Coupling of functional connectivity and regional
cerebral blood flow reveals a physiological basis
for network hubs of the human brain
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Human brain functional networks contain a few densely connected
hubs that play a vital role in transferring information across regions
during resting and task states. However, the relationship of these
functional hubs to measures of brain physiology, such as regional
cerebral blood flow (rCBF), remains incompletely understood. Here,
we used functional MRI data of blood-oxygenation-level-dependent
and arterial-spin-labeling perfusion contrasts to investigate the re-
lationship between functional connectivity strength (FCS) and rCBF
during resting and an N-back working-memory task. During resting
state, functional brain hubs with higher FCS were identified, primar-
ily in the default-mode, insula, and visual regions. The FCS showed
a striking spatial correlation with rCBF, and the correlation was
stronger in the default-mode network (DMN; including medial fron-
tal-parietal cortices) and executive control network (ECN; including
lateral frontal-parietal cortices) compared with visual and sensori-
motor networks. Moreover, the relationship was connection—distance
dependent; i.e., rCBF correlated stronger with long-range hubs than
short-range ones. It is notable that several DMN and ECN regions
exhibited higher rCBF per unit connectivity strength (rCBF/FCS ratio);
whereas, this index was lower in posterior visual areas. During the
working-memory experiment, both FCS—rCBF coupling and rCBF/FCS
ratio were modulated by task load in the ECN and/or DMN regions.
Finally, task-induced changes of FCS and rCBF in the lateral-parietal
lobe positively correlated with behavioral performance. Together, our
results indicate a tight coupling between blood supply and brain func-
tional topology during rest and its modulation in response to task
demands, which may shed light on the physiological basis of human
brain functional connectome.
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he human brain is a complex network that supports efficient

communication through a collection of interconnected brain
units, i.e., nodes (1, 2). Within the brain network, most nodes
have few connections, but a few so-called hub nodes have a large
number of connections (3-5). Graph-theory analysis of both
human structural and functional connectivity data has revealed
that these brain hubs are located predominantly in the posterior
cingulate cortex/precuneus (PCC/PCu), medial-prefrontal cortex
(mPFC), and lateral temporal and parietal cortices (4-8). Most
of these brain regions constitute the putative default-mode net-
work (DMN) that exhibits a high level of metabolism at rest (9).
The spatial similarity between connectivity hubs and metabolism
distribution suggests a relationship between intrinsic network
connectivity and metabolic demands of the human brain.

Brain metabolism includes oxidative phosphorylation, which
consumes most of the glucose and produces most of the energy,
and aerobic glycolysis, which accounts for a much smaller portion
of the consumed glucose but is critical to a number of cellular
functions (10). It has been shown that regional cerebral blood flow
(rCBF) is closely coupled with glucose utilization, oxygen con-
sumption, and aerobic glycolysis in resting brains (9, 10). During
task states, rCBF and glucose metabolism generally change in
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proportion (11, 12); whereas, oxygen metabolism changes to
a lesser degree (13, 14). However, changes in rCBF and oxygen
consumption were found to be linearly related in graded tasks
(15). As a whole, rCBF may be used as a reasonable surrogate of
metabolism in both resting and task-activated brain states.

Previous studies have shown that brain’s structural hubs,
detected from human diffusion MRI data, positively correlated
with aerobic glycolysis (16) and rCBF metabolism (6, 17), sug-
gesting that the central embedding of structural hubs is associated
with the constraint of metabolic demands. In contrast to the brain’s
structural networks, functional networks may capture dynamic
changes under different brain states. However, very few studies
have directly examined the relationship between functional net-
work hubs and the brain’s metabolism in humans. Therefore, the
first goal of this study is to investigate whether intrinsic functional
network connectivity is closely related to rCBF in resting human
brains. If so, given that both functional network connectivity (7, 18)
and rCBF (19, 20) undergo changes in response to varying cog-
nitive tasks, the second goal is to examine whether this connec-
tivity-rCBF relationship is preserved during a working-memory
task and modulated by changes in cognitive task load.

To address these issues, we collected functional MRI (fMRI)
data of blood-oxygenation-level-dependent (BOLD) and arterial-
spin-labeling (ASL) perfusion contrasts in 48 healthy adults dur-
ing rest, and, in a subset of 39 subjects during an N-back working-
memory task. BOLD data were used to identify hubs of functional
networks, and ASL perfusion data were exploited to measure
rCBF of the brain. The relationship between regional brain net-
work properties (including functional connectivity strength, nodal
efficiency, and betweenness) and rCBF during resting and task
states was investigated (see Materials and Methods for details).

Results

Resting-State Functional Networks and rCBF. Overall relationship be-
tween functional network connectivity and rCBF. To demonstrate that
rCBF is an adequate surrogate for cerebral metabolism, we first
correlated rCBF from our ASL data with the cerebral metabolic
rate for oxygen (CMRO,;) and the cerebral metabolic rate for
glucose (CMRGlu) derived from a previous PET study (10). The
results showed high correlations of rCBF with CMRglu (r = 0.54,
P < 0.0001) and CMRO; (r = 0.31, P = 0.005) across Brodmann
areas (Fig. S14), indicating that rCBF is tightly coupled with
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resting oxygen and glucose metabolism, and thus an adequate
surrogate for metabolism to be used in the following analyses.

BOLD data were used to identify functional hubs of human
brain networks by computing the functional connectivity strength
(FCS) at a voxel level, i.e., the average functional connectivity
between a given voxel and all other voxels in the brain. Func-
tional hubs were found mainly in the DMN regions, including the
PCC/PCu, mPFC, and lateral temporal and parietal cortices. The
insula and visual cortices were also among the functional hubs
(Fig. 14). Other than FCS, we computed two centrality meas-
ures, nodal efficiency and nodal betweenness, to identify brain
network hubs. Nodal efficiency measures the ability of a node to
propagate information to other nodes in a network, and nodal
betweenness captures the influence that a node has over the
information flow between all other nodes in a network. Functional
hubs with high nodal efficiency or betweenness were found to be
similar to those with high FCS (Fig. 14). We also computed
structural connectivity strength (SCS) (21, 22) at a voxel level,
which measured the average of correlations of gray matter (GM)
volume between a given voxel and all other voxels across subjects.
Structural hubs with higher SCS were mainly distributed in the
PCC/PCu, mPFC, anterior cingulate cortex (ACC), medial tem-
poral lobe, and lateral temporal and parietal cortices that com-
prise the DMN, insula, lateral-prefrontal cortex (IPFC), and visual
cortex (Fig. S24), showing a large overlap with the functional
hubs. The spatial pattern of brain regions with high rCBF was also
similar to the distribution of functional and structural hubs (Fig.
1A4). The correlation analysis across voxels showed a striking
spatial overlap between rCBF and FCS (r = 0.45, P < 0.0001,
effective degree of freedom df; = 1,488; see details in Materials
and Methods), rCBF and efficiency (r = 0.54, P < 0.0001, df,; =
1,488), and rCBF and betweenness (r = 0.51, P < 0.0001, df,; =
1,488) (Fig. 1B). Given that all of the three network measures
were highly coupled with rCBF, we used only FCS in the following
analyses. It was notable that we found that rCBF was also linearly
correlated with both GM volume (r = 0.29, P < 0.0001, df.s =
1,488) and SCS (r = 0.24, P < 0.0001, df.; = 1,488) (Fig. S2).
However, the FCS-rCBF relationship remained significant after
controlling for GM volume (r = 0.41, P < 0.0001, df; = 1,488), or
SCS (r = 0.44, P < 0.0001, df.y = 1,488) (Fig. S2), or both (r =
0.40, P < 0.0001, df.,; = 1,488). Furthermore, we noticed that
many brain regions showed positive correlations between FCS and
rCBF across subjects (P < 0.05, corrected), including the PCC/
PCu; mPFC; and lateral-frontal, temporal, parietal and visual
cortices (Fig. S3). It is notable that the association between FCS
and rCBF remained little changed under different preprocessing
strategies and connection-inclusion criteria (SI Text, Fig. S3, and
Tables S1-S3).

We also performed a modular analysis to decompose the
whole-brain network into functional modules associated with
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different functions, and to characterize the FCS-rCBF rela-
tionship within each module. Modules were determined on the
weighted brain network averaged across subjects (SI Text). Fig.
2A illustrates that the brain network was decomposed into four
major functional modules: the DMN, executive control network
(ECN), visual, and sensorimotor modules. In each module, we
computed the within-module FCS as the average functional
connectivity between a given voxel and all other voxels within its
own module. The FCS was highly correlated with rCBF in all
four modules, with a more tightly coupled FCS-rCBF relation-
ship within DMN (r = 0.49, P < 0.0001, df= 404) and ECN (r =
0.54, P < 0.0001, df = 331) modules than visual (r = 0.36, P <
0.0001, df = 301) and sensorimotor (r = 0.37, P < 0.0001, df 5=
336) modules (Fig. 2B). These observations suggest that in seg-
regated modules, the distribution of blood supply is associated
with the topological roles of brain regions within their own
modules. Brain regions with high within-module FCS tend to
have high rCBF, possibly due to the facilitation of information
exchange and integration within segregated individual modules.
Distance-dependent relationship between functional network connectivity
and rCBF. To further explore the influence of connection distance
(i.e., Euclidean distance) on FCS-rCBF relationship, we com-
puted short-range and long-range FCS (SI Text). We observed
a distinct spatial pattern between short-range and long-range
hubs. Short-range hubs were prominently located in the mPFC,
IPFC, insula, sensorimotor, and visual cortices (Fig. 34). In
contrast, long-range hubs were mainly located in the PCC/PCu,
mPFC, IPFC, insula, and lateral temporal and parietal cortices
(Fig. 34). After averaging data across subjects, we observed that
rCBF significantly correlated with both short-range (r = 0.29, P <
0.0001, df,; = 1,488) and long-range FCS (r = 0.57, P < 0.0001,
dfer = 1,488) across voxels (Fig. 3B). It is interesting to note that
the long-range FCS-rCBF correlation was significantly higher
than the short-range FCS-rCBF correlation (P = 0.00018).
Across-subject correlation analysis revealed that both short-
range and long-range FCS was significantly correlated with rCBF
in the PCC/PCu and lateral frontal, temporal, and parietal cor-
tices (Fig. S4).

To further validate our observation of the tight coupling be-
tween connectivity and metabolism, we computed correlation of
FCS and distance-dependent FCS with PET-derived metabolism
indices from Vaishnavi et al. (10) across Brodmann areas. The
results showed that long-rang FCS was significantly correlated
with CMRglu (r = 0.49, P < 0.0001) and CMRO, (r = 0.45, P <
0.0001), and short-range FCS was also tightly correlated with
CMRglu (r = 0.52, P < 0.0001) and CMRO; (r = 0.64, P <
0.0001) (Fig. S1B).
rCBF/FCS ratio. We defined the ratio of rCBF to FCS to quantify
the amount of blood flow or metabolic energy per unit of con-
nectivity strength. Brain regions with higher rCBF/FCS ratio

rCBF

Fig. 1. Maps of functional hubs and rCBF at resting
state. (A) Maps of functional hubs with high FCS,
efficiency and betweenness, and map of regions
with high rCBF. FCS and rCBF maps were normalized
to z scores and averaged across subjects. The results
were mapped on cortical surfaces using the Brain-
Net viewer (www.nitrc.org/projects/bnv). (B) Scat-
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terplot of the spatial correlations across voxels
between rCBF and FCS, efficiency and betweenness.
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Fig. 2. FCS-rCBF relationship in different modules
at resting state. (A) Module analysis identified four
major modules, including DMN, ECN, visual (VIS),
and sensorimotor (SM) modules. (B) Scatterplot of
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were mainly distributed in the PCC/PCu, mPFC/ACC, IPFC, and
medial and lateral temporal cortices. In comparison, the regions
with lower rCBF/FCS were mainly located in posterior visual
cortices and several subcortical regions (Fig. 4). Similar patterns
were also observed for short-range and long-range rCBF/FCS
ratio maps (Fig. S5).

Task-State Functional Networks and rCBF. The tightly coupled FCS
and rCBF at rest, as shown above, suggests an important meta-
bolic correlate of intrinsic functional hubs of the human brain.
However, both FCS and rCBF could undergo changes at a task
state. We next explored whether the FCS-rCBF relationship
would be preserved during a working-memory task, and be
modulated by increasing task load.

Relationship between functional network connectivity and rCBF. Func-
tional hubs of DMN regions at rest were largely preserved during
task performance (Fig. S6). Furthermore, typical working-mem-
ory-related regions, including the middle frontal- and posterior-
parietal cortices, showed high FCS during task engagement (Fig.
S6). Similar influence of task engagement was also observed in
rCBF (Fig. S6). We further observed that FCS remained highly
correlated with rCBF across voxels during working-memory task.
Across-voxel correlation between FCS and rCBF wasr=0.29 (P <
0.0001, dfr = 1,488) at 0-back, r = 0.28 (P < 0.0001, df ;= 1,488)
at 1-back, » =0.38 (P < 0.0001, df,;= 1,488) at 2-back, and r = 0.41
(P < 0.0001, dfr = 1,488) at 3-back. After a Fisher’s transform of
correlation values to z scores, paired ¢ tests revealed significant
increases in FCS-rCBF correlations from 0-back to 2-back (P =
0.002) and 3-back (P = 0.0005), and from 1-back to 2-back (P =
0.0013) and 3-back (P = 0.001) (Fig. 54). What is more interesting
is that the FCS-rCBF relationship increased from 0-back to
1-back (P = 0.00002), 2-back (P = 0.0000001), and 3-back (P =
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Fig. 3. Distance-dependent relationship between FCS and rCBF at resting
state. (A) Long-range and short-range FCS maps. (B) Scatterplot showing the
across-voxel relationship between rCBF and short-range or long-range FCS.
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the spatial correlations across voxels between rCBF
and FCS in each of the four modules. R, right. L, left.
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0.000007) within the ECN module, but stayed relatively unaf-
fected with increasing task load within the other three modules
(Fig. 5B). Across-subject correlation analyses revealed significant
FCS-1CBF associations in lateral-frontal and parietal cortices,
PCC/PCu, mPFC, and sensorimotor and visual areas (Fig. S7).
To test whether task-related changes in rCBF and FCS might
relate to behavioral performance, we conducted a voxel-wise
correlation analysis between the changes in rCBF or FCS and
task performance, dprime, which is a measurement of hit rate
and penalizing for the false alarm rate (23). As expected, we
found that the behavioral performance positively correlated with
working-memory task-related changes in FCS in the right in-
ferior-parietal lobule (Peomecrea < 0.05), and task-related changes
in rCBF in the left inferior-parietal lobule at the 3-back level
(Peorectea < 0.05; Fig. 6).
Distance-dependent relationship between functional network connectivity
and rCBF. The spatial patterns of both short-range and long-range
hubs were considerably preserved during task performance, al-
though high connectivity was shown in brain regions located
within the frontal-parietal system (Fig. S6). Two observations
emerged for the across-voxel relationship between rCBF and the
distance-dependent FCS during task performance. First, the re-
lationship between rCBF and both long-range and short-range
FCS remained significant during the working-memory task (Ta-
ble 1), and strengthened with increasing task load (Fig. 54).
Second, at lower task loads, the long-range FCS-rCBF re-
lationship significantly exceeded the short-range FCS-rCBF re-
lationship at 0-back (P = 0.00005) and 1-back (P = 0.00004).
However, with increasing task load, no significant difference was
found. In addition, several brain regions, including the PCC/PCu,
mPFC/ACC, lateral frontal and parietal, sensorimotor and visual
cortices, showed significant across-subject correlations between
rCBF and both short-range and long-range FCS (Fig. S7).
rCBF/FCS ratio. Another interesting finding was the modulation of
rCBF/FCS ratio by working-memory task load. Visual examina-
tion indicates highly similar rCBF/FCS pattern at different
working-memory loads (Fig. 74). However, a repeated-measures
analysis of variable (ANOVA) with task load (0-back, 1-back,
2-back, and 3-back) as the fixed effect revealed that rCBF/FCS
ratio was significantly modulated by task load in several task-
positive regions, including the left inferior- and superior-parietal
lobe (IPL/SPL) and middle frontal cortex (MFC), and several
task-negative regions, including the PCC/PCu and mPFC/ACC
(Fig. 7B). Post hoc paired ¢ tests further revealed that rCBF/FCS
significantly increased in the left IPL/SPL and MFC, and de-
creased in mPFC/ACC and PCC/PCu as the task difficulty in-
creased (Fig. 7C). Similar effects were observed for both short-
range and long-range rCBF/FCS patterns (Fig. S5).
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rCBF/FCS Ratio Map

Fig. 4. rCBF/FCS ratio map at resting state. rCBF/FCS values were normalized
to z scores and averaged across subjects.

Discussion

This study revealed a close relationship between functional brain
hubs and blood flow supply. First, high FCS at rest was found
primarily in the DMN, insula, and visual cortices, and showed
a strong spatial correlation with the distribution of rCBF. The
correlation was stronger in the DMN and ECN modules than in
the visual and sensorimotor modules, and was distance de-
pendent; i.e., rTCBF correlated stronger with long-range con-
nectivity strength than short-range one. Second, higher rCBF/
FCS ratio was found in the PCC/PCu, mPFC/ACC, and IPFC,
but lower in posterior visual areas. Third, a strengthened re-
lationship between FCS and rCBF was shown at high loads of the
N-back working-memory task. Finally, task-induced changes of
FCS and rCBF in the inferior parietal lobule significantly pre-
dicted individual behavioral performance.

Resting-State Functional Hubs Correlate to Brain Metabolism. During
rest, we found that functional hubs were located primarily in the
DMN and visual areas, which was approximately in accordance
with previous functional (7, 8, 24) and structural network studies
(5, 6). These hub regions largely overlapped with the brain regions
that have high rCBF during rest as observed in previous PET (9)
and ASL (25) studies. Our across-voxel correlation analysis
demonstrated that rCBF was significantly correlated with three
nodal centrality measures (FCS, efficiency, and betweenness),
complementing the previous findings of high correlation between
structural connectivity and rCBF (17). Given that resting-state
rCBF is closely related to basal cerebral metabolism (9, 10), the
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Fig. 5. Strengthened FCS-rCBF relationship with increasing working-memory
load. (A) Spatial correlation across gray matter voxels between rCBF and
FCS, short-range and long-range FCS with increasing WM load. (B) Spatial
correlation in different modules between rCBF and within-module FCS with
increasing WM load. Paired t tests were performed between different loads
on normalized correlation values by Fisher’s z transform. *Py receq < 0.05.
**P orrected < 0.01. Error bars refer to SE.
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tight relationship between nodal centrality measures and rCBF
suggests an underlying metabolic basis for highly connected and/
or highly centralized functional hubs, and thus provides direct
evidence for the physiological significance of network topological
measures. This finding was further complemented by the across-
subject correlation analysis between FCS and rCBF. Regions in-
cluding the PCC/PCu, mPFC; cuneus; and lateral frontal, tem-
poral, parietal, and visual cortices showed a significant correlation
of FCS with rCBF, most of which were identified as functional
hubs or of high rCBF. Previous studies have found that the spatial
pattern of typical hub regions in the DMN strongly overlaps with
high amyloid-p deposition in Alzheimer’s disease (7, 26), sug-
gesting that sustained activation of the DMN may render the
brain system vulnerable to this disease (27). The robust FCS—
rCBF relation shown here might provide insights into the mech-
anisms of hub disruptions in brain disorders (7, 26, 28). We also
observed higher FCS-rCBF coupling in DMN and ECN modules
than in visual and sensorimotor ones. Because the DMN and
ECN are higher-order brain systems involving internal and ex-
ternal cognitive processes, the greater variety of neural dynamics
compared with primary sensory and motor systems may be re-
lated to greater association between blood supply and functional
connectivity organization.

Consistent with previous studies (6, 17), our results revealed
that both GM volume and SCS were significantly correlated with
rCBF, indicating that brain areas with greater GM volume or
structural connections tend to be more metabolically active. After
controlling for GM volume or SCS, we found that functional hubs
were still in need of higher proportion of rCBF. These observa-
tions confirmed that the relationship between FCS and rCBF was
not solely the result of structural covariates. A growing number of
empirical (6, 29) and computational (30, 31) studies support the
hypothesis that spontaneous neural activity is shaped, but not
limited, by the underlying anatomy. Our observations suggest that
metabolic demands also have a close relationship with intrinsic
functional organization of the brain networks.

FCS-rCBF Relationship Is Distance Dependent. Disparate spatial
patterns of the number of short- versus long-range functional
connections have been reported previously (18), suggesting dis-
proportionate metabolic demands of the two measures. In the
present study, brain regions with high long-range FCS were mainly
located in association cortical areas including mPFC/IPFC, para-
limbic regions of PCC/PCu, and temporal and parietal cortices,
showing a high spatial overlap with the rCBF map. Because these
association regions are actively involved in high-level cognitive
functions (32), the predominance of long-range connections could
provide quick links to other brain regions in the network (3), and
thus enable efficient information processing. Long-range con-
nections might also travel across multiple modules to allow the
distant hubs act as connectors to integrate information between
segregated modules (4). Stronger FCS—rCBF correlation was
found in long-range connectivity in the current study, suggesting
that brain hubs with abundant long-range connections couple
more closely with blood/energy supply to facilitate their greater
participation in neural processes (16). High short-range connec-
tivity was observed in mPFC, IPFC, and primary sensorimotor and
visual cortices, which corresponds well with a previous study (18).
However, the spatial distribution of short-range hubs showed
a relative lower correlation with the rCBF map, probably due to
the mismatch between short-range FCS and rCBF in the primary
sensory and motor areas. Sensorimotor areas were among the most
pronounced short-range hubs, but showed relatively low level of
rCBF although the underlying physiology is unclear.

Another interesting finding was the nonuniform distribution
of rCBF/FCS ratio across the brain. Brain areas in the PCC/PCu,
mPFC/ACC, and IPFC appeared to have high rCBF/FCS ratio, in-
dicating high metabolic requirements to maintain their connections
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Fig. 6. Brain-behavior relationship at working-memory states. (A) Correla-
tion map between task-related changes in FCS and the corresponding task
performance (dprime) at 3-back. The region in the right IPL (red circled)
showed significant positive correlation between FCS (3-back/0-back) and
dprime (3-back/0-back) (Pcorrected <0.05). (Lower) Plots of the average changes
in FCS (3-back/0-back) in the right IPL against dprime (3-back/0-back). (B) Cor-
relation map between task-related changes in rCBF and the corresponding
dprime at 3-back. The region in the left IPL (red circled) showed significant
positive correlation between rCBF (3-back/0-back) and dprime (3-back/0-back)
(Pcorrectea <0.05). (Lower) Plots of the average changes in rCBF (3-back/0-back)
in the left IPL against dprime (3-back/0-back). Regions (left IPL in A and right
SPL/PCu in B) that present a trend of brain—behavior relationship (Puncorrected <
0.05) were also shown.

to the rest of the brain. Distant connections were prominent
across these regions, which have been implicated to be impor-
tant for high-level cognitive functions such as attention and con-
trol processes, suggesting that the organization of functional
connectivity in these brain regions is optimized to perform efficient
information processing at the cost of high energy consumption. In
comparison, regions with low rCBF/FCS ratio overlapped with the
pronounced short-range hubs in primary visual cortices. These
local functional hubs may be abundant in short-range connections
to coordinate information flow within an individual community.
The low rCBF/FCS ratio indicates that the existence of local hubs
may serve to help the brain conserve its metabolic energy.

Relationship Between FCS and rCBF at Task and the Effects of
Increasing Task Load. Previous studies have demonstrated that
both FCS (7, 18, 33) and rCBF (19, 20) undergo modulations in
response to cognitive, effort-demanding tasks. However, whether
this relationship between FCS and rCBF would still be present
during task performance was hitherto unknown. We found, in
the current study, that coupled changes of FCS and rCBF during
a working-memory task, indicating a stable, tightly coupled re-
lationship between functional connectivity and metabolic supply
is present independent of brain states—whether at rest or while
performing an active task. More important, we found that the
correlation between FCS and rCBF strengthened significantly as
working-memory load increases, especially within the task-re-
lated ECN module, indicating a specific modulation effect of the
task load on the relationship between FCS and blood supply.
Engaging greater cognitive effort in task performance has been

shown to be associated with a more efficient network topology
(34); our findings of increased blood supply at high task loads
suggest that extra metabolism would be needed to support the
reorganized functional connectivity architecture. Performing the
task also increased rCBF/FCS ratio in task-positive regions, in-
cluding right IPL/SPL and MFC, and decreased in the task-neg-
ative DMN regions, such as the mPFC/ACC and PCC/PCu. This
observation is generally consistent with previous studies showing
the modulation effects of working memory on rCBF (19, 20) and
FCS (33). Modulated (increased and decreased) rCBF/FCS ratio
during the working-memory task suggests that rCBF is biased to
task-positive regions to maintain elevated metabolic efficacy to
ensure that these regions are well connected to the rest of the
brain at increased task loads. What is also interesting is that we
identified a significant FCS-behavior relationship in the right IPL,
showing that the changes in FCS at the 3-back level were related
to individual differences in task performance. This suggests that in
addition to task-evoked blood supply observed here, and BOLD
activation in previous studies (35), connectivity organization also
plays a role in behavioral variability.

Limitations and Future Directions. First, in the present study, we
adopted rCBF obtained from perfusion imaging as a surrogate
measure of metabolism. Although we showed that rCBF from our
ASL perfusion data correlated highly with PET-derived metabo-
lism measures, including CMRO, and CMRGlu, the findings will
be validated in future studies by direct comparisons of FCS and
metabolic measures in the same subjects. Second, although we have
shown interactions between functional connectivity architecture
and blood supply, beyond its underlying structural constraints, it
should be noted that, rather than being optimal for any single
factor, brain connectivity jointly satisfies multiple demands such as
low wiring and metabolic cost, highly efficient information pro-
cessing and high robustness. Future work is required for a full
consideration of these factors. Finally, aberrant functional con-
nectivity has been found to be related to hypometabolism in certain
neuropsychiatric disorders, such as Alzheimer’s disease (26); it
would be interesting to explore the changes in the relationship
between functional connectivity and brain’s energy metabolism in
such diseased populations.

Materials and Methods

Participants. Forty-eight healthy adults (27.4 + 7.1 y old, 25 females) par-
ticipated in the study. All participants were screened to ensure they had no
history of neurological/psychiatric conditions or drug abuse. Informed con-
sent was obtained from all subjects in accordance with the guidelines and
approval of the Institutional Review Board of the Intramural Research Pro-
gram of the National Institute on Drug Abuse.

Data Acquisition. Scanning was performed on a 3 Tesla MR Scanner (Siemens).
All participants first underwent a resting-state BOLD and a resting-state ASL
scan. In addition, 39 of the participants also underwent a BOLD and an ASL
scan while performing an N-back working-memory task. Experiment design
and MR parameters are detailed in S/ Materials and Methods.

Data Analysis. Both BOLD and ASL images were preprocessed using the
Analysis of Functional Neuroimaging (AFNI) software package. After pre-
processing, these functional images were subject to the following analysis.
(/) To identify functional hubs, we computed FCS and two other centrality
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Table 1. Across-voxel correlation between FCS and rCBF under task states
0-back 1-back 2-back 3-back
r P r P r P r P
FCS vs. rCBF 0.29  <0.0001 0.28  <0.0001 0.38  <0.0001 0.41 <0.0001
Short-range FCS vs. rCBF 0.26 <0.0001 0.25 <0.0001 0.37 <0.0001 0.40 <0.0001
Long-range FCS vs. rCBF 0.34  <0.0001 0.33  <0.0001 042  <0.0001 0.44  <0.0001
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Fig. 7. The effects of increasing task load on rCBF/FCS ratio. (A) The rCBF/
FCS map at 0-back, 1-back, 2-back, and 3-back. (B) Repeated-measures ANOVA
revealed significantly modulated rCBF/FCS values by task load in the left IPL/
SPL (1) and MFC (2), bilateral ACCmPFC (3), and PCC (4). (C) Significant dif-
ferences in rCBF/FCS across the four task loads in the four regions. Error bars
refer to SE. **Pcorrecteq < 0.01.

measures, nodal efficiency and betweenness, at a voxel level. (i/) To study
the FCS-rCBF relationship within different functional systems, we performed
a voxelwise modular analysis to decompose the whole-brain network into
different modules. (iii)) To explore the influence of connection distance
on FCS—rCBF relationship, we computed short-range and long-range FCS. (iv)
To evaluate the metabolic consumption per unit connectivity strength, we
calculated the ratio of rCBF to FCS in a voxelwise manner. Regions with
higher rCBF/FCS ratio tend to have higher metabolic demands to connect
them to the rest of the brain. (v) To evaluate the task effects of increasing
working-memory load on the FCS-rCBF relationship, across-voxel correla-
tions were converted to z scores using Fisher’s transformation, and paired
t tests were performed in z scores between every two pairs of task states.
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(vi) To test whether task-related changes in rCBF and FCS might relate to
behavioral performance, we conducted voxelwise correlation between the
changes in rCBF or FCS and task performance (dprime). All of the results
were corrected for multiple comparisons. Because the neighboring voxels
could be highly dependent due to physiological correlations and spatial
preprocessing such as registration and spatial smoothing, the effective de-
gree of freedom dfes in across-voxel correlation analyses would be much
smaller than the number of voxels used in the analyses. When the spatial
smoothness (modeled as FWHM of the Gaussian kernel using the
“3dFWHMXx" implemented in AFNI here, FWHM), = 8.84 mm, FWHM,, = 8.81
mm, and FWHM, = 9.15 mm) is much larger than the volume of the voxel (v=
4 x 4 x 4 mm?), the spatial correlations would be dominated by the spatial
smoothing (36). Therefore, we only consider the dependence between voxels
induced by spatial smoothing. The df.s of across-voxel correlations was then
estimated by the following approximation:

N

et = (FWHN, x FWHM, x PWHIS) Jv %

where v is the nominal volume of the voxel and N is the number of voxels
used in the analyses. The dfes was subsequently used to compute corrected P
values for across-voxel correlations. Detailed data analysis is further de-
scribed in S/ Materials and Methods.
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