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SUMMARY

The following Supporting Information details specific methodology and supplemental results that support the findings
of the main text. In Supplemental Methods, we discuss the experimental and computational acquisition of structural
and functional connectivity measures related in the main text. In Supplemental Results, we confirm that the observed
relationships between structural and functional connectivity are robust to variations in our analysis techniques.

Supplemental Methods. In the main text, we assessed structural and functional connectivity between 600 brain
regions across 84 subjects. Structural connectivity was defined by the number and length of white matter tracts
linking brain regions, and functional connectivity was defined by the strength of BOLD correlations between brain
regions measured at rest, during the performance of an attention task, and during the performance of a facial
recognition memory task. Here, we discuss the experimental and computational procedures used to acquire these
measurements. We first provide details about the subjects that participated in this study. We then describe the
experimental conditions, including the specifications of an additional word recognition memory task, under which
the structural and functional data was collected. Finally, we discuss the estimation of structural and functional
connectivity from this data.

Supplemental Results. In the main text, we used structural and nonstructural measures to identify pairs of brain
regions that were consistently structurally connected within a large percentage of subjects. Within the subset of
regions selected via these measures, we constructed subject-averaged (“representative”) and subject-specific brain
networks from measures of structural and functional connectivity. We examined the extent to which functional con-
nectivity could be inferred from structural connectivity, and to what extent structural connectivity could be inferred
from functional connectivity. Subgroups of connections partitioned based on structural and functional measures
(lower left and upper right of Figure 1 in the main text) were shown to differ in their strength of functional and
structural connectivity (Figures 2 and 3 in the main text). Here, we highlight the specific anatomical regions of
the brain involved in these structural and functional connections. We then show that the observed relationships
between structural and functional connectivity are robust to the specific choices made in selecting and partitioning
subgroups of connections. By comparing two memory tasks, one for faces (assessed in the main text) and one for
words (assessed in this supplement), we confirm that the observed properties of memory-state functional connectivity
are consistent across different memory conditions. Finally, we discuss the sensitivity of these results to inconsistent
structural connectivity within representative and subject-specific brain networks.

We conclude by highlighting additional methodological considerations and their potential implications on the work
presented here.

MATERIALS AND METHODS

Study Subjects

133 people were designated to participate in this study. 38 of the subjects were not used in the final analysis due
to the following reasons: 8 subjects did not pass MRI safety screening measures; 4 subjects were claustrophobic; 5
subjects had a technical error in data collection; 20 subjects missed more than 40 trials (over 10% of the trials) in
either the memory for words or memory for faces test; 1 subject did not follow task instructions.

Of the remaining 95 subjects, 11 had missing or unusable diffusion imaging data. We therefore analyzed data
from 84 subjects: ages 27-45 (mean 34.21, standard deviation 4.23); 4 females, 80 males; 12 left-handed. None of
the subjects were color blind. Informed written consent was obtained from each subject prior to the experimental
sessions. All procedures were approved by the University of California, Santa Barbara Human Subjects Committee.

Experimental Tasks

Structural and functional brain scans were performed at the UCSB Brain Imaging Center. Functional scans were
acquired during four different experimental states: resting, attention, memory for faces, and memory for words [1].
MRI Data Acquisition

Functional and structural scans were acquired using a research-dedicated, phased array 3T Siemens TIM Trio with
a standard 12 channel head coil. Cushions were placed around the head to minimize head motion. Subjects held in
their right hand an MRI compatible, two-button response box and in their left hand a squeeze ball for emergency



purposes. Experimental stimuli were projected on a screen behind the supine subject, and a mirror mounted on the
head coil reflected the images from the screen into the subject’s field of view.

Functional Scans. Functional runs consisted of a T2*-weighted single shot gradient echo, echo-planar sequence
sensitive to BOLD contrast (TR = 2.5s, TE = 30ms, FA = 90°) with generalized autocalibrating partially parallel
acquisitions (GRAPPA; 64x64 matrix, 192mmx192mm FOV). Each volume consisted of 37 slices acquired parallel to
the AC-PC plane, although the angle was slightly adjusted to optimize for frontal acquisition if necessary (interleaved,
3mm thickness with .5mm gap; 3mmx3mm in-plane resolution). Each functional scanning run began with the
acquisition of four dummy volumes used to achieve steady-state tissue magnetization, which were later discarded.
A transistor-transistor logic (TTL) pulse sent out by the scanner at the onset of each viable EPI volume triggered
the stimulus presentation software, and synched the beginning of each trial to the onset of the next complete image
volume.

Once each subject was positioned in the scanner, anatomical and memory task functional scans were acquired
first, followed by three blocks of attention task trials. A total of 146 volumes was acquired during the resting-state
scan, for which subjects were instructed to remain still, keep their eyes open, and look at the blank screen. Note
that these resting-state scans are similar in length to those used in previous studies to identify meaningful resting
state networks [2, 3, 4, 5], and they are significantly longer than those used to examine the temporal evolution of
brain network dynamics [2, 6]. A total of 540 volumes was acquired for each of the two memory test runs (faces and
words), each consisting of 360 stimulus trials and 180 fixation trials. A total of 240 volumes was acquired for each of
two attention task runs. The details of the experimental setup, stimuli, and testing conditions for the memory and
attention tasks are described in the subsequent sections.

Structural Scans. Structural scans were acquired between memory test runs (see ‘Memory Tasks; Overall Proce-
dure’) using an echo planar diffusion weighted technique acquired with iPAT and an acceleration factor of 2. The
timing parameters of the pulse sequence were TE/TR = 94/8400ms, 30 diffusion directions with a maximal b-value
of 1000s/mm? and two averages. Two b0 images were acquired during the DTT scan. The matrix size was 128 x128
and the slice number was 60. The field of view was 230x230mm? and the slice thickness 2mm. The acquisition time
per DTI scan was 9:08min.

In addition to the diffusion scan, a three dimensional (3D) high-resolution T1-weighted sagittal sequence image
of the whole brain was obtained by a magnetization prepared rapid acquisition gradient-echo (MPRAGE) sequence
with the following parameters: TR = 2300; TE = 2.98ms; flip angle = 9°; 160 slices; 1.10mm thickness.

Memory Tasks

360 faces and 360 words were used as stimuli in the memory task experiment. Faces of varying ethnicity were depicted
in black and white photographs of size 2.78in by 3.33in. Words were four to eight letters in length. Words in the
target and distracter lists were matched for imageability (range 502-655) and frequency (range 1-382; Kucera-Francis
written frequency count) as evaluated through the MRC Psycholinguistic Database. Words were presented in Arial
font with a font size of 40. Stimuli were counter-balanced across subjects and conditions.

Experimental Procedure. Both memory tasks consisted of a study session, during which subjects were not scanned,
followed by a test session held approximately 9 minutes after the study session, during which subjects were scanned.

Overall Procedure. To familiarize subjects with the task prior to entering the scanner, each subject participated
in a short practice session. The practice included separate study sessions of 15 words and 15 faces, and separate test
sessions of 30 words and 30 faces, respectively. Once comfortable with the task, subjects were placed in the MRI
scanner and underwent a localizer scan that lasted a few seconds. Subjects were reminded of instructions before
beginning the first study session, consisting of either faces or words, during which imaging data was not collected.
Once completed, an anatomical scan was acquired over nine minutes, during which a screen saver was presented
on the screen. Subjects were then reminded of the instructions for the test session, and functional MRI scans were
collected while subjects performed the recognition memory test on the set of either face- or word-stimuli (depending
on the preceding study session). Immediately following the first study-test session, subjects participated in the
second study-test session. The first and second study-test sessions were separated by a delay of 9 minutes during
which another anatomical scan was acquired. Each subject had separate study-test sessions for each set of face- or
word-stimuli in which the order (first or second study-test for words versus faces) was counter-balanced.



Study Session. 180 stimuli, consisting of either words or faces, were presented sequentially in the center of the
screen against a white background. Words were presented in black font, and faces were presented without a frame.
Face- and word-stimuli were shown for 1s or 1.5s, respectively. In both cases, sequential stimuli were separated by
a 1s inter-trial-interval. Subjects were instructed to remember each stimulus for a later memory test. To facilitate
deep encoding of the faces stimuli, which were harder to remember, subjects responded as to whether each face was
pleasant or unpleasant via a button press. Words were viewed passively.

Test Session. FEach test consisted of the 180 previously-studied stimuli and 180 novel stimuli. Test stimuli were
divided into two conditions: a High Probability condition in which there a 70% probability that the stimulus was
old (i.e., studied previously), or a Low Probability condition in which there was a 30% probability that the stimulus
was old. Probability condition was cued via font color for words (red or green) or a colored, rectangular frame for
faces (red or green). The association between color and condition was counter-balanced. Stimuli were presented at
the same size and location as in the study session, again displayed for 1.5s with a 1s inter-trial-interval.

Subjects were instructed to determine whether the stimulus was previously studied and to press the respective
button for a response of an “old” versus “new” stimulus. Instructions to the subjects included explicit information
about the color cue, which indicated the probability that the stimulus was old. Subjects were informed of the color that
indicated a 70% likelihood that the stimulus was old and thus highly likely to have been seen during the study session,
and similarly of the color that indicated a 30% likelihood that the stimulus was old and was therefore most likely to
be a novel stimulus not presented during the study session. Subjects were told that these were accurate probabilities
and there were no hidden tricks. However, the instructions did not explicitly tell the subject to incorporate the
probability into the memory judgment. Stimuli were presented in a pseudo-block format in which six to nine trials
of the same probability were presented before the probability switched. Old and new stimuli were intermixed within
these blocks. The probability indicated by the color cue did not necessarily correspond to the proportion of old and
new stimuli within each mini-block of 6-9 sequential trials, but rather to the distribution of old and new stimuli
within the overall test session. Intermixed throughout the entire test session were 180 fixation trials in which a black
‘+’ symbol was displayed at the center of the screen for 2.5s.

Attention Task

Strategic Attention Task and Stimuli. The strategic attention task employed a modified spatial cueing procedure
[7] in which subjects were asked to view sequences of visual stimuli, presented in blocks of discrete experimental trials,
and discriminate test displays for the presence or absence of a pre-specified target stimulus. Each trial consisted of a
250ms presentation of a blank screen, followed by the sequential presentation of a fixation cross (‘+’), an arrowhead
cue stimulus, and a test display in which a target could be present or absent. The background color of the display
screen was light gray, the arrowhead cue could be green or red, and all other stimuli were black. The fixation cross
appeared at the center of the viewing screen for a randomly selected duration between 400ms and 600ms and was
subsequently replaced by an arrowhead cue pointing to the left or to the right of center. The cue provided two
important pieces of information that subjects could use to strategically prepare for the upcoming test display. The
color of the arrowhead (either red or green) indicated the likelihood that the target would be present in the subsequent
test display, such that one arrow color indicated a 70% likelihood that the target would appear, while the other color
indicated 30% likelihood. The direction of the arrowhead indicated the probable (75%) location of the target should
it appear at all. Within a random time interval between 1400ms and 160ms following the cue onset, a test display
was presented in which two small rectangles appeared for approximately 50ms (3 vertical refreshes at 60Hz), one
on each side of the cue. Horizontal rectangles were defined as targets, while vertical rectangles were defined as
distractors. Each test display contained either one target stimulus and one distractor (target present condition), or
two distractors (target absent condition). The test display was replaced by a central fixation cross for an inter-trial
interval that varied between 1200ms and 3200ms. Immediately following each test display, subjects were required to
make a two-alternative forced choice button press response as quickly and accurately as possible to indicate whether
or not a target had been present.

Stimulus presentation was controlled with a Macintosh Powerbook G4 laptop computer (Apple, Inc.) running the
Mac OS X 10.4 operating system, and programmed using MATLAB 7.5 (The Mathworks, Inc.) and the Psychophysics
Toolbox extensions [8, 9]. Subjects performed a brief practice session prior to entering the scanner, for which subjects
were seated at a desk and stimuli were presented on a 19in LCD computer monitor. Once inside the scanner, subjects
were supine and viewed stimuli on a mirror reflecting display images that were back-projected onto a screen at the
head of the scanner bore. The size of the stimulus display was 1024 x768 pixels. The viewing mirror in the scanner
was 16cm by 8cm and was positioned approximately 16cm from subjects’ eyes. These dimensions produced a viewing
angle that spanned approximately 53° horizontally and approximately 41° vertically. The fixation cross subtended



26x26 pixels (approximately 1.5° x 1.5°). The test display rectangles were presented 324 pixels (approximately
17.5° x 17.5°) to the left or right of the center of the screen and had minimum and maximum dimensions of 4 and 50
pixels (approximately 0.25° and 2.75°).

Procedure. Prior to testing, each subject was provided with instructions regarding task executions. On each
trial, each subject was informed of the probabilistic information regarding target likelihood and location provided
respectively by the color and cue direction. However, subjects were not told how to apply this information to their
performance of the target discrimination task. It was therefore up to each subject to decide whether and how to
use cue information to strategically prepare for the test display. Following instructions, a 5min practice session was
completed outside the scanner during which subjects were free to ask questions and experimenters could ensure that
the task was performed correctly.

The first block of trials, during which functional scans were not performed, was used as a psychophysical calibration
that normalized task difficulty across subjects by determining customized dimensions for the test display rectangles.
In this calibration block, performance was assessed and the dimensions of the target rectangle were adjusted on
a trial-by-trial basis using an adaptive Bayesian algorithm implemented in the QUEST psychometric routines for
MATLAB and the Psychophysics toolbox [10, 11]. Based on cumulative accuracy, the QUEST algorithm suggested
dimensions for test display rectangles after each trial such that task difficulty was modulated to keep overall accuracy
near 70%. Test display rectangles were initially sized at 8 pixels by 31 pixels (approximately 0.5° x 1.75°). Difficulty
was increased by making rectangles shorter and wider (closer to square, with less differentiation between horizontal
and vertical) and decreased by making them longer and thinner (further from square, with more differentiation
between horizontal and vertical). The dimensions determined at the end of the calibration block were then used in
the subsequent two blocks of trials during which functional scans were acquired.

A total of 112 trials were presented during each experimental block. Thirty-two of these were fixation-only trials,
in which subjects maintained fixation on the central cross, but neither cue nor target stimuli appeared. Of the
remaining 80 trials, 40 (50%) presented a cue colored to indicate a likely target, and 40 (50%) presented a cue
colored to indicate an unlikely target. Of the 40 likely target trials, 28 (70%) actually contained targets. Of these
28 target-present trials, 21 (75%) presented valid targets that appeared at the cued location, and 7 (25%) presented
invalid targets that appeared opposite the cued location. Of the 40 unlikely target trials, 12 (30%) actually contained
targets. Of these 12 target-present trials, 9 (75%) presented valid targets and 3 (25%) presented invalid targets. Two
types of cue arrows, right- and left-pointing, were presented with equal frequency.

A rapid event-related fMRI design was employed in order to present a pseudo-random sequence of trials within
each scanning run. Trial sequencing was determined uniquely for each scanning run using an m-sequence clustering
algorithm, implemented in MATLAB, that maximized the power and efficiency of the experimental design by cluster-
ing repetitions of each experimental condition through five iterations in order to achieve an optimal balance between
a fully randomized and a fully blocked sequence [12].

Connectivity Estimates

Functional connectivity was estimated from fMRI measurements acquired during each of the four experimental states:
resting, attention, memory for words, and memory for faces. Structural connectivity was estimated from the tracto-
graphic reconstruction of white matter pathways obtained from DTI measurements.

Functional Connectivity

fMRI Data Preprocessing. Translational and rotational head movement was consistently small across subjects and
datasets. The distributions of maximal translation and rotation from TR to TR were the same for rest, attention,
memory for faces, and memory for word runs, with mean translational (ur) and rotational (ug) values of puyr =
[0.0787£0.0039mm, 0.0719+0.0043mm, 0.0513 £ 0.0030mm, 0.0536 +0.0037mm] and pr = [0.0493+0.0027°,0.0503 +
0.0041°,0.0362+0.0022°,0.0391 £ 0.0029°], reported here with the standard error of the mean. The largest maximum
values of translation and rotation, measured across subjects and datasets, were 0.34mm and 0.33°, respectively.
Functional images were realigned to correct for these head movements by registering all images to the first image
in the time series. To further correct for noise-driven demagnetization and signal loss, heavily noisy task-related
images with large global residuals were given decreased weight in the generalized linear model (as implemented
via the robust weighted least squares toolbox, http://www.icn.ucl.ac.uk/motor control/imaging/robustWLS.html).
Functional images were then coregistered to the anatomical image. The anatomical image was normalized, using
combined segmentation and normalization, to conform to the Montreal Neurological Institute (MNI)152 template.
The parameters of this transformation were applied to the functional images, which were re-sampled to 2mm isotropic



voxels. Functional images were then smoothed using an isotropic Gaussian kernel (FWHM = 8mm). BOLD signals
arising from any cerebrospinal fluid (CSF) or white matter tissue within the predominantly gray matter regions
defined by the AAL atlas were not masked by each subject’s anatomical MRI.

Functional Connectivity. Average time series were extracted for each subject from 600 anatomical regions of interest
(ROIs) defined by an upsampled version of the AAL atlas [13] covering the whole brain and including cortical and
subcortical regions but excluding the cerebellar regions and vermis (see subsequent section on ‘Atlases and Upsampling
Procedure’). We focused our investigation on low frequency (0.06-0.125 Hz) oscillations in the BOLD signal that have
previously been shown to support both resting [5, 3] and task-based connectivity [6]. The frequency band of interest
was isolated by applying the maximal overlap discrete wavelet transform to each time series [14] and selecting scale 2
wavelet coefficients. Given TR=2s, scale 2 coefficients correspond approximately to the frequency range of interest.
We estimated the functional connectivity by computing the absolute value of the Pearson’s correlation between all
possible pairs of time series, creating a 600x600 (M xM) connectivity matrix. Task-driven connectivity estimates were
computed over the entire time series (240 and 540 volumes for attention and memory scans, respectively), consistent
with previous studies [15, 16, 17].

Structural Connectivity

Diffusion Data Preprocessing. Data preprocessing and tractography were consistent with that reported in [18].
Motion artifact and image distortions caused by eddy-currents were corrected in FMRIB’s Diffusion Toolbox in FSL
software by applying an affine alignment of each diffusion-weighted image to the b0 image. In the current study,
we did not correct for EPI distortions. In this Siemens scanner, the geometric distortion for diffusion imaging from
EPI was found in prior tests to be less than 2mm (i.e., less than a single voxel) and was identified primarily along
the anterior posterior (phase encoding) direction. Because the resolution of the diffusion images was larger than the
magnitude of the distortion, no correction was required.

Tractography. Reconstruction of the diffusion images was performed using Diffusion Toolkit (DTK) (Ruopeng
Wang, Van J. Wedeen, TrackVis.org, Martinos Center for Biomedical Imaging, Massachusetts General Hospital
(MGH) [19]), a recently constructed software toolbox that provides precise diffusion imaging analysis and visualization
capabilities [20, 21, 22, 23, 24, 25]. Diffusion tensor estimation was performed using the linear least-squares fitting
method [19]. Raw data was not smoothed or sharpened prior to reconstruction. Deterministic tractography was
subsequently performed in TrackVis software using the Fiber Assignment by Continuous Tracking (FACT) algorithm
[26, 27, 28]. In this process, a single seed was placed in the center of each voxel, and the path was continued into
the adjacent voxel that minimized the path curvature. Paths were terminated for curvatures greater than 35°. Fiber
tracts that were rejected by the algorithm, such as those rejected due to high curvature, were not included in the
present analysis. No further parameter tuning was performed within the software toolbox. Importantly, in using
DTK, we performed an exhaustive search approach in which fiber tracking was performed within all voxels rather
than within a set of regions specified a priori. Inter-regional connectivity was then examined by applying a set of
gray matter masks to the complete tractography solution and by quantifying the number and length of tracts that
passed between any two masks.

Inter-regional Connectivity. In order to attain regional, rather than voxel-based, connectivity estimates, a set of M
brain region masks were applied to the reconstructed fiber tracts using the UCLA Multimodal Connectivity Package
(UMCP). We extracted two separate regional connectivity matrices: the total number and average length, as defined
below.

For all possible pairs of M masks, we determined the number of tracks originating in mask 7 and terminating in
mask j (i # j), thereby creating an M x M inter-regional anatomical connectivity matrix, N, where each element N;;
specifies the number of tracts originating in mask ¢ and terminating in mask j. The matrix sum of the connectivity
matrix is the total number of reconstructed fiber tracts, F', between grey matter masks: F' =), 25 Nij- The number
of fiber tracts F' uncovered by the algorithm was data driven rather that defined a priori and was therefore variable
from subject to subject. In addition to the connectivity matrix, we determined the tract length matrix, L, where
each element L;; specifies the average length of the tracts originating in mask ¢ and terminating in mask j.



Cortical Parcellation

Brain Region Masks

Masks for each of the M regions of a cortical atlas were transformed into the subject’s native space in a multi-step
process [29, 30]. The subject’s MPRAGE scans from the three sessions were averaged together to create a mean
structural scan, which was then registered to the subject’s b0 diffusion image using the affine transform provided by
FSL’s linear registration toolbox, FLIRT. This native space MPRAGE was then registered to the nonlinear MNI 152
T1 2mm brain. The inverse of this transformation matrix was then used to warp the atlas ROIs into subject-specific
native space. The use of the MPRAGE as an intermediary between the native space and MNI space significantly
increased registration fidelity and reproducibility of subsequently measured network properties.

Atlases and Upsampling Procedure

We employed an upsampled version of the original Automated Anatomical Labeling Atlas (AAL) [13, 31] containing 90
cortical and subcortical regions of interest but not containing cerebellar structures or the brainstem. This resampled
version contained 600 regions of interest and was created via a series of upsampling steps in which any given region
was bisected perpendicular to its principal spatial axis in order to create 2 equally sized sub-regions. Larger and
smaller AAL regions were respectively upsampled more less and less in an effort to create an atlas of roughly equally-
sized regions that still obeyed gross anatomical boundaries. The final atlas contained regions of an average size of
268 voxels (with a standard deviation of 35 voxels).

Our choice of atlases was motivated by current work in the field. Several recent studies have highlighted the
effect of region size on structural connectivity estimates [32, 18]. These results suggest that findings drawn from
whole-brain atlases with highly variable region size must be interpreted carefully. One alternative approach is to
employ a parcellation scheme of identically-sizes regions placed in a grid-like fashion across the brain (e.g. [33]).
However, this approach selects regions of interest that can lie across important anatomical boundaries such as gyri
and sulci. To address this issue, we have chosen to create an atlas of 600 regions with roughly uniform size, none of
which cross the anatomical boundaries specified by the original AAL atlas. Regions within our ‘uniform-600’ atlas
are therefore approximately equal in size while remaining anatomically constrained.

RESULTS

Overview

In the main text, we assessed the strength of structural and functional connectivity (SC and FC, respectively)
between the 600 brain regions within the uniform-600 atlas. The strength of SC between regions ¢ and j was defined
by the matrix elements L;; and N;; of the connectivity matrices defined in the previous section (see ‘Inter-regional
Connectivity’). Qualitatively similar results were obtained by rescaling N — N/L, a method that was previously
suggested to account for bias in the tractography algorithm [32], and we therefore report results using the direct
measure N. The strength of FC was defined by BOLD correlations as described in the previous sections (see
‘Functional Connectivity’) and was separately assessed at rest (rsFC), in deviations AasFC = asFC — rsFC of the
attention state (asFC) from rest, and in deviations AmsFC = msFC — rsFC of the memory state (msFC) from rest.
The memory state was defined in the main text to be the strength of deviations AmsFC measured during the faces
memory task. We later compare within this supplement the strength of AmsFC measured during the faces memory
task versus the words memory task.

By relating these structural and functional connectivity measures, we examined the extent to which (i) functional
connectivity could be inferred from structural connectivity (SC — FC) and (i¢) structural connectivity could in turn
be inferred from functional connectivity (FC — SC). We assessed these relationships within subject-averaged, or
“representative”, brain networks, for which the average strength of connectivity (Oj;)s between regions ¢ and j is
given by:

N,
1 & A
(Oy)s = N Z Ojj, (0.1)
S s=1

where Ny = 84 is the number of subjects and O takes on values of SC or FC. The construction of representative
brain networks from subject-averaged measures of SC and FC is advantageous for identifying structure-function
relationships that are common to many subjects, which can then be compared to structure-function relationships
observed within subject-specific brain networks. In comparing connectivity measures across subjects, we computed
subject-specific connectivity strengths (O). as averages across connections within a single subject:



N
1 c

(O)c = N Z Oij, (0.2)
i

where N, gives the number of region pairs used in the analysis, with N, = 3079 for the analysis of SC — FC, and
N, = 3079 for the analysis of FC — SC.

The regions pairs selected for each analysis were chosen based on their likelihood of being consistently structurally
connected across a large percentage of subjects. To measure this consistency, we defined the subject-specific binary
quantity C, such that C;; = 1 if regions ¢ and j are connected by one or more white matter tracts within a single
subject, and C;; = 0 otherwise. We defined the consistency of connectivity to be the subject-averaged quantity
(Cij) s, which specifies the fraction of subjects that show one or more white matter tracts linking regions ¢ and j (e.g.
a value of (C;;)s = .75 indicates that regions ¢ and j are linked by one or more structural connections within 75% of
subjects).

Because the consistency (C;;)s does not have an analogously continuous subject-specific correlate (but rather
has only the binary correlate C), and because the computation of (C;;)s inherently requires the use of structural
information, we identified two additional measures that relate to this consistency. Importantly, these measures
(one structural and one nonstructural) can be defined as subject-averaged or subject-specific quantities, enabling
the comparison between representative and subject-specific brain networks. Furthermore, the use of a structural
measure to select regions for the inference of function does not make any a priori assumptions about functional
information, nor does the use of a nonstructural measure to select regions for the inference of structure make any a
priori assumptions about structural information. These measures are defined as follows:

The rescaled number of connections N;; between regions i and j, given by:

N (Nij)s

9 o) o

is a purely structural measure that assesses the reliability in connection number across subjects. The denominator
of this quantity gives the standard deviation in number o4(N;;) computed across subjects:

1 & 2
os(Nij) = N, Z (ij — (Nij)s)™- (0.4)

S

We additionally specify the purely nonstructural measure of inverse interregional distance 1/d;;, defined by the
metric distance d;; between the center of mass positions (z,y, z) of regions ¢ and j:

1 ! (0.5)

W) ) (- )

In the main text, we showed that increasing values of both N and 1/d relate to increasing values of the consistency
(C)s. We therefore say that N and 1/d are indirect measures of consistency, while (C), is, by our definition, the direct
measure of consistency. The dependence of (C), on N and 1/d enables us to isolate region pairs that are consistently
structurally-connected (high values of (C),) by selecting region pairs above the threshold values Ny = 0.6 and
1/dr = 0.lmm. From the set of region pairs selected via Ny and 1/dr, we constructed two representative brain
networks for the separate assessment of (i) SC — FC and (i#7) FC — SC.

In (i), we imposed a length threshold Ly = 20mm to separate short (L < Lr) from long (L > L) connections,
and we imposed a number threshold Ny = 30 to separate dense (N > Nr) from sparse (N < Nr) connections. Note
that our use of the terms “dense” and “sparse” to refer to high and low connection numbers differs from definitions
of density in which the number of tracts is scaled by the total cross sectional tract area (e.g. [32]). In combination
with the separate consideration of inter- and intra-hemispheric connections, these partitions in length and number
define four non-overlapping structural subgroups: short and long inter-hemispheric connections, and short but dense
and long but sparse intra-hemispheric connections, whose functional properties we compared to the remaining bulk of
short, sparse intra-hemispheric connections. In Figure 2 of the main text, we showed that these structural subgroups
were indicative of shifts in the strength of rsFC, AasFC, and AmsFC observed within representative and subject-
specific brain networks.

As the resting state was shown to exhibit the most pronounced separation in the functional properties of structural
subgroups, we used resting state FC, rather than task-driven FC, to infer underlying structural properties in (ii).
We imposed two functional thresholds rmFC+ to partition region pairs into three equal-sized functional subgroups




that show weak (bottom 33%), intermediate (mid 33%), and strong (top 33%) rsFC. We showed that these functional
subgroups were supported by structural connections that differed in both length and number.

In what follows, we address four specific points of this analysis. (1) We identify the anatomical regions that par-
ticipate in the structural subgroups whose regions were selected via Ny and partitioned via Ly and N, and similarly
those regions that participate in the functional subgroups whose regions were selected via 1/dr and partitioned via
rsFCt. (2) We show that our results are robust to variations in the selection of regions via Ny and 1/dr (versus
the selection via thresholds (C)r in the direct consistency (C)s) and to variations in the structural and functional
partitions imposed by Lp, Np, and rsFCr. (3) We compare the results of using memory-state connectivity msFC
measured from the faces memory task versus the words memory task. (4) We discuss the extent to which variability
in the consistency of structural connectivity, introduced by the selection of region pairs via N and 1 /d, impacts the
results discussed here and in the main text.

Anatomical Regions Involved in Structural and Functional Subgroups

The analysis in the main text assessed structural and functional connectivity between regions within the uniform-
600 atlas. As described in the previous section (see ‘Atlases and Upsampling Procedure’), each of the 600 regions
of interest (denoted here by ROlgno) is upsampled from and therefore fully contained within a specific anatomical
region within the AAL atlas [13] (denoted ROIgp). As a result, we can map each ROIgyy to the corresponding
anatomical region ROlgg from which it was upsampled. This enables us to tabulate the specific anatomical regions
that participate in the structural and functional subgroups assessed in the main text and described in the overview
above.

Figures S1 and S2 show the observed connectivity patterns between ROIgy pairs, where alternating rows and
columns indicate the same anatomical regions in the right versus left hemispheres. Highlighted squares indicate that
one or more ROlIgyg contained within the given ROIgg participates in the respective structural or functional subgroup.

Inspection of Figure S1 shows that the brain is sparsely connected, exhibiting only a small fraction of all pos-
sible structural connections between brain regions. Dense intra-hemispheric connections tend to self-connect single
anatomical regions and interconnect regions within the same anatomical lobe, as is observed by the block-diagonal
groupings in Figure S1. In comparison, long intra-hemispheric connections, occupying off-diagonal elements in Figure
S1, commonly link distant regions in distinct anatomical lobes and are largely found between subcortical and frontal
regions and between limbic and occipital regions. Short and long inter-hemispheric regions tend to be clustered
together to link corresponding regions within the right and left hemispheres. The remaining bulk of short, sparse
intra-hemispheric connections tend to link regions within the same anatomical lobe.

The functional properties of the regions linked by these structural connections show similar anatomical organi-
zation (Figure S2). Regions within the same anatomical lobe tend to be strongly correlated. Regions in distinct
anatomical lobes, such as those involved in connections between subcortical, frontal, and limbic regions, tend to be
weakly correlated. This functional organization reflects the structural organization of, for example, dense versus
long intra-hemispheric connections that were shown in the main text to respectively support strong versus weak
resting-state correlations.

Given that the structural group of long, intra-hemispheric connections was shown in the main text to support
the largest change in FC across resting and task-driven states, we separately enumerate the specific regions linked
by these connections (Table 1). Examination of these regions provides insight into the observed task-dependent
shifts in functional connectivity across attention and memory states, as many of the participating regions have been
implicated in either visuospatial or memory processing. For example, visuospatial attention has been shown to involve
activations within the superior frontal gyrus [34] and the precuneus [35] and correlated activations between the right
thalamus and the right caudate nucleus [36]. Memory processing has been shown to involve the hippocampus, the
right caudate nucleus, and the middle temporal gyrus [37, 38], and patterns of connectivity between these regions are
thought to play important roles in memory-related functional networks [39]. Other regions, including the anterior
and posterior cingulate, have been linked to both visuospatial processing [40] and self-referential processing [41].

Robustness to Thresholding

In selecting and partitioning groups of region pairs for the construction of brain networks, we made specific choices
about both the number of retained region pairs and the divisions used to group connections between these region pairs.
In what follows, we evaluate the structural and functional connectivity of the representative brain networks across
variations in the thresholds used to construct (Ng and 1/dr) and partition (L, N7, and rsFCt) these networks.
We assess this robustness to thresholding within our two analyses, SC — FC and FC — SC, and we show that the
correlations between structure and function observed in each analysis are robust to thresholding.
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Figure S1: Anatomical Regions Linked by Structural Subgroups. Regions are numbered according to their label in the 90-region
AAL atlas, with odd and even numbers respectively indicating regions within left and right hemispheres. Horizontal and vertical lines
delineate the following anatomical groupings: frontal lobe, limbic lobe, occipital lobe, parietal lobe, subcortical regions, and temporal
lobe. Unlabeled regions between groupings indicate central regions, including the pre/postcentral gyri and rolandic operculum. Colored
squares mark region pairs linked by different types of structural connections in the representative brain network. Structural connectivity
was initially assessed between 600 regions, and these regions were then mapped to their corresponding anatomical label within the 90-
region AAL atlas. Dense connections tend to lie along the diagonal, indicating that individual anatomical regions tend to be densely
self-connected. Inter-hemispheric connections also tend to cluster near the diagonal to link symmetric regions between hemispheres. In
comparison, long intra-hemispheric connections tend to lie far from the diagonal to link subcortical structures with other regions of the
brain. The remaining bulk of short, sparse intra-hemispheric connections tend to connect different regions within the same anatomical

lobe.
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Anatomical Regions Involved in Functional Subgroups
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Figure S2: Anatomical Regions Involved in Functional Subgroups. Regions are numbered according to their label in the 90-region
AAL atlas, with odd and even numbers respectively indicating regions within left and right hemispheres. Horizontal and vertical lines
delineate the following anatomical groups of regions: frontal lobe, limbic lobe, occipital lobe, parietal lobe, subcortical regions, and
temporal lobe. Unlabeled regions between groupings indicate central regions, including the pre/postcentral gyri and rolandic operculum.
Colored squares mark region pairs involved in different functional connections within the representative brain network. Functional
connectivity was initially assessed between 600 regions, and these regions were then mapped to their corresponding anatomical label
within the 90-region AAL atlas. Note that, because the region pairs used to infer SC from FC were selected via different measures than
the regions used to infer FC from SC, the region pairs shown here largely overlap with, but are not identical to, the set of regions shown in
Figure S1. Strongly-correlated region pairs tend to be clustered along the diagonal and tend to dominate the connections within frontal,
occipital, and parietal regions, while weakly-correlated region pairs tend to dominate off-diagonal connections between subcortical, frontal,
and limbic regions.
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Table 1: Anatomical Regions Linked by Long, Intra-Hemispheric Connections. Shown are anatomical regions in the 90-region
AAL atlas that are linked by long intra-hemispheric connections. We differentiate between connections within a given anatomical region
from those that link two different anatomical regions. The number of region pairs involved in connections within the right (R) and left
(L) hemispheres in indicated in the rightmost column.

Within Regions # R (L)
Hippocampus 2(0)
Parahippocampal gyrus 1(0)
Calcarine 2(0)
Precuneus 1(0)

Middle Cingulum

(=)
—~

—
~—

Between Regions # R (L)
Thalamus Hippocampus 5(1)
Caudate nucleus 3(1)
Precentral gyrus 2(1)
Paracentral lobule 0(1)
Postcentral gyrus 1(0)
Superior frontal gyrus, dorsolateral 0(1)
Superior parietal gyrus 1(0)
Putamen Superior frontal gyrus, orbital part 2(2)
Superior frontal gyrus, medal orbital 2(0)
Middle frontal gyrus, orbital part 0(1)
Gyrus rectus 1(1)
Insula 0(1)
Postcentral gyrus 0(1)
Caudate nucleus Superior frontal gyrus, medal orbital 3(0)
Superior frontal gyrus, medial 1(1)
Superior frontal gyrus, dorsolateral 1(0)
Gyrus rectus 1(0)
Mid Cingulum Anterior cingulate gyrus 10(1)
Posterior cingulate gyrus 2(1)
Precuneus 2(0)
Cuneus Calcarine fissure 2(1)
Precuneus 2(0)
Superior occipital gyrus 0(1)
Hippocampus Temporal pole, middle temporal gyrus 2(0)
Lingual gyrus 1(0)
Fusiform gyrus 1(0)
Temporal pole: middle temporal gyrus Amygdala 1(1)
Olfactory cortex 1(0)
Lenticular nucleus, pallidum Superior frontal gyrus, orbital part 0(1)
Superior frontal gyrus, medial orbital 1(0)
Precuneus Calcarine fissure 2(0)
Posterior cingulate Anterior cingulate 2(0)
Middle temporal gyrus Angular gyrus 1(1)
Temporal pole: superior temporal gyrus Superior frontal gyrus, orbital part 1(0)
Parahippocampal gyrus Fusiform gyrus 1(0)
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Figure S3: Inferring FC from SC: Robustness to Thresholding. Changes in average functional connectivity (rsFC)s ¢, (AasFC)sc,
and (AmsFC)s ¢ produced by structural subgroups of connections across variations in the selection of regions via (a-c) N7 and (d-f) (C)r
and across variations in the (g-i) structural thresholds Ly and Np. Thresholds are scaled by their maximum values, and the specific
threshold values used in the text are indicated by dashed lines. Note that large threshold values select small numbers of region pairs
and thereby introduce jitter into the distribution averages. Variations in the selection of region pairs via the indirect (Nr) and direct
((C)7) measures of consistency produce similar shifts in (FC)s . that collectively increase with increasing threshold values. In comparison,
variations in structural thresholds alter the separation in (FC)s c across structural subgroups. All threshold variations maintain consistent
relationships between SC and FC to those observed in the main text. Structural subgroups show the most pronounced separation in
(FC)s,c in the resting state, with inter-hemispheric and dense intra-hemispheric connections producing consistently strong (rsFC)g c and
long intra-hemispheric connections producing consistently weak (rsFC)sc (top row). During task performance, inter-hemispheric and
dense intra-hemispheric connections produce similar changes in (FC)g ¢ to the bulk of remaining connections, while long intra-hemispheric
connections producing consistently weak changes in (asFC)s ¢ (middle row) and consistently strong changes in (msFC)s c (bottom row).
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Inferring Function from Structure

The analysis of SC — FC shown in the main text was performed on a representative brain network constructed from
region pairs linked by high rescaled numbers of structural connections (N > N7). Connections between these region
pairs were partitioned based on their length and number via the structural thresholds N7 and L. In combination with
the delineation between inter- and intra-hemispheric connectivity, these partitions defined four structural subgroups,
(1) short and (2) long inter-hemispheric connections, and (3) dense and (4) long intra-hemispheric connections, whose
properties were compared to the remaining bulk of short, sparse intra-hemispheric connections. The subject-averaged
strengths (rsFC)y, (AasFC)g, and (AmsFC)g were then compared across these partitioned subgroups.

We now evaluate the robustness of structurally-dependent shifts in (rsFC)g, (AasFC)s, and (AmsFC); to variations
in Ny, Lr, and Nr. As a measure of comparison across thresholds, we compute the averages (1sFC)s. ¢, (AasFC)s ..,
and (AmsFC); . of the complementary cumulative distribution functions (cCDFs) produced by connections within
the representative brain network. These cCDF's were shown in Figure 2d-f of the main text for the threshold values
Nr = 0.6, Ny = 30, and Ly = 20mm. The notation (O)s,c indicates that the average of the quantity O was
computed first across subjects, in constructing the representative brain network, and then across connections within
the representative network. Variations in (O), . measure relative shifts in the cCDF's across variations in thresholding.

We find that the observed shifts in FC shown in Figure 2d-f in the main text are robust to variations in threshold-
ing, as shown here in Figure S3 and as discussed in detail below. Across all threshold values, inter-hemispheric FC
shows minimal dependence on connection length, with both short and long inter-hemispheric connections supporting
strong rsFC and similar changes in asFC and msFC to the remaining bulk of connections. Dense intra-hemispheric
connections show nearly consistent FC strength across thresholding scenarios, exhibiting notably strong rsFC. Long
intra-hemispheric connections consistently show task-dependent changes in FC, exhibiting low values of rsFC, de-
creases in asFC from rest, and increases in msFC from rest.

Variations in Selection Thresholds. Increasing the selection threshold Ny corresponds to retaining fewer region
pairs that are more densely connected across subjects (left column of Figure S3). As mentioned previously (see
‘Results: Overview’), N is an indirect measure of the consistency in connectivity (C)g, and therefore the densely-
connected region pairs selected via N7 also tend to be consistently connected within a large fraction of subjects. The
selection of region pairs via N, rather than via (C)s, is advantageous because N = (N);/os(N) has an analogous
single-subject correlate given by the number of connections N scaled by the uncertainty in the measurement of N. In
comparison, the single-subject correlate of the measure (C); is the subject-specific binary number C, which cannot
be used as a continuous threshold for region pair selection.

To confirm that region pair selection via N produces similar results to region pair selection via (C),, we compare
shifts in (rsFC)s ¢, (AasFC)s ., and (AmsFC); . across variations in both Ny and (C)7, shown respectively in the
left and middle columns of Figure S3.

Because N scales with the consistency (C),, and because the distributions of (FC) are insensitive to inconsistent
connectivity (see later section on ‘Inconsistent Connectivity in the Representative Brain’), variations across Ny and
(C)r produce similar results, with the latter producing stronger separations in FC across structural groups (middle
column of Figure S3). For both choices of selection threshold, the overall strength (FC)s . increases with increasing
threshold.

Variations in Structural Thresholds. Variations in the structural thresholds Ly and Np alter the partitioning of
connections into long (L > L) versus short (L < Lr) and dense (N > Nr) versus sparse (N < Nr) subgroups,
which in turn alter the degree of separation in FC observed across structural subgroups.

Biasing toward higher numbers of connections (by increasing Nr) increases the strength of (FC)g . in the resting
state but has a limited effect on task-driven states, producing a slight increase in (AasFC)g . and a slight decrease
in (AmsFC);.. Biasing toward longer connections (by increasing Lp) increases the separation in (FC)g . between
short and long inter- and intra-hemispheric connections. The separation in inter-hemispheric (FC)g ., however, is
consistently smaller than the separation in intra-hemispheric (FC); .. Most notably, biasing toward longer connections
reveals that long intra-hemispheric connections show increasingly weak (FC)s . in the resting and attention states
and increasingly strong (FC)s . in the memory state, thereby confirming that the task-dependent shifts observed in
Figure 2d-f in the main text are not artifacts of thresholding.

Inferring Structure from Function

The analysis of FC — SC shown in the main text was performed on a representative brain network constructed from
region pairs within close interregional distances (1/d > 1/dr). Region pairs were partitioned based on their strength
of rsFC via the functional thresholds rsFCr into three functional groups exhibiting (1) weak (bottom 33%), (2)
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Figure S4: Inferring SC from FC: Robustness to Thresholding Changes in average structural measures (N)s . and (L), produced
by functional subgroups of connections across variations in the selection of regions via (a-c) 1/dr and (d-f) (C)r and across variations
in the (g-i) functional thresholds rsFCr, with inter-hemispheric values shown in insets. Thresholds are scaled by their maximum values,
and the specific threshold values used in the text are indicated by dashed lines. The corrected length distributions, for which connections
with unphysical lengths have been removed, are shown in the lower row of the figure, with the uncorrected distributions shown across
identical scales within the dotted insets. Variations in the selection of region pairs via the indirect (1/dr) and direct ((C)r) measures of
consistency produce similar shifts in (SC)s,c, with the overall values of (N); . and (L)s . tending to respectively increase and decrease
with increasing threshold values. In comparison, variations in the functional thresholds alter the separation in (N)s . and (L)s . across
functional subgroups. All threshold variations maintain consistent relationships between SC and FC to those observed in the main text,
with shorter intra-hemispheric connection lengths and higher numbers of inter- and intra-hemispheric connections consistently supporting
strong rsFC. Inspection of the uncorrected values of (L)s . reveals that the relationship between increasingly short intra-hemispheric
connections and increasingly strong rsFC can be recovered if (b) unphysical connection lengths selected via 1/dp are separately removed,
if (d) regions are selected via (C') such that the inconsistent connections that give rise to unphysical connection lengths are automatically
removed, or if (f) the functional thresholds rsFCt are tuned to select very strongly- and very weakly-correlated region pairs.
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intermediate (middle 33%), and (3) strong (top 33%) rsFC. These subgroups were further delineated into inter- and
intra-hemispheric functional groups. The subject-averaged structural properties (L)s and (N)s were then compared
across these partitioned subgroups.

We now evaluate the robustness of functionally-dependent shifts in (L) and (V) to variations in 1/dp and rsFCr.
As a measure of comparison across thresholds, we compute the averages (L) . and (N), . of the cCDFs produced by
connections within the representative brain network. These cCDFs were shown in Figure 3c-d of the main text for
the threshold values 1/dr = 0.1 and rsFCt = 1/3.

We find that the observed shifts in SC shown in Figure 3c-d in the main text are robust to variations in thresholding,
as shown here in Figure S4 and as discussed in detail below. Across all threshold variations, high numbers of inter- and
intra-hemispheric connections consistently support strong rsFC. In assessing the distributions of connection lengths,
which are shown in a later section to be sensitive to the presence of connections with unphysical connection lengths, we
separately consider the uncorrected (dotted insets) and corrected (main figure) distributions for which connections
with unphysical lengths are respectively included or excluded. The corrected distributions show that short intra-
hemispheric connection lengths consistently support strong rsFC. A thorough discussion of the identification and
implications of unphysical connections can be found in the later section entitled ‘Inconsistent Connectivity in the
Representative Brain Network’.

Variations in Selection Thresholds. Increasing the selection threshold 1/dr corresponds to retaining region pairs
that are closer in physical proximity (left column of Figure S4). As mentioned previously, 1/d is an indirect measure
of the consistency in connectivity (C)s, and therefore region pairs in close physical proximity also tend to be consis-
tently connected within a large fraction of subjects. The selection of region pairs via 1/d, rather than via (C)s, is
advantageous because 1/d does not rely on knowledge of anatomical connectivity and therefore does not suffer from
the circular use of structural information for the inference of structural information. In comparison, the measure
(C) relies on knowledge of the presence or absence of structural connectivity between region pairs.

To confirm that region pair selection via 1/dy produces similar results to region pair selection via (C) s, we compare
shifts in (N)s . and (L), . across variations in both 1/dp and (C)p, shown respectively in the left and middle columns
of Figure S4.

Because 1/d scales with the consistency (C)s, and because the distribution of (V) is insensitive to inconsistent
connectivity (discussed in the following section), variations across 1/dr and (C)r produce similar distributions of
connection numbers, with the latter producing a more pronounced separation in the large number of inter- and
intra-hemispheric connections that support strong versus weak correlations (middle column of Figure S3). Increases
in both threshold values result in an overall increase in connection number.

In comparison to the distribution of (N);, the distribution of (L)4 varies depending on whether regions are selected
via 1/dr or (C)r, and whether connections with unphysical lengths are included in or excluded from the analysis.
When unphysical connections are excluded (Figure S4b,d), variations in both 1/dr and (C)r produce consistent
results, with increasingly short intra- and inter-hemispheric connections supporting increasingly strong rsFC. Region
selection via (C')r produces a stronger separation in the length of inter- and intra-hemispheric connections that
support strong versus weak rsFC, as was similarly observed in the distributions of connection numbers. Increases in
both threshold values result in an overall decrease in the average connection length.

When unphysical connections are included, however, variations in 1/dr and (C)r produce different results (dotted
insets in Figure S4b,d). Region selection via 1/d shows that strongly-correlated regions are linked by longer, rather
than shorter, intra- and inter-hemispheric connections. Region selection via (C)4 recovers the relationship between
short intra- and inter-hemispheric connection length and strong rsFC, confirming that inconsistency in connectivity
(quantified by low values of (C');) are responsible for the altered relationship between connection length and rsFC
strength.

Regardless of the selection of regions via 1/d versus (C), and regardless of whether unphysical connections are
included in or excluded from the analysis, the distributions of inter-hemispheric connection lengths show much less
separation across functional subgroups than do the distributions of intra-hemispheric connection lengths.

Variations in Functional Thresholds. Variations in the functional threshold rsFCt shift the delineations between
region pairs that exhibit weak, intermediate, and strong rsFC (right column of Figure S4). We vary this threshold
such that the strongly- and weakly-correlated groups consist of the same number of region pairs but can differ in
number from the intermediate group, such that the strongly- and weakly-correlated groups are highly populated for
small values of rsFCp, while the intermediate group is highly populated for large values of rsFCrp. Variations in
functional threshold values alter the observed separation in SC across functional subgroups.

Biasing toward very strong and very weak rsFC by increasing rsFCr in turn increases the separation in the number
of connections that support strong versus weak rsFC, with high numbers of inter- and intra-hemispheric connections

17



consistently supporting strong rsFC (Figure S4e).

The impact of variations in rsFCt on the distribution of connection lengths depends on the inclusion versus
exclusion of connections with unphysical lengths (main portion versus dotted inset of Figure S4f). When unphysical
connections are excluded from the analysis, variations in rsFCr increase the separation in the length of connec-
tions that support strong versus weak rsFC, with short intra-hemispheric connections consistently supporting strong
rsFC. When unphysical connections are included in the analysis, however, strong rsFC appears to be supported by
longer, rather than shorter, intra-hemispheric connections across variations in rsFCr. In both cases, stronger inter-
hemispheric rsFC is supported by slightly longer, rather than shorter, connections. The observed separation in length
across functional subgroups, however, is much less pronounced for inter- versus intra-hemispheric connections.

Considerations for Inter- versus Intra-Hemispheric Connections. Because inter- and intra-hemispheric connec-
tions differ in their structural properties, their distributions of SC show different sensitivities to variations in threshold
values and to the inclusion versus exclusion of connections with unphysical lengths.

Relatively few inter-hemispheric regions are linked by connections with unphysical lengths (see later sections on
‘Inconsistent Connectivity in the Representative Brain Network’), and therefore the distributions of inter-hemispheric
number and length are less sensitive to the exclusion of unphysical connections than are intra-hemispheric distribu-
tions. Regardless of whether unphysical connections are included in or excluded from the analysis, inter-hemispheric
regions are consistently linked by fewer connection numbers and greater connection lengths, on average, than intra-
hemispheric regions, a trend that is maintained across variations in all threshold values. In contrast to the consistently
large separation in SC observed between intra-hemispheric functional subgroups, inter-hemispheric subgroups show
reduced separation in the structural properties that support strong versus weak correlations. Furthermore, the rel-
ative contribution from long versus short inter-hemispheric connections is variable across thresholding scenarios.
Together, these results provide additional support for our previous finding that the functional correlations between
inter-hemispheric regions are less sensitive to underlying structure than are functional correlations between intra-
hemispheric regions.

The majority of connections with unphysical lengths link intra-hemispheric regions, and therefore the distributions
of intra-hemispheric connection length (but not number; see ‘Inconsistent Connectivity in the Representative Brain
Network’) are sensitive to the effects of connections with unphysical length. When included in the analysis, these
unphysical connections alter the apparent relationship between connection length and rsFC, such that increasingly
long, rather than short, connections appear to support increasingly strong rsFC. However, large increases in functional
threshold values, which bias toward the very strongest and very weakest correlations, can be used to recover the trend
that short intra-hemispheric connections support strong rsFC (far right of dotted inset in Figure S4f). Importantly,
this technique requires no knowledge of SC. This trend can additionally be recovered by selecting region pairs via
the consistency (C)s (dotted inset in Figure S4d). The different results obtained from the direct (via (C)r) versus
indirect (via 1/dr) selection of consistently-connected region pairs suggests that increasing the minimum consistency,
rather than the average consistency, is important for the robust inference of structure from function.

Robustness to Distance Effects

Structural and functional connectivity have both been shown in previous studies to increase in strength with decreasing
interregional distance [42, 43]. To confirm that our results do not arise artificially from distance-related correlations,
we relate repeat the analysis of representative brain connectivity while controlling for interregional distance.

We use an approach consistent with that described in [44]. We first verify that (rsFC)s is linearly related to the
inverse interregional distance 1/d (r = .58 and r = .48 for the subsets of region pairs selected via Nz and 1/dr,
respectively). We then regress (rsFC)s on 1/d to extract the residuals in (rsFC)s. Lastly, we repeat the analyses of
SC — FC and FC — SC described in the main text after replacing (rsFC)s by its residuals.

We specifically assess the separation in (rsFC)s observed across structural subgroups (Figure 2d in the main text)
and conversely the separation in (N); and (L)s observed across functional subgroups (shown in Figure 3c,d in the
main text). Note that, because task-dependent FC is measured in deviations from rest, regressions of (AasFC)s and
(AmsFC)g on 1/d produce nearly identical results to those shown in the main text.

Inferring Function from Structure

For the analysis of SC — FC, we assess shifts in the residuals of (rsFC)s produced by structural subgroups of
connections. When distance is regressed out in this manner, we see reduced separation in (rsFC)s across structural
subgroups (Figure S5a). This is consistent with the finding that correlations between SC and rsFC are present but
are weaker when controlling for distance effects [44].
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Figure S5: Robustness of Representative SC and FC to Distance Effects. When controlling for interregional distance, similar
qualitative shifts are observed in the cCDF’s of (a) (rsFC)s (b) (N)s, and (¢) (L)s (corrected) produced by structural and functional
subgroups of connections in the representative brain network. In all cases, the observed shifts are less pronounced when correcting for dis-
tance effects. (a) Inter-hemispheric and dense intra-hemispheric connections show stronger values of (rsFC) while long intra-hemispheric
connections show weaker values of (rsFC) as compared to the remaining bulk of connections. While short and long inter-hemispheric
connections show similarly strong shifts in (rsFC), the shift produced by dense intra-hemispheric connections is less pronounced. (b)
Increasingly strongly correlated inter- and intra-hemispheric regions are consistently linked by higher numbers of connections. (¢) Con-
trolling for distance collapses the corrected length distributions produced by intra-hemispheric, but not inter-hemispheric, functional
subgroups.

Despite the reduced separation in (rsFC)g across structural subgroups, the relative shifts in (rsFC)s are consistent
with those observed in Figure 2d of the main text. Inter-hemispheric connections and dense intra-hemispheric
connections show strong (rsFC)g as compared to the remaining bulk of connections, although dense intra-hemispheric
connections show less pronounced shifts in (rsFC)s than do the similarly strong shifts exhibited by short and long
inter-hemispheric connections. In contrast, long intra-hemispheric connections show weak (rsFC)s as compared to
the remaining bulk of connections.

Inferring Structure from Function

For the analysis of FC — SC, we partition the residuals of (rsFC)s into functional subgroups, and we assess shifts in
the number (N), and corrected length (L), of connections linking functional subgroups.

As was observed in the previous subsection, we see reduced separation in the number of connections linking
functional subgroups (Figure S5b). However, the relative shifts in the number of connections linking strongly- versus
weakly-correlated subgroups is consistent with the results shown in Figure 3c in the main text, with strongly-correlated
inter- and intra-hemispheric regions consistently linked by higher numbers of connections.

Because intra-hemispheric connection length is closely related to interregional distance, controlling for distance
removes the observed shifts in the length of connections linking intra-hemispheric functional subgroups (Figure S5c¢).
However, because inter-hemispheric regions can be separated by short distances but linked by long connections, we
see that increasingly strongly correlated inter-hemispheric regions remain consistent linked by longer connections
when controlling for distance, in agreement with the results shown in Figure 3d in the main text.

Comparison of Memory for Words versus Memory for Faces

The comparison of functional connectivity across structural subgroups of connections, as assessed in the main text,
compared the strength of FC measured in the resting state, during the performance of the attention task, and during
the performance of the memory task for faces. Subjects also performed a memory task for words that was not
assessed in the main text. Here, we show that the two memory tasks, for words and for faces, show similar shifts in
the functional connectivity produced by different structural subgroups of connections. The details of the two memory
tasks were described above (see Methods; Memory Tasks).

Long intra-hemispheric connections were shown in the main text to support pronounced shifts in the memory-
state functional connectivity ((AmsFC)s) of the representative brain network associated with memory for faces.
Here, we find that the representative brain network shows similar shifts in (AmsFC)g associated with memory for
words, with long intra-hemispheric connections supporting the largest increase in msFC among structural subgroups.
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Figure S6: Comparison of Representative and Subject-Specific FC Between Memory for Words versus Faces. The repre-
sentative brain network shows similar shifts in memory state functional connectivity ((AmsFC)s) between the memory tasks for (a) faces
versus (b) words, with the distribution of (AmsFC)s showing less variance across connections for words versus faces. For both words
and faces, long intra-hemispheric connections showing pronounced shifts toward higher values of (AmsFC)s, while inter-hemispheric and
dense intra-hemispheric connections show similar shifts in (AmsFC)g to the remaining bulk of short, sparse intra-hemispheric connections.
Individual subjects show similar variability in (AmsFC). across structural subgroups for (c) faces and (d) words, with the words task
showing less variance in (AmsFC). across subjects as compared to the faces task.
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Figure S7: Comparison of Robustness to Thresholding Between Memory for Words versus Faces. The memory state functional
connectivity (AmsFC)s . of the representative brain network shows similar robustness to region selection via Ny (left column), region
selection via (C)r (middle columns) and the structural partitions Ny and Lt (right column) between memory for faces (top row) versus
memory for words (bottom row), where the trends for the faces tasks are described in detail in Figure S3 above. Across all partitions, long
intra-hemispheric connections consistently show strong (AmsFC)s . for both words and faces, while inter- and dense intra-hemispheric
connections show similar values of (AmsFC)s ¢ to one another and to the remaining bulk of short, sparse intra-hemispheric connections.
Interestingly, in biasing toward long connections, long inter-hemispheric connections decrease in (AmsFC)s . in the faces task but increase
in (AmsFC)s,c in the memory task, suggesting that these connections may be important for distinguishing between different types of
memory tasks.
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Furthermore, we find that memory for words shows less variation in (AmsFC)g across connections in the representative
brain network than does memory for faces (Figure S6a,b). Individual subjects show similar variation in the functional
connectivity of structural subgroups between memory for words versus faces, with memory for words showing less
variation in (AmsFC), across subjects than memory for faces (Figure S6e,d).

In a manner identical to that described in the previous section (Robustness to Thresholding), we compare the
functional connectivity of memory for words versus memory for faces across variations in the selection and partitioning
of region pairs in the representative brain network. Across variations in the selection thresholds Ny and (C)7, we
find that memory for words shows similar qualitative shifts in (AmsFC)s . to those exhibited by memory for faces
(see previous section for detailed discussion of threshold variations). Across variations in both selection thresholds,
long intra-hemispheric connections consistently support large changes in (AmsFC) . in both memory tasks (left
and middle columns of Figure S7). These relationships are similarly maintained across variations in the structural
thresholds N7 and L (right column of Figure S7). However, in biasing toward long connections, we find that very
long inter-hemispheric connections show a decrease in (AmsFC) . in the memory task for faces but an increase in
(AmsFC)s . in the memory task for words. This suggests that both long inter- and long intra-hemispheric connections
are important for supporting strong memory function, and long inter-hemispheric connections may be particularly
important for distinguishing between different memory tasks.

Together, these results confirm that the memory state, whether defined by a memory task for words or faces,
exhibits structure-function relationships that are distinct from those observed in the resting and attention states.
Furthermore, these results suggest that long connections both support and distinguish between different types of
memory tasks.

Inconsistent Connectivity in the Representative Brain Network

The two representative brain networks used for the separate assessments of SC — FC and FC — SC were constructed
using two different, but largely overlapping, subsets of region pairs. As discussed previously (see ‘Results; Overview’),
regions were selected via the structural and nonstructural measures N and 1/d. Both measures relate to but are
distinct from the consistency in connectivity (C)s, where our terminology is defined such that “high consistency”
and “inconsistency” in connectivity respectively refer to large and small values of (C')s. As a result of employing
two different selection methods, the two representative networks vary in the degree to which regions are consis-
tently structurally connected across subjects, as measured by the distributions of (C)4 across connections within the
representative brain networks.

Identifying Inconsistent Connectivity

In the previous section (see ‘Robustness to Thresholding’), we compared relationships between SC and FC across
variations in the methods used to select region pairs, separately considering region pair selection via indirect (N and
1/d, as used in the main text) versus direct ((C);) measures of consistency. Figure S3 confirmed that the functional
properties of structural subgroups are robust to the variations in consistency that arise from selecting region pairs
indirectly via Nz versus directly via (C)7. Figure S4 further confirmed that the observed relationship between large
connection numbers and strong rsFC is robust to similar variations in consistency arising from region pair selection
via 1/dp versus (C)r. However, Figure S4 showed that the apparent length of these connections varies significantly
depending on region pair selection via 1/dr versus (C)r. Given that 1/d and (C); are related, the question arises as
to why the region pairs selected via each measure show qualitatively different relationships between (L) and (rsFC)s.

To address this question, we note that the process of averaging structural properties across subjects can produce
connections that disobey physical constraints. One such physical constraint requires that the subject-averaged length
(L)s of connections linking two regions not be less than the physical separation d between those regions. A low
value of consistency (C;;)s between two regions ¢ and j, for which a large number of subjects show no structural
connectivity (Cij = 0), can therefore be manifested in an apparent connection length (Lij)s less than the minimum
physical length L;j min = dij — dmin, Where the subtraction of the minimum interregional distance duyi, allows for
the possibility of adjacent regions to be linked via connections with near-zero length. We refer to connections that
exhibit (L)s < Ly, as “unphysical” connections.

We find that, within the sets of region pairs used to construct each representative brain network, a subset of
region pairs exhibits this unphysical property arising from inconsistent connectivity (low values of (C);). Figure
S8a-b shows the average length (L), versus the inverse interregional distance 1/d of connections within the two
representative brain networks whose region pairs were separately selected via Ny and 1/dy. By comparing the
lengths (L) to the minimum physical length L., (black line in Figure S8a-b), it can be seen that a fraction of
connections within each network have unphysical lengths (L)s < Luyin. Furthermore, by comparing the distributions
of (C)s produced by connections whose lengths are greater and less than Ly, (Figure S8c-d), we can see that this
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Figure S8: Inconsistent Connectivity in Representative Brain Networks. (a,c) Average length (L)s versus inverse interregional
distance 1/d of connections between regions within the two representative brain networks assessed in the main text. Regions selected via
(a) N and (c) 1/d are shown respectively in turquoise and maroon, with the minimum length L,,;n, = d—dmin superimposed in black. Both
methods of region pair selection reduce the number of, but do not eliminate, connections with unphysical lengths (L)s < Ly, (opaque).
The presence of unphysical connections is an artifact of averaging over connections that are inconsistently present across subjects, as

evidenced in the shifted distributions of (C)s produced by these connections (b,d). The removal of these connections shifts the average
consistency toward higher values.

23



Consequences of Unphysical Lengths on the Inference of Function from Structure
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Figure S9: Consequences of Inconsistent Connectivity on the Functional Connectivity of Structural Subgroups. (a) The
presence of unphysical average connection lengths (L)s < Ly, arises from inconsistently connected region pairs selected via N. (b)
Connections with unphysical lengths are predominantly low in number and short in length. (c-h) Distributions of average functional
measures (c,f) (rsFC)s, (d,g) (AasFC)s and (e,h) (AmsFC)s produced by structural subgroups of connections in the (c-e) presence
and (f-h) absence of unphysical connections. As these unphysical connections predominantly fall into the large group of short, sparse
intra-hemispheric connections, their presence does not qualitatively affect the observed shifts in the functional connectivity produced by
inter-hemispheric, dense intra-hemispheric, and long intra-hemispheric connections.
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Consequences of Absent Connections on Individual Variability in FC
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Figure S10: Consequences of Absent Connectivity on Individual Variability in Functional Connectivity. Absent connections
(with L = N = 0) do not affect the average resting-state ((rsFC).), attention-state ((AasFC)), or memory-state ((AmsFC).) functional
connectivity across subjects. The inclusion (top row) versus exclusion (bottom row) of absent connections produces qualitatively similar
shifts in FC across subjects.

effect arises from inconsistency in connectivity. In both representative brain networks, connections with unphysical
lengths less that L, show significantly lower inter-subject consistency than do connections with physical lengths
greater than Ly,;,. Because N is more strongly related to (C), than is 1/d, the region pairs selected via Ny show
less separation in the distributions of (C')s than do region pairs selected via 1/dp.

Impact of Inconsistent Connectivity on Relationships between SC and FC

To assess the consequences of including these unphysical connection lengths within the representative brain networks,
we repeat the analyses of SC — FC and FC — SC performed in the main text, now selecting regions subject to the
constraints N > Np and (L); > Ly, (for the analysis of SC — FC) and 1/d > 1/dr and (L) > Ly, (for the
analysis of FC — SC).

The comparisons between this selection method and the selection via Ny and 1/dr alone (as was used in the
main text) are shown respectively in Figures S9 and S11. We find that, with the exception of the distribution of
intra-hemispheric connection lengths inferred from rsFC (shown in Figure S9c-d and discussed below), all results
remain qualitatively similar with the inclusion versus exclusion of these unphysical connections.

In the assessment of SC — FC, unphysical connections predominantly occupy the bulk of short, sparse intra-
hemispheric connections (Figure S9b). Due to the large number of region pairs that fall within this structural
subgroup, the relative number of region pairs linked by unphysical connection lengths is small in comparison, and
therefore their inclusion does not significantly alter the observed shifts in resting-state (Figure S9c-d) or task-driven
(Figure S9e-h) functional connectivity produced by different structural subgroups of connections.

In the assessment of FC — SC, unphysical connections predominantly occupy the weakly-correlated subgroup,
and they show noticeably low connection numbers and lengths (Figure S11). The presence of unphysical connections
increases the observed separation in connection number across functional subgroups by biasing the weakly-correlated
subgroup toward lower connection numbers. The exclusion of unphysical connections from the analysis only slightly
decreases, but does not remove, this separation. In comparison, the presence of unphysical connections significantly
affects the distribution of connection lengths. Inspection of the length distributions shown in Figure S11d.f reveals
that the inclusion of unphysical connections produces a disproportionately high density of connections with very short
lengths, such that longer local connections appear to show stronger rsFC. The exclusion of unphysical connections
eliminates the excess of short connection lengths, thereby altering the distributions such that increasingly strong intra-
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Figure S11: Consequences of Inconsistent Connectivity on the Structural Connectivity of Functional Subgroups. (a)
Unphysical average connection lengths (L)s < Lpyi, arising from inconsistently connected region pairs selected via 1/d. (b) Connections
with unphysical lengths predominantly link weakly-correlated intra-hemispheric regions, and therefore the removal of these connections
from the analysis does not qualitatively alter the distributions of inter-hemispheric connection number or length. (c-f) Distribution of
average structural measures (c,e) (N)s and (d,f) (L)s that support weak, intermediate, and strong correlations, shown in the (c-d) presence
and (e-f) absence of unphysical connections. Inconsistent connections are (c) low in number (e) and short in length. While the presence of
inconsistent connectivity does not qualitatively affect the distributions of (N)s (d), it does significantly affect the qualitative properties of
the distributions of intra-hemispheric lengths (L)s (f). The presence of inconsistent connectivity produces a disproportionately high density
of short intra-hemispheric connections, which in turn alters the relative length distributions produced by weakly- versus strongly-correlated
regions. The removal of these regions from the analysis recovers a consistent relationship between increasingly short intra-hemispheric
connections and increasingly strong rsFC.
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Figure S12: Consequences of Absent Connectivity on Individual Variability in Structural Connectivity. Absent connections
(with L = N = 0) are shown to reduce, across subjects, the (a) average number (N). and (b) average length (L), of both inter- and
intra-hemispheric connections. (c¢) Removal of absent connections from the analysis increases (N). across subjects while preserving the
qualitative relationship between increasing (N). and increasing rsFC. Removal of absent connections similarly increases (L), but it also
affects the qualitative relationship between (N). and rsFC. With the inclusion of absent connections, strongly-correlated intra- and inter-
hemispheric regions appear to be linked by longer connections; however, the removal of absent connections shows that strongly-correlated
intra-hemispheric regions are linked by shorter, rather than longer, connections, while strongly- and weakly-correlated inter-hemispheric

regions show minimal differences in length. These results are consistent with those results obtained from the removal of connections with
unphysical lengths in the representative brain.
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hemispheric correlations are consistently supported by increasingly short connections. As was shown above (Figure
S4), this finding is robust to variations in the thresholds used to both select and partition functional subgroups.
Note that a similar argument can be made to exclude connections with unphysical average numbers (N)g < 1.
This constraint excludes a smaller subset of connections that is nearly fully contained within the subset excluded via
(L)s < Lmin. This constraint therefore reduces, but does not eliminate, the altered distribution of short connection
lengths. All other results remain qualitatively similar with the removal of connections with unphysical numbers.

Extension to Subject-Specific Brain Networks

Analogous techniques can be applied to single-subject networks, for which the two possible constraints imposed on
representative brain networks (implemented via the exclusion of connections with (L)s < Ly or (N)s < 1) reduce
to the single constraint of excluding absent connections within subject-specific networks.

Consistent with the analysis of representative brain networks, the removal of absent connections does not alter
the subject-specific values of resting-state (rsFC),, attention-state (AasFC)., or memory-state (AmsFC). functional
connectivity observed across structural subgroups (Figure S10), nor does it alter the subject-specific values of inter-
and intra-hemispheric connection number (N). observed across functional subgroups (left column of Figure S10).
However, as was observed in the representative brain network, the removal of absent connections alters the subject-
specific values of inter- and intra-hemispheric connection length (L), (right column of Figure S10 and Figure 3f in the
main text). Whereas with the inclusion of absent connections, strongly-correlated inter- and intra-hemispheric regions
appear to be linked by longer connections, the removal of absent connections reveals that increasing intra-hemispheric
rsFC is supported by decreasing connection lengths, while increasing inter-hemispheric rsFC shows minimal variations
in connection length. These results confirm that the properties of representative brain networks are consistently
observed within subject-specific networks for both the inclusion and exclusion of unphysical connections.

METHODOLOGICAL CONSIDERATIONS

In this work, we have examined functional connectivity both during rest and during the performance of attention- and
memory-demanding cognitive tasks. Our work employs one possible approach for assessing brain dynamics during
task performance. Alternatively, a generalized linear model (GLM) can be used in combination with techniques such
as partial least squares (PLS) or psychophysiological interactions (PPI) [45, 46] to identify task-related activations
across cortical and subcortical structures. Such approaches characterize brain dynamics by the level of activity, rather
than the strength of connectivity, between brain regions. The relationship between activity and connectivity, however,
remains poorly understood. While recent fMRI studies (e.g. [3, 47, 48]) suggest that these two measures might be
correlated with one another in the resting state, the relationship between task-driven activity and connectivity is, as
of yet, unknown.

Our study has several important limitations. First, we have used diffusion tensor imaging (DTI) scans, for which
it is not possible to distinguish crossing fibers. The deterministic streamline tractography algorithm used here can
also fail to distinguish branching fibers or fibers exhibiting abrupt turns. The use of recently-developed probabilistic
tractography algorithms are expected to improve connectivity estimates in future analyses [49]. Furthermore, the
tractography algorithms currently available are biased towards short fibers, and therefore the frequency of long fibers
is likely underestimated in our data. We have employed an atlas-based parcellation of cortical and subcortical brain
regions, which differs from surface-based parcellations in that it does not fully respect subject-specific anatomy.
Therefore, the same region examined within two different subjects might contain different cortical areas, an effect
that could drive some of the observed inter-subject differences in the consistency of structural connectivity.

Our fMRI preprocessing procedure has additional implications. The 600 cortical and subcortical regions con-
structed from the AAL atlas, while predominantly consisting of gray matter, may have contained some voxels of CSF
or white matter. Signal variance in these two tissue compartments is related to physiological noise (such as heart
rate and respiration) and may have contributed to the magnitude of correlation between different regions. However,
the regions in the AAL atlas are defined based on gray matter tissue, and the fraction of white matter and CSF is
relatively small. Furthermore, any such contribution to the inter-regional correlations would likely be constant across
resting and task states. While all functional images were realigned to correct for head movements, only task-related
datasets were further corrected using the robust weighted least squares analysis. As a result, it is possible that there
is higher noise-driven variance in our estimates of resting-state FC as compared to attention- and memory-state FC.
However, as we find no systematic pattern in head motion parameters, all of which are extremely small, we anticipate
that this variance has minimal effect on our estimates of resting-state versus task-driven FC. Additional preprocess-
ing techniques, such as global signal regression (GSR), can be used to further remove non-neuronal global signal
contributions. Recent evidence suggests that the removal of such artificial coherencies may reduce variability in FC

28



measurements across subjects [50], and the results reported here may therefore show higher inter-subject variability
in FC than could be achieved with methods such as GSR. However, as these methods can alter estimations of FC,
care must be taken when interpreting the resulting analyses [51, 52].

Lastly, both structural and functional connectivity can be estimated using a variety of different measures of
association. Our construction of the structural connectome employed both the number and length of white matter
tracts as connection weights. Other potential choices include the average FA between regions or the curvature of
tracts between regions [18]. Furthermore, alternative imaging techniques yield estimates of tract myelination [53] that
can additionally be used to inform connection weights [54]. Our construction of the functional connectome employed
Pearson’s correlations, which are sensitive to linear relationships between time series. Alternative choices of functional
connectivity measures, including nonlinear measures such as the mutual information or phase synchronization between
two regional time series, may have different sensitivities to narrow and broad-band frequency information [55].
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