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Cluster loyalty maps
• Cluster loyalty defined using cluster solutions across scenes.
• Let         equals one if voxel j belong to cluster k at scene t.
• Let         be the average across scenes.  

Cluster Loyalty = variance of  

• Cluster loyalty maps resemble processing timescale maps: 
low-level sensory areas (auditory cortex) have short 
timescales and high cluster loyalty, while high-level areas 
(precuneus) have long timescales and low cluster loyalty.

• The match is not complete: medial prefrontal cortex has a 
long timescale, but high cluster loyalty.

Summary
• We proposed a framework for quantifying the dynamical 

evolution of brain network under continuous stimulus.
• The kernel-smooth approach yields a more robust and 

stable solution across the scenes. 
• Inter-subject correlation captures signal generated by the 

stimulus rather than subject-specific signal.

Experiment: Collect BOLD responses for 44 subjects while 
watching a 23-minute segment of the BBC Series Sherlock.
Audio-visual movie viewing1 fMRI experiment

Goal: To study the dynamical evolution of network 
architectures during a 23-minute audiovisual movie

Common Approach:
1. Partition the time-courses according to scenes of the movie.
2. Calculate the within-subject functional connectivity. 
3. Perform clustering on the within-subject functional 

connectivity matrix.  

Drawbacks:
1. (Hard-partitioning of time-courses) Solutions are unstable.
2. (Functional correlation) Captures intrinsic physiological and  

cognitive processes unrelated to the stimulus, and non-
neuronal artifacts.

Kernel-Smoothing

Inter-subject functional correlation2

external stimulus or explicit task, the BOLD signal is dominated
by intrinsic fluctuations27, which can be used to map brain
networks via standard FC methods. Following standard
approaches28,29, we defined the DMN (Fig. 2a) by computing
the FC map for a seed in the PCC in each subject (n¼ 18) during
rest, and then averaging the FC maps across all subjects. The
resulting network comprised the precuneus/PCC, middle frontal
gyrus, medial prefrontal cortex, inferior parietal lobule and
middle temporal gyrus. Statistical significance for all ISFC and FC
maps in the paper was assessed using a permutation procedure
based on phase-randomized surrogate data. Family-wise error
rate (FWER) was controlled across the brain using a max-based
resampling procedure (see Methods). While standard FC analysis
revealed the DMN, no significant correlations were found across
subjects (that is, there was no ISFC) during rest for the same PCC
seed (Fig. 2e, empty map). Thus, intrinsic neural processes (I) and
non-neuronal noise sources (N) did not elicit ISFC across
subjects. This is in contrast to FC analyses, which reflect a
combination of stimulus-driven responses, intrinsic dynamics
and noise sources such as HR30,31, respiration32,33 and

motion34,35. We empirically demonstrate the presence of these
noise sources in FC analyses, and their absence in ISFC analyses,
both during rest and the intact story, in Supplementary Fig. 1.

Inter-subject alignment of the DMN. We next compared the
patterns of FC and ISFC in the DMN across four distinct con-
ditions (intact story, paragraph scramble, word scramble and
resting state). The FC and ISFC analyses were performed using
the same PCC seed. We observed little variation in the FC across
the rest condition (no stimulus, Fig. 2a), the word scramble
condition (Fig. 2b), the paragraph scramble condition (Fig. 2c)
and the intact story condition (Fig. 2d). Thus, the DMN structure
defined using the standard FC analysis was similar across
conditions and relatively unaffected by the presence or absence of
external stimuli9. By contrast, when computing ISFC using the
same seed region in the same data set, correlations varied
substantially across the four experimental conditions: the same
DMN as was seen in FC was observed in ISFC for the paragraph
scramble and intact story conditions (Fig. 2g,h), but the ISFC
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Figure 1 | Inter-subject functional correlation (ISFC) method. (a) During task processing the measured BOLD signal can be decomposed into stimulus-
induced signal (blue), intrinsic neural signal (spontaneous fluctuations) and non-neuronal signal (for example, physiological noise) (red). (b) Seed-based
functional connectivity (FC) is the Pearson correlation between a time course extracted from a seed region (1) in subject X, and all other regions in the same
subject, for example, region (2). This can be estimated as the sum of stimulus-induced correlations (blue) and intrinsic neural correlations (red), which are
difficult to separate. (c) Point-to-point inter-subject correlations (ISC): stimulus-induced correlation (blue) between time courses from the same region (for
example, region 1) across subjects X and Y. ISC reveals stimulus-induced within-region correlations that are shared across subjects. (d) Seed-based ISFC is the
Pearson correlation between a time course extracted from one region in subject X and all other regions in subject Y (for example, Region 1 in subject X versus
region 2 in subject Y). (e) Network-based ISFC are the Pearson correlations between a network of brain regions in subject X and a network of brain regions in
subject Y. This correlation matrix computed across brains (the diagonal represents ISC) filters out intrinsic and non-neuronal correlations and highlights
stimulus-induced inter-regional correlations that are shared across subjects. For a statistical model and its analytical solution see Supplementary Note 1.
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Figure 1 | Inter-subject functional correlation (ISFC) method. (a) During task processing the measured BOLD signal can be decomposed into stimulus-
induced signal (blue), intrinsic neural signal (spontaneous fluctuations) and non-neuronal signal (for example, physiological noise) (red). (b) Seed-based
functional connectivity (FC) is the Pearson correlation between a time course extracted from a seed region (1) in subject X, and all other regions in the same
subject, for example, region (2). This can be estimated as the sum of stimulus-induced correlations (blue) and intrinsic neural correlations (red), which are
difficult to separate. (c) Point-to-point inter-subject correlations (ISC): stimulus-induced correlation (blue) between time courses from the same region (for
example, region 1) across subjects X and Y. ISC reveals stimulus-induced within-region correlations that are shared across subjects. (d) Seed-based ISFC is the
Pearson correlation between a time course extracted from one region in subject X and all other regions in subject Y (for example, Region 1 in subject X versus
region 2 in subject Y). (e) Network-based ISFC are the Pearson correlations between a network of brain regions in subject X and a network of brain regions in
subject Y. This correlation matrix computed across brains (the diagonal represents ISC) filters out intrinsic and non-neuronal correlations and highlights
stimulus-induced inter-regional correlations that are shared across subjects. For a statistical model and its analytical solution see Supplementary Note 1.
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Figure 1 | Inter-subject functional correlation (ISFC) method. (a) During task processing the measured BOLD signal can be decomposed into stimulus-
induced signal (blue), intrinsic neural signal (spontaneous fluctuations) and non-neuronal signal (for example, physiological noise) (red). (b) Seed-based
functional connectivity (FC) is the Pearson correlation between a time course extracted from a seed region (1) in subject X, and all other regions in the same
subject, for example, region (2). This can be estimated as the sum of stimulus-induced correlations (blue) and intrinsic neural correlations (red), which are
difficult to separate. (c) Point-to-point inter-subject correlations (ISC): stimulus-induced correlation (blue) between time courses from the same region (for
example, region 1) across subjects X and Y. ISC reveals stimulus-induced within-region correlations that are shared across subjects. (d) Seed-based ISFC is the
Pearson correlation between a time course extracted from one region in subject X and all other regions in subject Y (for example, Region 1 in subject X versus
region 2 in subject Y). (e) Network-based ISFC are the Pearson correlations between a network of brain regions in subject X and a network of brain regions in
subject Y. This correlation matrix computed across brains (the diagonal represents ISC) filters out intrinsic and non-neuronal correlations and highlights
stimulus-induced inter-regional correlations that are shared across subjects. For a statistical model and its analytical solution see Supplementary Note 1.
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RAND Index
Measures the similarity between 
two cluster memberships 

An example with two clusters:

RAND index is 0.6
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