis of
prior use in the literature; recent work suggests that homotopic
regions in this network show strong correlations during rest (16),
so that choosing right-hemisphere seed regions would have
revealed highly similar connectivity maps.

In the second stage, we partitioned the reference TS into 6
TSs, one for each of the states for which we evaluated connec-
tivity. These 6 derived TSs were created by concatenating the
relevant acquisitions of interest from the main TS (see ref. 11).
We first shifted the time series by 4 sec to account for the delay
in the hemodynamic response. This 4-sec shift was performed to
capture the portions of the time series associated with the
presentation of content of interest. Following this temporal shift,
for the analysis of connectivity during language comprehension,
we created (for each of the MI, LI, and NS conditions) a TS by
concatenating the functional acquisitions associated with the
presentation of the final 4 sentences of each story type (8
acquisitions) plus the 3 acquisitions that followed them (i.e., 11
acquisitions; 22 sec). For the analysis of connectivity during the
rest periods, we similarly concatenated the acquisitions corre-
sponding to the rest periods that followed the MI, LI, and NS
conditions. There were 11 acquisitions associated with the rest
period following each story, but, as mentioned, the first 3 of
those were analyzed as part of the language time series to
account for the attenuation in the hemodynamic response func-
tion (HRF) in such contexts, making for 8 rest acquisitions
following each story presentation. (Due to the 4-sec shift of the
TS and the additional discounting of the first 6 sec of the rest
period, the first acquisition treated as a rest period effectively
began 10 sec after the preceding story had ended and ended
22 sec later.) We used a peak-fitting algorithm (12) to assess
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the return to baseline following story presentation and found
it to be within 10�14 sec after the termination of the last
sentence.

To establish the temporal synchronization between the refer-
ence TS and the TS of each vertex, we computed the cross-
correlation between the two. This procedure is similar to estab-
lishing a Pearson’s product moment of correlation between the
2 TSs, but additionally includes a parameter that accounts for
phase (i.e., lag difference) between the series. Given that
different brain regions have different HRF dynamics (13, 14),
ignoring these systematic phase differences can lead to under-
estimation of synchronization in case the series are systematically
temporally misaligned. In our implementation we limited the lag
search window to one acquisition. The cross-correlation function
thus established the correlation between the 2 time series for –1,
0, and �1 lag, and the maximal value was taken as the correlation
for that vertex. Note that 2 such connectivity maps were created
for each condition of interest, one per each seed region.

Data Analysis: Generating Group-Level and Contrast Correlation
Maps. Correlation values in each condition were Z transformed
using Fisher’s transformation, and statistical analyses were car-
ried out on the transformed values. To identify areas showing (i)
differential FC during listening vs. rest, (ii) differential FC as
function of language content, or (iii) an interaction between the
2 factors, we conducted a 2 (task: listening, rest) � 3 (content:
more informative, less informative, nonnarrative) whole-brain
ANOVA on a vertex-wise level.

This analysis was conducted twice: once for data correspond-
ing to FC maps generated by the analysis against the precuneus
seed region, and once for data generated by the analysis against
the angular gyrus seed region. To identify areas showing similar
main effects or interaction for both seed regions (e.g., showing
a main effect of task in both cases), we identified surface vertexes
where the reliability of the effect corresponded to P � 0.05 in
both analyses. All analyses were conducted against each seed
separately to generate single-seed statistical maps, and these

were then overlaid to identify regions showing experimental
effects in maps defined by both seeds (i.e., the intersection of
both statistical maps). In each analysis, the single-voxel threshold
for an experimental effect was set at P � 0.05. Note that because
the time series of the 2 seed regions were not independent
(median Pearson’s R across participants � 0.5; see supporting
information (SI) Fig. S5), the analyses conducted against these
seed regions were not independent. That is, if a voxel showed a
certain effect when tested against one seed region, there was
above-chance likelihood that it would show a similar effect when
tested against the other seed region. Because of this interde-
pendence, the joint probability of the 2 tests was not 0.052 (.0025)
but 0.01. As a result, all tests were controlled for multiple
comparisons using a combination of single-voxel threshold of
P � 0.01 and a cluster extent threshold (all analyses presented
were corrected at P � 0.05, corrected for family-wise error rate).

To identify areas showing differential FC during rest as a
function of preceding context, we conducted a one-way repeated
measure ANOVA analyzing FC values for the rest periods that
followed the MI, LI, and NS conditions. This analysis was
repeated for each seed region separately, and the intersection
analysis conducted and thresholded as described. To identify
areas where the difference between FC during listening and rest
was modulated by content, we identified areas showing a statis-
tically reliable 2 (task: listening vs. rest) � 3 (content: more
informative, less informative, nonnarrative sentences) interac-
tion that held for all voxels in these clusters.

To quantify the relation between FC and subsequent memory
for the materials, we treated each functional cluster differenti-
ating rest from listening as a functional ROI (fROI). Within each
fROI we calculated the mean FC value, for each participant, and
correlated those values against participants’ subsequent memory
scores using a correlation method that is robust against multi-
variate outliers (using the robustbase package of the R statistical
language; ref. 15). These analyses were conducted against both
seed regions, but we report the results of analyses conducted
against the precuneus seed region for the sake of brevity.
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Fig. S1. Magnitude of functional connectivity during listening and rest. The strength of connectivity during listening and rest is displayed for each cluster that
differentiated between the two. Numeric indexes match those in Fig. 1 and Table S1. Values reflect connectivity with L. precuneus seed region (highly similar
values were found when tested against L. angular G. seed region, not shown).
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Fig. S2. Regions in which functional connectivity during rest varied as function of preceding content. Values reflect connectivity with L. precuneus seed region
(highly similar values found when tested against L. angular G. seed region, not shown). Standard error bars indicate the SE of the mean across participants. PreCG,
precentral G.; SFG, superior frontal G.; PCgG, posterior cingulate G.
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Fig. S3. Interindividual differences in functional connectivity during listening predict subsequent memory for content. Of the functional clusters that showed
differential connectivity between listening and rest periods (Fig. 1), 11 demonstrated a reliable association between participants’ FC value during listening and
their memory for language content (minimal correlation P value � .004, after FDR correction for multiple comparisons). The figure presents correlation against
L. precuneus seed region. Cluster indexes match those in Fig. 1 and Table S1. PCL, paracentral lobule; MedFG, medial frontal G; PCun, precuneus. Other
abbreviations as in Fig. S2.
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Fig. S4. Shifts in magnitudes of functional connectivity predict subsequent memory for content. Of the functional clusters that showed differential connectivity
between listening and rest periods (Fig. 1), 5 demonstrated a relation between the degree of shift in FC between rest and listening [FC(rest) � FC(listening)] and
subsequent memory for the story materials. The figure presents correlation against L. precuneus seed region. Cluster indexes match those in Figure S1 and Table
S1. (A) Regions where FC during rest was greater than FC during task. (B) One of only 2 regions where FC was higher during listening than during rest. MFG, middle
frontal G; other abbreviations as in Fig. S3.
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Fig. S5. Correlation between the 2 seed regions in each of the 6 experimental conditions. The figure shows the distribution of correlation values across
participants, per experimental condition. LI, less informative; MI, more informative; NS, nonnarrative sentence conditions. ‘‘End’’ refers to connectivity during
listening; ‘‘Rest’’ refers to connectivity during rest periods after listening.
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Table S1. Regions showing differential connectivity during listening and rest

Region BA fROI no. (Fig. 1)

TLRC coordinates

X Y Z

Left hemisphere
Frontal

PreCG 4 2 �27 �27 56
PreCG 6 4 �45 �4 34
PreCG 6 13 �41 �12 32
PreCG 44/6 17 �49 2 8
PreCG 6 22 �26 �14 59
MedFG 6 5 �7 �8 60
MFG 6 6 �36 1 49
MFG 9 16 �36 12 32
MFG 10 21 �39 45 20
IFG 46 18 �45 17 25
SFG 6 20 �6 8 65
SFG 6 23 �7 27 56

Temporal
STG 21 1 �50 �21 2
MTG 19 24 �45 �60 15

Insula
Claustrum/insula 7 �33 �12 11
Insula 13 25 �43 �12 17

Postcentral
PoCG 3 8 �26 �37 46
PoCG. 2 14 �53 �18 27
PoCG 2 15 �24 �34 60
PoCG 3 19 �44 �21 53

Midline
PCL 31/24 3 �10 �16 45
PCL 4 12 �7 �36 64
Cingulate G. 31 9 �13 �42 32
Caudate/anterior cingulate 10 �15 18 14
Cuneus 18/17 11 �1 �77 14
Cuneus 17 26 �21 �81 11

Right hemisphere
Frontal

MedFG 6 2 7 �13 57
PreCG 6 3 42 �10 43
PreCG 4 4 26 �27 57

Temporal
STG 41 1 49 �28 7

Postcentral
PoCG 5 6 23 �39 60
PoCG 7 13 12 �47 65
PoCG 7 16 20 �50 65

Midline
Cuneus 18 5 13 �69 19
PCL/cuneus 5 7 10 �33 47
Caudate/anterior cingulate 8 11 24 11
PCun 31 9 26 �75 18
PCun 7 14 5 �48 53
PCgG 30 10 21 �59 8
PCgG 23 11 6 �52 20
PCgG 30 15 17 �46 11
Lingual G. 18 12 16 �68 5

fROI no. refers to location of these clusters as numbered in Fig. 1.
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Table S2. Regions demonstrating differential functional connectivity (FC) with both seed regions as a function of content

Region BA fROI no.

TLRC coordinates

X Y Z

Content-sensitive FC collapsed across listening and rest (fROI no. in Fig. 2)
L. PreCG. 6 1 �48 �9 30
L. PreCG. 4 2 �25 �30 56
R. cingulate G. 23 3 6 �48 26
R. SFG 9 4 16 35 37

Content-sensitive FC during rest (fROI no. in Fig. S2)
L. PreCG 6 1 �48 �8 31
L. PreCG 6 2 �18 �17 65
R. SFG 8 3 11 39 40
R. PCgG 23 4 7 �48 25
R. PreCG 6 5 52 �5 30
R. PreCG 40 6 34 �36 53
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