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Introduction: The angular gyrus (AG) is consistently reported in neuroimaging studies of episodic
memory retrieval and is a fundamental node within the default mode network (DMN). Its speciﬁc
contribution to episodic memory is debated, with some suggesting it is important for the subjective
experience of episodic recollection, rather than retrieval of objective episodic details. Across studies of
episodic retrieval, the left AG is recruited more reliably than the right. We explored functional connectivity of the right and left AG with the DMN during rest and retrieval to assess whether connectivity
could provide insight into the nature of this laterality effect.
Methods: Using data from the publically available 1000 Functional Connectome Project, 8 min of resting
fMRI data from 180 healthy young adults were analysed. Whole-brain functional connectivity at rest was
measured using a seed-based Partial Least Squares (seed-PLS) approach (McIntosh and Lobaugh, 2004)
with bilateral AG seeds. A subsequent analysis used 6-min of rest and 6-min of unconstrained, silent
retrieval of autobiographical events from a new sample of 20 younger adults. Analysis of this dataset took
a more targeted approach to functional connectivity analysis, consisting of univariate pairwise correlations restricted to nodes of the DMN.
Results: The seed-PLS analysis resulted in two Latent Variables that together explained  86% of the
shared cross-block covariance. The ﬁrst LV revealed a common network consistent with the DMN and
engaging the AG bilaterally, whereas the second LV revealed a less robust, yet signiﬁcant, laterality effect
in connectivity – the left AG was more strongly connected to the DMN. Univariate analyses of the second
sample again revealed better connectivity between the left AG and the DMN at rest. However, during
retrieval the left AG was more strongly connected than the right to non-medial temporal (MTL) nodes of
the DMN, and MTL nodes were more strongly connected to the right AG.
Discussion: The multivariate analysis of resting connectivity revealed that the left and right AG show
similar connectivity with the DMN. Only after accounting for this commonality were we able to detect a
left laterality effect in DMN connectivity. Further probing with univariate connectivity analyses during
retrieval demonstrates that the left preference we observe is restricted to the non-MTL regions of the
DMN, whereas the right AG shows signiﬁcantly better connectivity with the MTL. These data suggest
bilateral involvement of the AG during retrieval, despite the focus on the left AG in the literature. Furthermore, the results suggest that the contribution of the left AG to retrieval may be separable from that
of the MTL, consistent with a role for the left AG in the subjective aspects of recollection in memory,
whereas the MTL and the right AG may contribute to objective recollection of speciﬁc memory details.
& 2015 Elsevier Ltd. All rights reserved.
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Recruitment of the posterior parietal cortex (PPC), speciﬁcally
the angular gyrus (AG), has been reported often in the recent
episodic memory literature (Benoit and Schacter, 2015; Cabeza
et al., 2012; Ciaramelli et al., 2008; Foster et al., 2015; Frithsen and
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Miller, 2014; Gilmore et al., 2015; Shimamura, 2014; Skinner and
Fernandes, 2007; Spaniol et al., 2009; Vilberg and Rugg, 2008;
Rugg and Vilberg, 2013; Wagner et al., 2005). Unlike other core
components of traditional episodic memory circuits (e.g., hippocampus, diencephalon, and basal forebrain), where insult typically
leads to amnesia (Aggleton, 2012; Aggleton and Brown, 2006;
Damasio et al., 1985; Montaldi and Mayes, 2010; Scoville and
Milner, 1957), damage to the AG is not associated with such severe
memory deﬁcits, though more subtle, restricted deﬁcits are observed (Berryhill, 2012; Schoo et al., 2011; c.f., Ben-Zvi et al., 2015).
Stemming from this functional distinction, various neuroanatomical models of episodic memory have been proposed to explain
the functional contributions of PPC subregions, including the AG,
to episodic memory retrieval (Cabeza et al., 2012; Ciaramelli et al.,
2008; Daselaar et al., 2009; Gilmore et al., 2015; Jaeger et al., 2013;
Levy, 2012; Nelson et al., 2010; Vilberg and Rugg, 2008; Shimamura, 2011; Simons et al., 2010; Wagner et al., 2005). Though
these theoretical models have begun to successfully characterize
the nature of AG recruitment during episodic retrieval tasks, they
do not account for the laterality differences that are apparent in
the literature (Levy, 2012; Seghier, 2013). Studies using functional
neuroimaging to explore the neural systems underlying episodic
memory reliably report AG recruitment, with a clear bias to the
left hemisphere (for meta-analyses, see Humphreys and Lambon
Ralph (2014), McDermott et al. (2009) and Spaniol et al. (2009)),
regardless of whether verbal or nonverbal stimuli are used (e.g.,
Spaniol et al., 2009; Vilberg and Rugg, 2007), suggesting that there
may be factors contributing to this effect that exist beyond stimulus modality.
To explore the neural basis for the left laterality effect in AG, we
examined AG functional connectivity with the default mode network (DMN), a large-scale network associated with the retrieval of
episodic memories (Andrews-Hanna et al., 2010, 2014; Daselaar
et al., 2009; Huijbers et al., 2012; McCormick et al., 2014; Spreng
et al., 2009). The DMN overlaps considerably with regions associated with recollection (Rugg and Vilberg (2013) including autobiographical memory, Maguire (2001), St-Laurent et al. (2011), and
recollection-speciﬁc regions are thought to be a separable subsystem of the overarching DMN (Andrews-Hanna et al., 2010).
Thus, we examined both the similarities and differences in connectivity between the left and right AG during rest and episodic
retrieval in two separate experiments. Understanding the differences in connectivity between the left and right AG may provide
insight into the left AG laterality effect. If, for example, the left AG
shows better connectivity with the DMN during both rest and
during retrieval, it would suggest that the reason we see a preference for left AG activity is that it is better integrated into a
system that can support episodic memory. Furthermore, by
probing intra-DMN connectivity, we can determine which subregions of the DMN support this laterality effect, affording more
nuanced inferences regarding the function of both the left and
right AG based on the regions with which they are better
connected.
We hope to answer three questions: ﬁrst, do the left and right
AG contribute to the DMN to a similar degree during rest? The
left preference during memory retrieval may be supported by
greater connectivity between the DMN and the left AG at rest, as
the laterality effect in activity may emerge because the left AG is
simply better integrated, intrinsically, into this memory system.
Second, if there are differences in connectivity within the DMN at
rest, where do they occur? Relative to the overall network association, this question targets a more nuanced explanation by
examining laterality effects within speciﬁc subregions of the
DMN. Third, how does active retrieval modify the functional
connectivity pattern between the bilateral AG and subregions of
the DMN? This question allows us to explore directly any
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laterality effects in connectivity between rest and active episodic
retrieval.

2. Methods
2.1. Overview
We examined the laterality effect in the angular gyrus using
functional connectivity analyses in two separate experiments:
ﬁrst, examining connectivity during rest and second, contrasting
connectivity during rest and an unconstrained episodic retrieval
task. For the ﬁrst experiment, we used a data-driven multivariate
analysis to characterize both similarities and differences in wholebrain connectivity between the left and right angular gyrus.
Resting data provides unique insight into differences between the
angular gyri in their intrinsic connectivity with the entire brain
(Cole et al., 2014), and a useful baseline in comparison to episodic
retrieval. Furthermore, the use of a data-driven analysis allowed us
to explore the most prominent multivariate patterns of connectivity in our data without any prior deﬁnition of network
nodes. For the second experiment, we extended the ﬁndings of the
ﬁrst experiment with a theoretically driven univariate analysis
directly contrasting the left and right angular gyrus connectivity
across a set of memory-sensitive DMN nodes, during both rest and
episodic retrieval. The inclusion of the retrieval condition in this
analysis allowed us to bridge the results between our resting data
and the reported laterality effects during active retrieval of episodic memories. Furthermore, since this experiment was restricted
to the nodes of the DMN, testing for laterality differences in
functional connectivity within these individual nodes was better
suited for a contrast-based univariate approach. Different participants were used in each experiment.
2.2. Experiment 1
2.2.1. Participants
Data from 180 younger adults were included in this experiment, acquired from the 1000 Functional Connectome Project (for
details, see http://fcon_1000.projects.nitrc.org/). All participants
were between 17 and 28 years of age (M ¼21.2, SD ¼1.94) and the
sample was collected at the Beijing Normal University. No measure
of education was available for this dataset, although a measure of
full-scale IQ was available for a subset of 67 participants
(M ¼125.3, SD ¼8.5). All participants were healthy, right-handed,
and had normal or corrected to normal vision.
2.2.2. Data acquisition and processing
All participants were tested using the Siemens Trio 3-T scanner
at the Imaging Center for Brain Research at the Beijing Normal
University. A T1-weighted 3D MP-RAGE sequence was used to
collect the structural scans (TR ¼ 2530 ms, TE ¼3.39 ms, ﬂip
angle ¼7°, FOV ¼ 25.6 cm2, 256  192 matrix, 128 slices of 1.33 mm
thickness). In addition, eight-minutes of eyes-closed resting scans
were collected from each participant. Resting functional runs were
collected with a T2-weighted EPI sequence (240 volumes,
TR¼ 2000 ms, TE ¼30 ms, ﬂip angle ¼90°, FOV ¼ 20 cm2, 64  64
matrix, 30 slices of 5 mm thickness, gap ¼.6 mm). The raw data
were downloaded from the 1000 Functional Connectome Project
(http://fcon_1000.projects.nitrc.org/indi/retro/BeijingEnhanced.
html), and then preprocessed using the pipeline described below.
The data were preprocessed using the Analysis of Functional
Neuroimaging suite (AFNI; Cox, 1996). The speciﬁc preprocessing
steps used were: (1) physiological motion correction, (2) 6-parameter rigid body motion correction, (3) spatial normalization to
MNI space, (4) spatial smoothing with a 8 mm Gaussian kernel
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(producing a ﬁnal voxel size of 4 mm isotropic), and ﬁnally (5) the
white matter and cerebrospinal ﬂuid-related time-series were
regressed from the time-series of each voxel. To correct for the
effects of motion that are known to persist despite standard processing steps (e.g., Power et al., 2012) an additional motionscrubbing procedure was included at the end of our preprocessing
pipeline (Anderson et al., 2014; Campbell et al., 2013). Using a
conservative multivariate technique, time points that were outliers
on both the six rigid-body motion parameter estimates and average fMRI BOLD signal were removed, and the BOLD signal was
interpolated across using adjacent data points. This process
minimizes the effects of motion-induced spikes in the BOLD signal
without leaving sharp discontinuities due to the removal of outlying volumes (for details, see Campbell et al. (2013)).
2.2.3. Data analysis: Seed Partial Least Squares
The resting state data were analyzed using Seed-Partial Least
Squares (seed-PLS) (McIntosh and Lobaugh, 2004; Krishnan et al.,
2011), a multivariate analysis technique that can identify whole-brain
patterns of activity related to the speciﬁc time-course of a predeﬁned
region or pair of regions. Seed-PLS does not require a priori contrasts
typical of univariate techniques (e.g., subtraction method), and thus
provides a data-driven approach to characterizing patterns of brain
connectivity associated with speciﬁc seed regions. Furthermore,
seed-PLS allows one to model the multivariate patterns of connectivity across multiple seeds simultaneously, providing an optimal
technique to statistically compare whole-brain connectivity patterns
associated with the left and right AG.
Similar to principal component analysis, PLS identiﬁes a set of
principal components or “latent variables” (LVs) that best account
for the covariance in the data, but in the case of seed-PLS, these
LVs are speciﬁcally calculated from a correlation matrix of the
activity in the seeded region and correlations with all voxels in the
brain. To produce the values used to create this correlation matrix,
resting-state timecourses were artiﬁcially “blocked” by concatenating consecutive 5-volume sets to produce 46 “blocks” of
10 s each (excluding the ﬁrst 5 TRs to allow for signal normalization). This procedure replicates the effect of low-pass ﬁltering at
.1 Hz, reducing temporal noise (Grigg and Grady, 2010a,b).
Next, we selected our seed regions located in the bilateral angular gyrus/posterior inferior parietal lobule: left AG (X:  44, Y:
68, Z: 28) and right AG (X: 50, Y:  72, Z: 32). We were interested
in ﬁnding bilaterally deﬁned regions in the AG that fell within the
DMN and also responded to rich memory conditions. To accomplish
this, we used the Neurosynth package (Yarkoni et al., 2011) to
produce a reverse-inference map of the term “default”, FDR corrected at po.01. This provided a map of brain regions preferentially
related to the term “default” in previously published literature, including data from 627 separate studies during either task or rest,
acting as a standard DMN template. Then, we produced another
reverse-inference map of the term “autobiographical memory”,
derived from 64 separate studies, and masked this autobiographical
memory map with our DMN template. This provided a map of DMN
regions that was also associated with autobiographical memory
(see Fig. S1 in Supplementary data). We chose “autobiographical
memory” as our reference point to ﬁnd areas associated with
mnemonic processing because of the complex and multimodal
nature of autobiographical memories, known to engage bilateral AG
(e.g., Elman et al., 2013; also, see meta-analyses in Andrews-Hanna
et al. (2014)). As autobiographical memory retrieval engages both
episodic memory and self-related/mentalizing processes (D'Argembeau et al., 2014; Rabin et al., 2010), each of which is mediated
by separable subsystems of the DMN (Andrews-Hanna et al., 2010),
we considered autobiographical memory most suitable to determine task-related nodes from both subsystems of the network.
To identify our speciﬁc seeds, we applied anatomical masks of the

AG from the AAL atlas (Tzourio-Mazoyer et al., 2002) and determined the peak voxel within each AG to ﬁnd the coordinates to
use for our seeds. Furthermore, we used the same map to determine seed coordinates of the entire DMN for univariate analysis
in Experiment 2 (see Section 2.3.4).
For each participant, we then extracted the mean signal from a
4  4  4 mm3 voxel centered on the seed coordinates, per block.
Then, the mean value for the seed was correlated, per block, with
the mean signal from the remaining brain voxels, across subjects,
creating a matrix of seed to whole-brain correlations (for a detailed
example, see Krishnan et al. (2011)). Once these seed to whole-brain
correlations were calculated, the subsequent correlation matrix was
parsed into LVs using singular value decomposition (SVD), where
each LV represented a spatial pattern of correlation, or functional
connectivity, between seeded region(s) and the entire brain. Statistical signiﬁcance of each LV as a whole was determined using a
permutation test, using 500 permutations. This test determined
whether the covariance accounted for by a speciﬁc LV was signiﬁcantly different from a sampling distribution of 500 singular
values derived from 500 random permutations of the data (for
details, see Krishnan et al. (2011); McIntosh and Lobaugh (2004)). In
addition, the contribution of each voxel to the identiﬁed spatial
pattern in the brain was tested by submitting all voxel salience
values (i.e., their contribution to an LV) to a bootstrap estimation of
the standard errors (SEs; Efron, 1981) with 100 bootstraps. The
bootstrap estimation procedure calculates how robustly each voxel
contributed to the spatial pattern of a speciﬁc LV.
LVs calculated using PLS are orthogonal to one another, and may
consist of clearly dissociable positive and negative dimensions.
These dimensions, in seed-PLS, represent contrasting patterns of
functional connectivity (i.e., the warm versus cold-colored regions
seen in Fig. 1b). The reliability of each voxel's association with either
the positive or negative dimension of an LV was determined by
their bootstrap ratio (BSR), which is calculated by dividing the
voxel's salience score by its standard error, and itself has a positive
or negative value. It is important to note, however, that the positive
and negative attributions themselves are arbitrary and do not mean
activation or deactivation. Instead, the positive and negative dimensions simply reﬂect two distributions of voxels that covary in a
similar pattern to one another. BSR ratio thresholds were selected as
half of the maximum BSR for the peak region (not including the
seeded region). For the ﬁrst LV, peak voxels with a BSRZ 725
(po.0001) were considered to contribute reliably to the LV. Similar
to principal component analyses, the ﬁrst LV accounts for the most
covariance in the data, while all subsequent LVs account for progressively less covariance. Consequently, the maximum positive and
minimum negative BSRs for the second LV were less extreme than
that of the ﬁrst, so peak voxels with a BSR of 77 (po.0001) were
considered to contribute reliably to this LV (for another example of
this, see Campbell et al. (2013)). Signiﬁcant clusters were deﬁned as
having at least 5 contiguous voxels. We report coordinates in MNI
space (see Tables 1 and 2).
Measures of the degree to which each participant expressed
each LV pattern were calculated by multiplying each voxel's salience by the BOLD signal in the voxel, and summing over all brain
voxels. The resulting measure, or brain score, was produced for
each participant in each “block”, per LV. Functional connectivity
(as reported in the seed correlation plots in Fig. 1) was assessed by
correlating these brain scores with each seed's activity per “block”
and a bootstrap estimation procedure was used to calculate 95%
conﬁdence intervals around these correlations. Correlations and
95% conﬁdence intervals for each block were then averaged to
depict the general pattern of functional connectivity associated
with a speciﬁc LV. Because the ﬁrst LV accounts for the most
covariance in the data, if there is a common network to which
both seeds are strongly connected, it is likely that it would be
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identiﬁed in the ﬁrst LV. Unique patterns of whole brain functional
connectivity that may potentially differentiate between the two
seeds should be identiﬁed by subsequent LVs. We report the ﬁrst
two LVs from the analysis, as they were the only signiﬁcant LVs
that captured the DMN.
To assess differences in the strength of the functional connectivity between the left and right AG and the identiﬁed brain
patterns, we used a non-parametric Wilcoxon signed-rank test to
compare the correlations between the two seeds and the brain
scores across the resting state “blocks” for the two LVs. The p values from these analyses were Bonferonni corrected to maintain
family-wise error rates (i.e., two comparisons, thus p ¼.025). In
sum, if the left and right AG covary in the same direction and to
the same extent with the pattern of regions in an LV, then both the
left and right AG contribute signiﬁcantly to the same network of
functionally connected regions. If the left and right AG, instead,
covary signiﬁcantly in opposite directions this would indicate laterality effects in the pattern of whole-brain functional connectivity associated with the AG.
2.3. Experiment 2
2.3.1. Participants
Data collected from 20 younger adults at the University of
Toronto were included in this experiment. They ranged between
18 and 24 years of age (M ¼21.3, SD ¼ 1.9), with an average of 15.3
years of education (SD ¼1.56). Participants were healthy, and
without history of psychiatric or neurological disorders, drug
abuse, or systemic disease that could affect cerebral blood ﬂow
and/or cognitive functioning (e.g., cardiovascular disease, diabetes,
or hypertension). All participants were right-handed, and with
normal or corrected to normal vision. Written consent was acquired for each participant, prior to participation.
2.3.2. Procedure
Participants took part in a larger associative encoding scanning
session that began with a six-minute resting scan. Instructions for the
rest condition were simply to keep eyes closed, lie still, and relax
without falling asleep. Participants then performed a series of facehouse paired-associate encoding blocks, followed by a similar resting
scan, which were not directly relevant to the present line of inquiry.
After these task blocks, participants performed an unconstrained autobiographical-retrieval condition where they were instructed to close
their eyes, lie still, and recall a personal past experience in as much
detail as possible. Participants were told that whenever the event they
were recalling “ended”, they should begin recalling another event, and
continue doing so for the entire six-minute duration of the scan. Finally, participants were asked to complete a post-scan questionnaire
indicating how well they complied with the task instructions. All
participants stated that they had no difﬁculties following the instructions. As we were only interested in the connectivity pattern
during the resting-state and unconstrained retrieval condition, which
were unrelated to the remainder of the experiment, we only present
results from these conditions.
2.3.3. Data acquisition and processing
Participants were tested using a Siemens Trio 3-T scanner at the
Rotman Research Institute at the Baycrest Centre for Geriatric Care. A
3D MP-RAGE sequence was used to collect the T1-weighted structural
scans (TR¼2000 ms, TE¼ 2.63 ms, ﬂip angel¼9°, FOV¼25.6 cm2,
192  256 matrix, 160 slices of 1 mm thickness). Six-minutes of eyesclosed resting and retrieval were collected from each participant. Both
functional runs were collected with a T2-weighted EPI sequence (180
volumes, TR¼2000 ms, TE¼ 24 ms, ﬂip angle¼70°, FOV¼20 cm2,
64  64 matrix, 30 slices of 3.5 mm thickness, gap¼.5 mm). As mentioned above, these functional runs were embedded within a larger
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experiment, which is outside of the focus of the current report. All
images were acquired using an oblique orientation to alleviate issues
of signal drop-out in regions of the ventral medial prefrontal cortex –
important to the larger experimental procedure. Instructions for the
functional runs were presented using E-Prime software (version 2,
Psychology Software Tools, Inc.) on a screen viewed by the participants
through a mirror mounted in the head coil. Head movements were
reduced by placing cushions inside the head coil. Physiological measures of pulse and breathing rate were obtained during the scanning
session.
Data were preprocessed using an identical pipeline to that in
Experiment 1 (see above).
2.3.4. Data analysis: univariate ROI-to-ROI functional connectivity
ROI-based correlational analyses were performed using the CONN
toolbox (Whitﬁeld-Gabrieli and Nieto-Castanon, 2012). ROIs were
created at each node of the DMN. To determine the locations of these
speciﬁc nodes, we used the Neurosynth package (Yarkoni et al., 2011)
to produce two reverse-inference maps, one of the term “default”
derived from 627 separate studies, and another of the term “autobiographical memory” derived from 64 separate studies (both FDR
corrected at po.01). We then masked our map of “autobiographical
memory” with the one we derived using “default”, creating a map of
DMN regions that were also associated with autobiographical memory
(see Fig. S1 in Supplementary data). In order to deﬁne nodes comparable to those of a previously reported model of DMN subsystems
(Andrews-Hanna et al., 2010), in addition to their bilateral counterparts, we used the AAL atlas (Tzourio-Mazoyer et al., 2002) to deﬁne
anatomical masks of cortex that have been reported to contain nodes
of the DMN. Then, within each of these anatomical masks, we used
AFNI (Cox, 1996) to ﬁnd clusters of at least 10 contiguous voxels from
the “default”-masked “autobiographical memory” reverse-inference
map. Peak voxels from within each of these clusters were then used to
specify the exact coordinates to use for our ROIs. This procedure allowed us to deﬁne a total of 19 peak coordinates that roughly corresponded to previously reported DMN subsystems, task-related and
bilaterally-deﬁned, which we then included in the ROI-based correlation analyses through the CONN toolbox (for more details, see Table
S1 in Supplementary data). The fMRI time-courses associated with
each voxel within an ROI (8 mm sphere surrounding each seed coordinate) were then averaged to produce an ROI time-series, and then
the mean time-series from each ROI was correlated with all of the
others using bivariate correlations. The subsequent ROI-to-ROI connectivity matrices (calculated on a per-individual basis) were then
entered into a GLM to produce group-based statistics.
We performed a between-source contrast where we forced a statistical comparison of connectivity between the left and right AG to
see which nodes of the DMN showed preferential connectivity with
these critical nodes. This analysis was run separately on the two
conditions to produce a set of ROIs showing AG laterality effects in
functional connectivity during rest and during retrieval. The interaction between conditions was also computed to reveal DMN regions
showing a signiﬁcant laterality effect (i.e., left4right, or right4left)
that differed between rest and retrieval (i.e., rest4retrieval, or
restoretrieval). All correlations were false-discovery rate (FDR) corrected to po.05 to correct for multiple comparisons.
Recent work has demonstrated that task performance preceding rest can inﬂuence the functional connectivity patterns observed during rest (Grigg and Grady, 2010a; Stevens et al., 2010;
Tambini et al., 2010). In our design, the unconstrained retrieval
condition always followed the encoding blocks, and thus performance on the encoding task could have affected connectivity
patterns, confounding the effects of the unconstrained retrieval. To
account for this, we performed an identical between source contrast of left and right AG connectivity across the rest scan at the
beginning of the experiment with a resting scan collected
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immediately following the encoding task, prior to our retrieval
condition. This would reveal any laterality differences in AG connectivity with the DMN due to the performance of the encoding
task. No signiﬁcant differences were found for any of the 19 DMN
regions included in the analysis, suggesting that a residual inﬂuence of the encoding task did not account for differences between
the rest and retrieval conditions reported below (for further discussion, please see Supplementary data).

3. Results
3.1. Experiment 1 (multivariate functional connectivity including the
whole brain)
The ﬁrst two LVs produced by the seed-PLS analysis captured
the relationship between the bilateral AG and the DMN,

collectively explaining  86% of the summed squared covariance in
the data. The ﬁrst LV was signiﬁcant, p o.002, and accounted for
83.64% of the covariance. To conﬁrm that this pattern of connectivity corresponded to the DMN, clusters were compared to a
reverse-inference map of the term “default”, FDR corrected at
po .01, produced using the Neurosynth package (Yarkoni et al.,
2011). This provided a map of brain regions acting as a standard
DMN template against which we compared our results. If at least
40% of voxels fell within this reverse-inference map, they were
considered part of the DMN and marked with a “Y” in Table 1.
Overall, 72.6% of voxels in LV1 overlapped with the standard DMN
template, suggesting that this LV represents the same network.
This LV indeed identiﬁed all the principal regions of the canonical
DMN, including the posterior cingulate cortex and the medial
prefrontal cortex, alongside regions of the AG bilaterally surrounding our seeded regions (see Fig. 1a; for overlap with Neurosynth DMN, see Fig. S3 in Supplementary data). Regions of the

Fig. 1. Experiment 1: Multivariate functional connectivity pattern associated with Latent Variable 1 (1a) and Latent Variable 2 (1b). Positive seed correlation values indicate a
positive association with the warm colored regions. Negative correlations indicate a positive association with the cool colored regions. Error bars represent 95% conﬁdence
intervals. (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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Table 1
Results from seed PLS analysis for LV 1: brain regions showing signiﬁcant functional
connectivity with both the left and right AG seeds.
Peak region

DMN x

y

z

BSR

Precuneus/posterior cingulate
Superior frontal gyrus
Superior frontal gyrus
Middle temporal gyrus
Posterior inferior temporal
gyrus
Ventromedial prefrontal
cortex
Anterior inferior temporal
gyrus
Superior frontal gyrus
Anterior inferior temporal
gyrus

Y
Y
Y
Y
Y

4
 20
24
 60
64

 64
32
36
 28
 40

28
48
44
 16
 16

49.71 463
37.73 214
35.27 144
30.49
44
29.98
15

Y

4

56

 16 29.87

124

N

64

 16

 24 28.21

5

N
N

16
60

64
0

4 27.24
 32 25.75

8
6

Table 2
Results from seed PLS analysis for LV 2: brain regions showing signiﬁcant differential functional connectivity between the left (positive BSR) and right (negative
BSR) AG seeds.

# voxels
Peak region

R
L
R
L
R
R
R
R
R

29

Clusters with bootstrap ratio of greater than 7 25 (p o.0001) and a cluster size of
minimum 5 voxels are reported. Coordinates are in MNI space.

L

Dorsomedial prefrontal
cortex
L Orbitofrontal cortex
L Inferior temporal gyrus
L Middle frontal gyrus
L Precuneus/posterior cingulate cortex
R Middle frontal gyrus
R Precuneus/posterior cingulate cortex
R Inferior temporal gyrus

DMN x

y

z

BSR

Y

8

40

48

N
Y
N
Y

 44
 52
 36
4

36
4
20
 56

 16
 28
44
24

N
N

28
12

16
 40

48
40

N

60

 52

 16

# voxels

15.58 462
12.38
10.64
10.53
7.72

174
79
27
41

 13.49 469
 12.56 239
 8.55

20

Clusters with bootstrap ratio of greater than 77 (p o.0001) and a cluster size of
minimum 5 voxels are reported. Coordinates are in MNI space.

3.2. Experiment 2 (univariate functional connectivity restricted to
DMN regions)
superior frontal gyri were also included in this LV as has been
reported in other depictions of the DMN (e.g., Campbell et al.,
2013), alongside regions of lateral temporal cortex (e.g., AndrewsHanna et al., 2010). Few clusters reported in the LV did not correspond to regions of the DMN, but these clusters were relatively
small, all under 8 voxels. Despite both the left and right AG contributing strongly to the same network, there was a signiﬁcant
difference in correlation strength between the left and right AG
and this pattern of connectivity (V¼ 776, p ¼.009), suggesting that
the left AG connectivity contributed more to the DMN network as
revealed by this ﬁrst LV. However, when considering the largely
overlapping averaged bootstrapped 95% CIs, this difference does
not appear to be robust and may be attributable to the large
sample size.
A second LV was also signiﬁcant, p o .002, accounting for
2.21% of the summed squared covariance, and producing two
clearly dissociable dimensions (see Fig. 1b and Table 2). The
negative dimension represents a network of regions that included the right AG and extended into medial parietal cortex,
middle and superior frontal gyri, and posterior inferior temporal
cortex. Similar to the ﬁrst LV, the positive dimension captured
the core regions of the DMN, including the anterior medial
prefrontal cortex and posterior cingulate cortex, as well as the
left AG (for overlap with Neurosynth DMN, see Figs. S4 and S5 in
Supplementary data). Despite the majority of the voxels in the
positive dimension corresponding with the canonical DMN, two
of the ﬁve signiﬁcant clusters did not. These included regions of
the left orbitofrontal cortex and middle frontal gyrus. Overall,
38.6% of all voxels in the positive dimension of LV2 overlap with
the Neurosynth DMN, while the negative dimension has an
overlap of 14.9%. Unlike LV1, which depicted the commonality
across both seeds, LV2 shows a difference in whole brain connectivity between the left and right AG. The left AG showed
signiﬁcantly greater association with the positive dimension of
LV2 (i.e., DMN), whereas the right AG showed a signiﬁcant
connectivity with the negative dimension instead (V ¼1081,
p o .0001), with clearly non-overlapping averaged 95% CIs.
Therefore, in a small but reliable portion of the variance, we ﬁnd
a laterality effect in connectivity at rest, in which the left AG is
better connected with the DMN than the right. It is important to
note that the second LV is wholly orthogonal to the ﬁrst;
therefore, the left preference in connectivity only appears after
accounting for the covariance associated with the commonality
in right/left AG connectivity with the DMN.

At rest, the between-source contrast revealed that the left AG
showed signiﬁcantly greater connectivity, relative to the right,
with the majority of DMN nodes (see Fig. 2). The regions showing
this left preference include the left temporoparietal junction,
dorsomedial and ventromedial prefrontal cortex, left lateral temporal cortex and regions of the medial temporal lobe (FDR, p o.05)
(see Table 3). No DMN nodes showed preferential connectivity
with the right AG during rest. A left laterality effect in DMN connectivity during rest replicates the ﬁndings of the second LV from
the previous seed-PLS analysis, now demonstrated in two independent samples while using different analysis techniques.
Interestingly, when this analysis was run on the unconstrained
retrieval data, a different pattern of results emerged (see Fig. 3).
The left AG continued to show signiﬁcantly greater connectivity
(relative to the right AG) with some regions of the DMN, including
the medial prefrontal cortices, left temporoparietal junction, left
lateral temporal cortex and dorsal AG (FDR, po .05). However, the
right AG showed signiﬁcantly greater connectivity (relative to the
left AG) with the right parahippocampal cortex and retrospenial
cortex (FDR, p o.05) (see Table 4).
Furthermore, when we examined the differences between the
rest and unconstrained retrieval conditions (i.e., by contrasting
retrieval – rest, to show those regions with laterality effects for
connectivity during retrieval when controlling for connectivity at
rest), the right AG showed a trend towards better connectivity,
relative to the left AG, with left posterior parahippocampal cortex
(FDR, p .06). Both right parahippocampal and retrospenial cortex,
where a signiﬁcant right AG preference was observed during retrieval, showed a trend towards signiﬁcance but did not survive
FDR correction (see Table 5).
These results suggest that the left AG is better connected with
some regions of the DMN, even during directed retrieval, but they
are non-MTL regions. The right AG, on the other hand, speciﬁcally
shows better connectivity with regions of the MTL in the DMN
during retrieval.

4. Discussion
To achieve a better understanding of the laterality effects in
recruitment of AG during episodic memory retrieval, the present
study examined the connectivity between the left and right AG
with the DMN, a large-scale network showing reliable recruitment
during the retrieval of episodic memories (Andrews-Hanna et al.,
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Fig. 2. Experiment 2: Univariate seed connectivity pattern associated with the resting condition. Red spheres¼ better connectivity with the left angular gyrus. Black
spheres¼seed regions. Size of node represents the magnitude of correlation. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

Table 3
Results from the univariate functional connectivity analysis on resting data (Experiment 2): regions showing a signiﬁcant laterality preference at rest.

L
L
L
L
R
L
R
L
L

Region

Beta

t

p-FDR

Temporoparietal junction
Dorsal angular gyrus
Lateral temporal cortex
Ventromedial prefrontal cortex
Dorsomedial prefrontal cortex
Posterior cingulate cortex
Ventromedial prefrontal cortex
Posterior parahippocampal cortex
Hippocampus

.43
.38
.30
.23
.21
.19
.13
.09
.11

7.15
5.76
5.00
4.38
3.80
3.32
2.70
2.66
2.57

.000015
.00013
.00045
.0012
.0041
.01
.033
.033
.034

Positive beta values indicate better connectivity between that region and the left
AG seed.

2014). The primary questions the present study addressed were as
follows: (1) Do both the left and right AG contribute to the DMN at
rest? (2) If there are differences in connectivity with the DMN at
rest, in which DMN subregions are they present? (3) How do these
laterality differences change during active episodic retrieval?
Using a seed-PLS approach, we found, in Experiment 1, that the
left and right AG showed a common whole-brain connectivity
pattern with the rest of the DMN. This answers our ﬁrst question,
suggesting that the left and right AG both contribute to the DMN at
rest. Critically, this commonality accounts for most of the variance.
Once this commonality is taken into account, however, a reliable
laterality effect can be found, in which the left AG shows better
connectivity with a subset of the DMN. Results from Experiment
2 complement these ﬁndings. The univariate connectivity analysis
at rest revealed better connectivity between the left AG and a wide
array of nodes of the DMN. The right AG did not show any signiﬁcant laterality effects in DMN connectivity relative to the left at
rest. This ﬁnding replicates the left asymmetry from Experiment
1 and answers our second question, suggesting that when the left
bias is tested directly, it appears consistently across most DMN
subregions.
Overall, these resting data suggest that both the left and right
AG are coupled with DMN regions in the absence of explicit task

demands, but the left AG appears to have stronger connectivity
with this network. Considering that activity in the left AG has been
reported more reliably than activity in the right during active
episodic retrieval (Levy, 2012), the differences we observe in
functional connectivity may represent better intrinsic coupling
between the left AG and the DMN (as a whole), and perhaps this
difference contributes to the greater likelihood of ﬁnding left lateralized activations.
In contrast, during active episodic retrieval, a different pattern
emerged. When the univariate contrast was run on DMN connectivity, the left laterality effect remained, but was restricted to
the non-MTL regions of the DMN. By contrast, the right AG showed
signiﬁcantly greater connectivity with MTL regions. Furthermore,
when we tested the interaction (i.e., regions showing laterality
effects during retrieval after controlling for connectivity at rest),
the left AG no longer showed any regions with preferential connectivity. The right AG, however, continued to show trends towards greater connectivity with the parahippocampal cortex relative to the left AG. Thus, to address our last question, retrieval
appears to alter laterality effects in AG-DMN connectivity primarily in the right AG, which showed preferential connectivity
with the parahippocampal cortex; the greater connectivity of the
left AG with non-MTL regions of the DMN seen at rest was unchanged during retrieval.
4.1. Bilateral contributions to episodic retrieval
These ﬁndings suggest an interesting difference between the
left and right AG. During rest, both the left and right AG show
robust functional connectivity with the DMN, but a small and reliable bias can be seen towards the left AG. This bias was present
both in the multivariate analysis in Experiment 1 and the univariate analysis in Experiment 2, in two separate samples. The
slight left preference receives support from other studies exploring
the constituents of the DMN at rest (Fornito et al., 2012; AndrewsHanna et al., 2010). Seed-PLS, however, provides a unique opportunity to characterize the similarity, as well as the difference, in
patterns of connectivity between these two seeds, which has not,
to our knowledge, been directly addressed in the literature.
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Fig. 3. Experiment 2: Univariate seed connectivity pattern associated with the retrieval condition. Blue colored spheres¼better connectivity with the right angular gyrus.
Red spheres¼ better connectivity with the left angular gyrus. Black spheres¼ seed regions. Size of node represents the magnitude of correlation. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 4
Results from the univariate functional connectivity analysis on retrieval data (Experiment 2): regions showing a signiﬁcant laterality preference during episodic
retrieval.

L
L
L
L
R
R
R
R
L

Region

Beta

T

p-FDR

Temporoparietal junction
Lateral temporal cortex
Dorsal angular gyrus
Ventromedial prefrontal cortex
Anterior medial prefrontal cortex
Dorsomedial prefrontal cortex
Retrosplenial cortex
Parahippocampal cortex
Posterior cingulate cortex

.40
.31
.32
.22
.18
.19
 .19
 .17
.18

6.45
5.88
5.13
4.77
4.28
4.15
 3.95
 3.30
2.90

.000059
.0001
.00034
.00057
.0014
.0015
.0021
.008
.017

Positive beta values indicate better connectivity between that region and the left
AG seed. Negative beta values indicate better connectivity with the right AG seed.
Table 5
Results from the univariate functional connectivity analysis examining laterality
preference for retrieval over rest (Experiment 2).

L
R
R

Region

Beta

T

p-uncorr.

p-FDR

Posterior parahippocampal cortex
Parahippocampal cortex
Retrosplenial cortex

 .17
 .17
 .12

 3.32
 2.67
 2.50

.0036
.015
.022

.061
.12
.12

Negative beta values indicate better connectivity with the right AG seed.

Interestingly, we observed that this left bias during rest extended
to regions of the MTL in Experiment 2. During active retrieval,
however, the right AG showed greater connectivity with regions of
the MTL than the left.
Considering the MTL is known to be critical for episodic
memory processes (Moscovitch, 1992; Preston and Eichenbaum,
2013; Ranganath, 2010; Scoville and Milner, 1957; Shimamura,
2010), preferential functional connectivity between these two regions supports the notion that the right AG may be actively contributing to episodic memory alongside the MTL. In Experiment 2,
this relationship was speciﬁc to retrieval of episodic memory and
not to rest, further suggesting that the connectivity between the

MTL and the right AG are task-related, and contributing in some
degree to the process of episodic retrieval. This interpretation is
consistent with early work demonstrating a bilateral recruitment
of the AG during retrieval (e.g., Shannon and Buckner, 2004), and,
more recently, with studies emphasizing bilateral recruitment
when retrieval is detail-rich or recollection-based. For example,
personally familiar scenes in a recognition task were shown to
produce robust bilateral AG recruitment in healthy young adults
(Elman et al., 2013). In patients, bilateral damage to the PPC (including the AG) has been shown to produce more severe memory
impairments than unilateral damage, regardless of the affected
hemisphere (Simons et al., 2010; for reviews, see Berryhill (2012)
and Schoo et al. (2011)). A comprehensive set of lesion studies
recently conducted by Ben-Zvi et al. (2015) demonstrates that
greater damage to the right AG is associated with poorer performance on a multimodal source memory task. Finally, recent neuroimaging work demonstrates that AG recruitment during episodic retrieval may be left lateralized when contrasting correctly
recognized old against new items, but this left bias diminishes
when contrasting recollected against familiar items (Elward and
Rugg, 2014). A contrast comparing recollected items versus familiar ones is an optimal assessment of memory detail, and does
not include the overall memory effect present within an old-new
contrast, so the loss of the left bias would suggest a more robust
involvement of the right AG during rich recollection of details.
Therefore, although an overall left laterality effect may be present
in the episodic retrieval literature, functional connectivity suggests
that the right AG is also involved, perhaps especially during rich
episodic retrieval or recollection.
4.2. Differential connectivity proﬁles and functional implications
Although both left and right AG contribute to episodic memory,
interesting distinctions emerged when their patterns of functional
connectivity within the DMN were probed. During retrieval, the
left AG showed signiﬁcantly greater connectivity with the nonMTL regions of the DMN, including regions of the medial prefrontal cortex, lateral temporal cortex, and temporoparietal junction. A very similar network of regions, described as a dorsomedial
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prefrontal subsystem, was reported by Andrews-Hanna et al.
(2010) when using functional connectivity at rest and graph theoretic methods to parse the DMN into its subcomponents. This
subsystem was associated with processes of theory-of-mind and
social cognition, rather than with the memory processes thought
to be supported by an MTL-centric subsystem of the DMN (Andrews-Hanna et al., 2010, 2014). Furthermore, in a recent study,
Flegal et al. (2014) showed that regions of the dorsomedial subsystem supported conﬁdent retrieval of word pairs, irrespective of
whether their encoding context was reinstated, suggesting that
the dorsomedial subsystem may also play a role in the subjective
nature of conﬁdent recognition rather than the retrieval of the
objective encoding context. At ﬁrst, this may seem inconsistent
with the previous studies of episodic retrieval demonstrating that
both subjective measures of recollection (e.g., remember-know)
and objective measures (e.g., source memory, where the accuracy
of retrieved details can be determined) recruit the left AG (e.g.,
Frithsen and Miller, 2014). However, retrieval or recollection of
objective details is almost always accompanied by the subjective
feeling of conﬁdence in those details (Yonelinas, 2001), thus
making the individual contributions of the objective and subjective aspects of recollection difﬁcult to disentangle experimentally. One possibility is that the left AG activity may track the
subjective aspects of recollection even during the performance of
objective memory tests. Previous work demonstrating that false
memories (i.e., false alarms during recognition) also recruit the left
AG provides support for this claim (Wheeler and Buckner, 2003;
for discussion, see Cabeza et al. (2012)). Furthermore, a recent
meta-analysis of subjective conﬁdence ratings in mnemonic tasks
demonstrated that the left AG was amongst the most reliable brain
regions to be activated for high conﬁdence responses (White et al.,
2014). Taken together with evidence of reduced connectivity of the
left AG with regions of the MTL as observed in present study, our
data suggest that the left laterality effect in AG recruitment often
reported in the literature may actually reﬂect increased subjective
conﬁdence, more so than the objective recollection of details (e.g.,
Hower et al., 2014; Simons et al., 2010; Yazar et al., 2014).
In the present study, the right AG, unlike the left, showed
strong connectivity with regions of the MTL, including the bilateral
parahippocampal cortex, and right retrosplenial cortex. These regions of the MTL correspond to some components of the MTLcentric subsystem of the DMN, reported by Andrews-Hanna et al.
(2010). This subsystem was thought largely to support the DMN's
contribution to episodic memory retrieval. Interestingly, Flegal
et al. (2014) reported that activation of the parahippocampal cortex and hippocampi increased speciﬁcally when the encoding
context was successfully reinstated during retrieval of a word pair,
or in other words, when speciﬁc details from the encoding context
were successfully retrieved. Our observation that the right AG is
integrated better than the left AG to the MTL subsystem, suggests
that the right AG, more than the left, supports the objective retrieval of episodic memory details.
Current theoretical models of the contributions of the AG, and
posterior parietal cortex more generally, to episodic memory have
largely ignored the role of the right AG, and often rely on communication between the hippocampus and left AG (Cabeza et al.,
2012; Ciaramelli et al., 2010; Vilberg and Rugg, 2008; Shimamura,
2011; Wagner et al., 2005). Both structural and functional connections between the hippocampus and the left AG have been
reported in the literature (Vincent et al., 2006; Uddin et al., 2010),
providing neurobiological support for communication between
these regions. Our data do not suggest that there is no communication between the left AG and the MTL, only that it is less than
that of the right AG during retrieval. Similarly, it is only in comparison with the right AG that the left assumes a dominant role in
accessing the subjective aspects of recollection, as supported by its

increased connectivity with the dorsomedial subsystem during
retrieval, and by previous work associating it with conﬁdence
ratings. Therefore, bilateral AG may support the retrieval of objective aspects of episodic memories through direct and indirect
connections with the MTL, whereas the speciﬁc left laterality effect
observed in the literature may be more related to subjective
conﬁdence.
4.3. Conclusion
In summary, our results suggest that both left and right AG are
strongly connected components of the DMN and are engaged
during retrieval. During the performance of an unconstrained retrieval task, the left and right AG show differential connectivity
within the subsystems of the DMN that may support separable
aspects of episodic retrieval. Though this speciﬁc proposal requires
further investigation, evidence of networks shifting and reconﬁguring depending on the demands of the task and the information being processed is consistent with a component process
approach to memory (Moscovitch, 1992; Cabeza and Moscovitch,
2013) in which different components of large networks form
temporary alliances. These constitute subnetworks that operate to
meet the requirements of the tasks at hand, and implement them
successfully.
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