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The finding of reduced functional MRI (fMRI) activity in the default
mode network (DMN) during externally focused cognitive control
has been highly influential to our understanding of human brain
function. However, these negative fMRI responses, measured as
relative decreases in the blood-oxygenation-level–dependent (BOLD)
response between rest and task, have also prompted major ques-
tions of interpretation. Using hybrid functional positron emission
tomography (PET)-MRI, this study shows that task-positive and -neg-
ative BOLD responses do not reflect antagonistic patterns of synaptic
metabolism. Task-positive BOLD responses in attention and control
networks were accompanied by concomitant increases in glucose
metabolism during cognitive control, but metabolism in widespread
DMN remained high during rest and task despite negative BOLD
responses. Dissociations between glucose metabolism and the BOLD
response specific to the DMN reveal functional heterogeneity in this
network and demonstrate that negative BOLD responses during
cognitive control should not be interpreted to reflect relative in-
creases in metabolic activity during rest. Rather, neurovascular cou-
pling underlying BOLD response patterns during rest and task in
DMN appears fundamentally different from BOLD responses in other
association networks during cognitive control.

PET-fMRI | FDG | working memory | default mode network |
neurovascular coupling

More than 20 y ago, Shulman and colleagues described a set
of brain regions that consistently showed low levels of

functional brain activity during cognitive control tasks relative to
a passive resting state (1). In their seminal paper, they reported
data from nine [15O]-positron emission tomography (PET) ex-
periments with passive or low-level baseline conditions as well as
active task conditions including either language or nonlanguage
cognitive tasks. By subtracting baseline scans from active task scans
they were able to identify areas displaying decreased blood-flow
during the active task conditions, later conceptualized as a resting or
“default” state of brain function (2, 3).
Since its early description as task-related decreases in PET-

based measures of blood flow and oxygen consumption, activity
in the default mode network (DMN) has been explored exten-
sively using functional MRI (fMRI), and its function remains a
topic of great interest in the cognitive neurosciences (4–6). fMRI
work showed that an antagonistic relationship between the task-
negative DMN and task-positive association networks, including
the dorsal attention network (DAN), is also evident in functional
connectivity studies without task, suggesting that it is an intrinsic
feature of functional brain network architecture (7, 8).
A dominant view posits that task-negative BOLD responses

(NBR) in DMN reflect a relative increase of activity in the DMN
during rest, related to its role in unconstrained, internally directed
thought, including autobiographical thoughts, thinking about past
and future, and mind wandering (9–13). Recent work has begun to

emphasize a more general role for the DMN in ongoing regu-
lation and reconfiguration of brain dynamics and network states
in varying contexts (4, 14–17) and also highlighted functional het-
erogeneity within the DMN (18, 19). On this view, decreased ac-
tivity during task is reflective of such reconfigurations being more
prominent during an unconstrained state. There is also substantial
evidence that blood-oxygenation-level–dependent (BOLD) deac-
tivations in the DMN during external cognitive control are relevant
to understanding human cognition in disease. Individual differ-
ences in the strength of negative coupling between networks during
cognitive control have been linked to task performance (20), and a
failure to deactivate the DMN has been associated with increased
attentional lapses (21), reduced task-performance in aging (22–24),
Alzheimer’s disease (23, 25), and schizophrenia (26, 27).
Despite the large influence that the DMN deactivations de-

scribed by Shulman and colleagues have had on subsequent re-
search and our understanding of large-scale association networks
in human cognition, the division of large-scale cortical association
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networks into antagonistic task-positive and task-negative net-
works has almost exclusively been demonstrated with noninva-
sive imaging modalities that depend on neurovascular coupling
(i.e., fMRI, [15O]-PET, and arterial spin labeling), leaving it un-
certain whether deactivations and activations during externally fo-
cused cognitive control tasks reflect antagonistic patterns of synaptic
activity.
The current understanding of the neurovascular coupling un-

derlying NBR during task and whether they follow the same
principles as positive BOLD responses (PBR) is limited. Invasive
recordings of neural activity in animals combined with BOLD
imaging have studied the NBR primarily in early sensory-motor
regions and hippocampus with conflicting results (28–32). The
limited number of animal studies on DMN deactivations have
also failed to show clear evidence that task NBR in DMN are re-
flective of relative decreases in neural activity during externally
focused cognitive control (33–37). Moreover, while direct record-
ings can offer conclusive evidence regarding neural firing, they lack
the ability to cover the whole brain at once and explore the in-
teractions between large-scale distributed networks without a
priori specification of regions of interest (ROI).
[18F]fluorodeoxyglucose (FDG) PET offers a noninvasive im-

aging technique with whole-brain coverage at millimeter resolu-
tion that provides a measure of synaptic activity that is independent
of neurovascular coupling. In resting-state FDG scans, the DMN
can be identified as a network with high metabolic activity, par-
ticularly in the posterior cingulate cortex (PCC) and precuneus
(2, 38, 39). In 1988, Fox et al. (40) laid the foundation for “task
FDG.” Using several back-to-back FDG and 15O injections, with
and without a checkerboard task, they could show that both the
cerebral metabolic rate of glucose (CMRglc) and cerebral blood
flow (CBF) increased dramatically during transient neural acti-
vation of visual cortex, greatly exceeding the cerebral metabolic
rate of oxygen (CMRO2). Despite some uncertainty concerning
the origin of the CBF/CMRO2 mismatch, this and other work at
the time provided an important rational for the BOLD contrast.
Recently, FDG imaging has been advanced to show that tran-
sient changes in glucose metabolism can be measured dynami-
cally in a single scan in human subjects (41, 42). This functional
PET (fPET) method relies on a modification of the traditional
bolus injection paradigm into a slow infusion protocol that de-
livers a constant plasma supply of FDG to the cell, such that a
dynamic change in the slope of the time activity curve is propor-
tional to the rate of CMRglc. Using this method, transient metabolic
changes over task blocks that are only a few minutes long have been
detected in task-relevant regions during visual stimulation and hand
movement as well as visuospatial reasoning (41–46), demonstrating
marked spatial overlap with BOLD responses during the same
task (46).
In the current study, we used simultaneous fPET-fMRI to study

concurrent changes in blood oxygenation and glucose metabolism
during alternating blocks of rest and a working memory (WM)
task. This task elicits (Fig. 1C) robust PBR in core WM regions
within the frontoparietal control network (FPN) and DAN and
NBR in the DMN. The primary aim was to test the hypothesis
that task-positive and task-negative BOLD changes during this ex-
ternally focused cognitive control task are physiological opposites
also in terms of glucose metabolism. The results inform us whether
the NBR in DMN during externally focused cognitive control
compared to rest should be interpreted as a relative reduction in
synaptic activity.

Results
An overview of the task design is shown in Fig. 1A. Participants
performed both tasks with high accuracy (WM manipulation,
M = 92.97%, SD = 5.22; WM maintenance, M = 97.25%, SD =
3.00), but there was a significant difference in performance between

conditions, reflecting the increase in task difficulty for the WM
manipulation condition (t (22) = 4.02, P < 0.001).
The main results from the hybrid PET-fMRI analysis below

were based on conventional general linear model (GLM) anal-
yses contrasting the difficult WM manipulation condition to rest
and to the easier WM maintenance condition for each modal-
ity. To aid the interpretation of the main results, kinetic mod-
eling of fPET was performed on PET time-series data in fMRI-
defined ROIs.

PBR and Increases in Glucose Metabolism Overlap in Control and
Attention Networks during WM. To establish feasibility of acquir-
ing concomitant dynamic changes in task fMRI and PET during
WM, we first tested the hypothesis that PBR and FDG increases
show a high degree of overlap in the core task-positive networks.
Fig. 2A shows the patterns for fMRI and fPET by modality as
well as their spatial overlap in Fig. 2B. Both modalities showed
significant increases for manipulation > rest in canonical WM
regions belonging to the FPN, including dorsolateral PFC, ven-
trolateral PFC, anterior cingulate cortex, and superior parietal
lobule as well as the DAN, including precentral gyrus and intra-
parietal sulcus. Refer to SI Appendix, Table S1 for a complete list
of peak loci for fMRI and fPET. Importantly, both modalities also
demonstrated an increased response with an increase in task de-
mand (manipulation > maintenance) across the task-positive net-
works (Fig. 2A, bottom row), in line with recent results from a
visuospatial task (46). Across contrasts, this shows that changes in
glucose metabolism parallel PBR in task-positive regions, provid-
ing important initial support for the feasibility of the method and
current design.

Fig. 1. Experimental setup. (A) Constant infusion of FDG started at time
0 and continued for 60 min. The FDG uptake was modeled using the GLM
with separate regressors for the manipulation (difficult) and maintenance
(easy) WM tasks in the shape of ramp functions that increase by one during
the respective 6-min task blocks (i.e., after the two manipulation blocks that
regressor has ramped up to 12). Structural images were collected during the
first 18 min, and fMRI-BOLD data were collected between 18 and 60 min. To
provide suitable contrast for both fPET and BOLD, an embedded block de-
sign is used (45), in which each “slow” 6 min task block has six “fast” 1-min
blocks embedded within, each involving a 45-s task and 15-s rest. (B) Mean
uptake of FDG averaged across subjects over the first 24-min task-free pe-
riod. (C) The manipulation and maintenance WM tasks.
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Although largely overlapping increases for both modalities
were observed in the FPN for manipulation > rest (Fig. 2B with
reference parcellation in Fig. 2C), large BOLD signal changes in
visual, motor, and sensorimotor cortices due to the sensory-motor
demands of the task were not accompanied by FDG changes to
the same extent; for FDG, task-related increases in visual cortex
and left motor cortex were positive but nonsignificant at the a
priori–selected, –corrected threshold.
The overlap map in Fig. 2B therefore shows the spatial overlap

at different uncorrected thresholds, P < 0.01 (orange) to P < 0.
0001 (yellow). In order to quantify the partial overlap between
different functional networks and provide additional statistical
support that voxels with FDG increases overlapped with those
showing PBR primarily in FPN, DAN, and VAN, but also that
FDG increases are more focal than the widespread PBR,
overlap was computed separately for increases within a priori
defined functional divisions in SI Appendix, Fig. S1 (SI Ap-
pendix, Table S1).

Task-Related NBR in the DMN Are Not Accompanied by Decreases in
Glucose Metabolism. The next set of analyses explored whether a
relative decrease in BOLD during task as compared to rest would
also be paralleled by task-dependent decreases in FDG uptake.
Because both modalities demonstrated the largest change for the
contrast manipulation (difficult) > rest, the analyses in the fol-
lowing sections are based on the negative signal changes in this
contrast, shown in blue in Fig. 3A, side by side for each modality
(note that the patterns for maintenance > rest were similar but
with overall weaker statistics). As expected, in fMRI, the DMN
showed widespread NBR during manipulation as compared to
rest, including PCC, medial prefrontal cortex (MPFC), inferior
lateral parietal cortex, and lateral temporal cortex. However,
aside from small clusters in temporal cortex and anterior MPFC
(explored further in SI Appendix, Fig. S2), no significant negative
changes in glucose metabolism were observed in core regions of
the DMN, (posterior midline Fig. 3B ROI 5, MPFC Fig. 3B, ROI
6 and 7, and lateral parietal cortices). In addition, task-related
increases in FDG signal during manipulation > rest overlapped
with the DMN NBR in right posterior midline (Fig. 3B ROI 8).
Interestingly, FDG increases were also observed in precuneus
(Fig. 3B ROI 9) as well as left and right angular gyrus and anterior

caudate even though BOLD signal changes were not significant
in these regions.
Fig. 3B depicts the convergence of fMRI and PET in task-

positive networks (ROIs 1 to 4) and the uncoupling of the two
signals in DMN regions (ROIs 5 to 8) in bar graphs extracted
from selected ROIs, highlighting the fact that lack of FDG signal
changes in the DMN are not reflective of subthreshold FDG
deactivation.
A number of control analyses were conducted in order to pro-

vide additional support for the conclusion that a NBR in DMN is
not accompanied by task-related decreases in FDG. First, analyses
of dice scores as a measure of overlap at different thresholds showed
a striking lack of convergence of the two modalities in DMN, re-
gardless of threshold (SI Appendix, Fig. S1B). In addition, SI Ap-
pendix, Fig. S2 shows a minimally thresholded image of FDG signal
changes confirming that the observed lack of FDG decreases in core
DMN regions along the midline was not merely due to a lack of
power to detect negative change. Second, modeling the fMRI data
in the same way as the PET data (i.e., as continuous 6-min task
blocks) showed no notable differences in BOLD patterns of acti-
vation. This suggests that the differences in the underlying models
that were due to the differing temporal resolution of each modality
are unlikely to influence the ability to detect NBR in the DMN.
Finally, the absence of FDG signal decreases in response to

the task in DMN was explored further with kinetic modeling of
FDG data using standard PET compartmental modeling (47) in
both simulations (SI Appendix, Fig. S3) and real data (Fig. 3C).
Modeling of the observed data confirmed that FDG data in core
regions of DMN NBR showed no notable change in k3 throughout
the experiment (Fig. 3D). Because our kinetic modeling is not
dependent on an a priori–defined GLM, this shows that a lack of
FDG change in regions of core DMN is not merely reflective of an
ill-fitting a priori model. In contrast, PET modeling of the voxels
showing increases showed that k3 was highest during manipulation
blocks, followed by maintenance, and lastly by rest. As suggested
by high estimated k3 throughout rest and task in DMN (and mean
uptake prior to task, cf. Fig. 1B), we thus interpret the lack of task-
related decreases in glucose metabolism in core DMN not as a
relative absence of brain activity but as metabolic activity that
remains high when individuals transition from rest to task.
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Fig. 2. Task-related increases in BOLD signal and glucose metabolism. (A) t-maps (corrected at P < 0.05) for fMRI (Left) and fPET (Right) were overlaid on an
inflated surface in workbench view. Separate maps are shown for manipulation (the difficult WM condition) compared to rest (Top) and for the contrast
manipulation > maintenance (Bottom). Both modalities showed significantly larger task-induced responses to manipulation compared to maintenance. (B)
Overlap between fMRI and fPET at different uncorrected t-thresholds for the manipulation task (P < 0.01 to P < 0.0001, red to yellow, respectively) are modest
in visual and sensorimotor networks at lower thresholds but high convergence in FPN and DAN also at more stringent thresholds. (C) The Yeo atlas (72) is
displayed to provide a point of reference for the locations of task-related changes (1 = visual; 2 = sensorimotor; 3 = dorsal attention; 4 = ventral attention; 5 =
limbic; 6 = frontoparietal; and 7 = default mode network).
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The pattern of results observed in the cortex was largely similar
in the striatum (SI Appendix, Fig. S4). With reference to a striatal
parcellation by Choi and colleagues that allocated striatal voxels to
their most strongly connected cortical network (48), both BOLD
and FDG increased during manipulation in striatum-FPN, and
striatum-sensorimotor displayed a significant PBR only. In striatum-
DMN, only FDG increased without any change in BOLD.
In summary, while the PBR and FDG increases during WM

align well in control and attention networks and to a lesser de-
gree in sensory cortices, signal changes in the two modalities are
uncoupled in the DMN. In DMN, fMRI shows a widespread NBR
during task as compared to rest while FDG uptake remains
comparably high, or displays increases, during the task.
One interesting exception to this general pattern were the

regions of increased FDG signal without a concomitant change in
BOLD signal, immediately adjacent to the DMN NBR. Thus, in a
final set of analyses, we explored the BOLD signature that char-
acterizes the posterior precuneus (Fig. 3 B and E ROI 9) in order
to better understand whether the differences in fMRI and PET
modeling alluded to above could account for this lack of conver-
gence. As is evident from a visual comparison of BOLD signa-
tures, the posterior precuneus is characterized by a sharp BOLD
increase before the onset of each new task block followed by a
signal that resembles the NBR in the rest of the DMN. This in-
dicates that the region is, as suggested by the FDG increases, in-
deed involved in this task paradigm but is not captured accurately
by the fMRI GLM because it shows features of both a PBR
and NBR.

Discussion
In this study, we used simultaneous fPET-fMRI with a continu-
ous infusion of FDG to assess whether changes in blood oxy-
genation in response to a WM task and rest are paralleled by
changes in glucose metabolism across association networks. With
FDG being a proxy for synaptic activity that is independent of
blood flow, we reasoned that the results inform us whether NBRs
during an externally focused cognitive control task are reflective
of a relative decrease in synaptic activity in the DMN.

Increases in Blood Oxygenation and Glucose Metabolism Are Overlapping
in Frontoparietal and Attention Networks.During performance of WM
manipulation, compared to rest, overlapping increases throughout
the FPN, and attention networks were detected for both modalities.
Coupling between blood oxygenation and glucose metabolism
aligns well with prior work in animals (28, 49) and humans (40,
50, 51) and conforms to the putative coupling between neural
activity and BOLD signal. Of interest, despite robust and spa-
tially extensive increases in BOLD, FDG signal increases were
small and regionally focused in visual and motor areas. Because
previous fPET studies have demonstrated metabolic increases in
both visual and motor areas when these systems are explicitly taxed
(41, 42, 44), we think this reflects the fact that the low demands on
the primary visual cortex (letter versus fixation cross) and motor
system (yes/no response during the probe) elicited only very small
metabolic increases. These differences between different func-
tional networks suggests that neurovascular coupling is not uniform
across the cortex, as has been demonstrated for visual cortex
and PCC in the macaque (35). A similar pattern was also observed
in the striatum, with largely overlapping signals in the task-relevant
associative striatum, but gradually decreasing PET signal toward
posterior regions involved with sensory and motor processing.

Dissociations between Blood Oxygenation and Glucose Metabolism in
Core DMN. The role of the DMN in human cognition remains a
topic of wide interest. There is good evidence that the DMN is
involved in internally focused mental operations when partici-
pants are instructed accordingly (e.g, refs. 12, 52, 53). What has
remained a topic of debate is the interpretation of a relatively

lower level of DMN activity during externally focused control
tasks. The NBR may be reflective of an active suppression of
irrelevant information processing when the environment de-
mands externally focused attention or of a relative increase of
this activity during the passive baseline condition (when indi-
viduals are instructed to rest and let their mind wander) (6). A
third possibility is that NBR are reflective of a purely vascular
change (i.e., vascular steal). In the current study, we found that
robust and extensive NBR in distributed regions of the DMN
were not paralleled by a relative decrease in glucose metabolism
during task. The lack of a relative decrease in metabolism during
task in the DMN is in stark contrast to the task-related changes
observed in the task-positive areas, where the two modalities
showed convergent increases during task. We argue that the ob-
served uncoupling of blood oxygenation and glucose metabolism
specific to DMN is not readily compatible with the latter two of
the explanations that have been offered to account for the NBR
above. First, the fact that the DMN is as metabolically active during
rest as during cognitive control is difficult to reconcile with a notion
that activity in the DMN is preferentially active during internally
focused modes of cognition or, put bluntly, that rest is just another
task state. Second, the kinetic model (Fig. 3C) and mean FDG
uptake (Fig. 1) in DMN suggest that the lack of task-related de-
creases in DMN glucose metabolism in the current study reflects
metabolic activity that remains high when transitioning between
rest and task and not as an absence of activity. Accordingly, it is
unlikely that task-related NBR are due to a purely vascular artifact
(e.g., vascular steal). Hence, we are left to conclude that the NBR
in DMN are reflective of a fundamentally different coupling be-
tween neural activity and blood oxygenation compared to PBR in
task-relevant networks, possibly reflecting an active and energy
demanding suppression of widespread DMN activity when as-
sociation networks are engaged in external attention. In the next
section, we discuss potential mechanisms that may guide future
work to further explore this possibility.
A second important observation regarding the role of the

DMN in human cognition is that glucose metabolism in DMN
showed a heterogeneous pattern. For example, comparably high
levels of glucose metabolism were observed in rest and task in
MPFC and left posterior midline but significant increases in
metabolism that overlapped with the NBR were apparent during
task in right PCC (Fig. 3 A and B). Prior work has shown left PCC
to be preferentially engaged in both episodic memory and men-
talizing (theory of mind), whereas medial PFC and right posterior
cingulate may be functional subsystems that are more specialized
(19, 54). Why suppression of one of these subsystems would be
more energetically demanding than another may have to do with
the specific demands of the external attention and control task.
Immediately adjacent to the NBR in DNM, a dissociation of BOLD
and FDG responses was also observed in precuneus in which FDG
showed robust increases during task but fMRI signal showed no
signal changes. An exploration of the BOLD signal in this region
revealed that the subthreshold fMRI signal was due to a task-
related fMRI activation that was not captured by the GLM. Spe-
cifically, the BOLD time-series in posterior precuneus exhibited a
task transition–related increase followed by a sustained response
resembling the NBR in adjacent posterior cingulate. Activity related
to a shift in context has been observed previously for regions be-
longing to the DMN in both humans (17, 55–57) and macaques (34,
35). Finally, we also observed heterogeneity of FDG signal changes
within the areas of the NBR inMPFC, with a small cluster in frontal
pole showing FDG decreases during task and aligning with BOLD
here. Taken together, these patterns support the conclusion that
there is high functional heterogeneity within the DMN (4, 14, 18,
58–60) that is not fully captured by task-related BOLD changes.
The use of hybrid imaging that combines BOLD with a measure
of synaptic activity may be able to identify functional heteroge-
neity also in the absence of explicitly taxing these subsystems.
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Future work is needed to better link functional heterogeneity in
synaptic activity to specific task demands across a range of dif-
ferent tasks, however.
In line with our current results, the limited number of animal

studies or invasive human recordings have favored an interpre-
tation of DMN NBR as a suppression of task-irrelevant activity
(35, 36, 53, 61). Animal work has also highlighted the potential
for altered neurovascular coupling underlying NBRs and that
NBRs cannot be simply understood as “the opposite” of PBR
(35). For example, despite reduced local field potentials across
frequency bands in the cat PCC during a sensory discrimination
task, an increase in neural firing was observed (33), counterin-
tuitively suggesting that neural activity increases may result in
task-negative responses during externally guided attention. Simi-
larly, while there is evidence for suppression of gamma band ac-
tivity in the macaque analog of PCC, concomitant increases in
lower band frequencies have been observed during an attention
task (36).

Neurovascular (Un)coupling across Networks. In order to provide
plausible explanations for the dissociation between blood oxy-
genation and glucose metabolism in DMN, we next consider prior
work that has investigated the physiological basis of human fMRI
and PET signals. Based on the pioneering study of Fox et al. (40),
joint increases in BOLD and FDG in core WM areas during the
task likely reflect increased CMRglc, coupled with increased
CMRO2 and a disproportionally large increase in CBF in re-
sponse to increases in neural activity, especially in the gamma
band (28). However, the current study suggests that these same
mechanisms are not at play for NBRs during task because in the
anterior DMN, but also parts of the posterior DMN, there is a
relative decrease in the BOLD signal during task relative to rest,
whereas FDG remains constant or increases. Following the same
logic as in (1, 40) and studies linking FDG PET changes to CMRglc
(42), we take this pattern to reflect a relative decrease in CBF
and/or CMRO2 (62, 63) with constant or slightly increased CMRglc.
This suggests a different coupling between neural activity and
vascular change in the DMN as compared to, for example, the
FPN.
A recent study found similar to the present study, seemingly

paradoxical results when comparing the effect of stimulation on
the BOLD signal under various levels of baseline neural activity
in the rat hippocampus (64). In that study, reduced BOLD signal
could be explained by increases in CMRO2. One potential ex-
planation provided to explain the observed results was that the
GABAergic system was activated in order to raise the threshold
of activation for excitatory neurons to prevent seizures. This ex-
planation could align with an active suppression account of DMN
during task that is either equally demanding, or even more de-
manding, in terms of CMRglc compared to freely resting. Thus, it
appears plausible that while activations on control and attention
networks are reflective of on-off changes in glutamatergic ac-
tivity, eliciting known changes in CMRglc, CMRO2, and CBF, the
GABAergic system may be specifically involved in the suppres-
sion of DMN activity during cognitive control and elicit meta-
bolic demands on CMRglc and CMRO2 but with no “overshoot”
of CBF. Indeed, optogenetic stimulation have identified different
degrees of CBF for different GABAergic neuronal types (65). In
order to gain a deeper understanding of what is causing the uncou-
pling between BOLD and FDG in the human DMN during WM,
future research may for example combine pharmacological ma-
nipulations of the GABAergic system with fMRI and PET im-
aging during tasks. This may also provide further crucial information
regarding the abnormal BOLD signal in the DMN observed in aging
and neuropsychiatric disease (12).

Limitations. There are several limitations to this study. First, no
arterial blood samples were collected, and absolute quantification

of CMRglc was therefore not possible. However, absolute quantifi-
cation has been done to validate the GLM estimation of task-specific
effects (42), and our k3 estimation using the two-compartmental
model aligned with the GLM results in both the FPN and DMN.
Thus, the pattern of task changes in the absence of CMRglc
quantification would not affect the conclusions drawn in the
current study. Moreover, we did not manipulate activity in re-
sponse to a task that has previously been shown to increase BOLD
signal as compared to rest in DMN (i.e., autobiographical thought).
Thus, the conclusions from the current study remain specific to the
comparison between rest and WM, and we cannot speak to met-
abolic changes in the DMN in response to other tasks that may
further inform the cognitive operations rooted in the human DMN.
Finally, the duration of task blocks may influence the appearance
of metabolic decreases in DMN considering that decreases in an-
terior DMN were found for 10-min blocks, but not for block du-
rations below 5 min in prior work (44). Nevertheless, the current
timing and task design elicited robust changes in FDG that par-
alleled BOLD changes in task-positive networks, and there is no
obvious reason why the design should conversely hinder the de-
tection in the reverse contrast.

Conclusion
Using simultaneous FDG fPET and BOLD fMRI imaging dur-
ing WM and rest, we show that fMRI PBR and NBR are not
antagonistic in terms of synaptic activity. While BOLD and FDG
signals align well in frontoparietal control and attention net-
works, only the BOLD signal showed a relative decrease in signal
during the task in the DMN; glucose metabolism remained un-
changed or increased during the task. The interpretation of DMN
NBR as relative increases in neural activity during passive states,
reflective of mind wandering or other forms of unconstrained
thought, is not compatible with the current results. Rather, our re-
sults favor an explanation of DMN NBR as a reflection of active,
energy-demanding suppression of task-irrelevant activity.

Materials and Methods
Participants. Participants were recruited via ads placed around the Umeå
University campus and targeted healthy adults between 20 and 40 y of age
with normal or corrected-to-normal vision. Exclusion criteria included history
of head trauma, current or past diagnosis of a neurological or psychiatric
illness, drug or alcohol abuse or dependence, and use of psychopharma-
ceuticals, drugs, or stimulants other than caffeine or nicotine for the past
6 mo. Individuals having an MRI-incompatible metallic implant or object in
their body were excluded for MRI safety reasons. Pregnant or breast-feeding
individuals, as well as persons having previously undergone PET scanning for
research purposes, were excluded for radiation safety reasons. A total of 5
participants were excluded due to technical problems in the acquisition or
poor data quality, resulting in a final sample size of 23 healthy young adults
(mean age = 25.2, SD = 4.0, range = 20 to 37, 56.5% female) that entered
the analyses for the current study. This study was approved by the Regional
Ethics Committee at Umeå University.

Procedure. Participants were asked to fast for 4 h prior to scanning. Upon
arrival, participants were informed about the study, signed the informed
consent form, and then practiced the in-scanner task. After practice, blood
glucose levels were measured to confirm that levels were below 7 mmol/l,
and an intravenous needle used for infusion was placed in the left arm.
Infusion of FDG diluted in saline started at time 0 of the PET-MR acquisition
and continued for 60 min, distributing an initial radiation activity of ∼180
MBq equally over the scan at a flow rate of 0.016 mL/sec. MRI sequences,
starting from time 0, were in order: MRI attenuation correction, T1-weighted
structural, T2-weighted fluid-attenuated inversion recovery (FLAIR), and, at
the 18 min mark, fMRI continuously for 42 min. At the 60 min mark, a B0
sequence was performed to acquire field maps for fMRI bias field correction.

Verbal WM Task. Verbal WMwas assessed during fMRI using two conditions of
a letter-based task, each performed twice during scanning in blocks of 6 min
each (i.e., 2 × 6 min maintenance and 2 × 6 min manipulation of letters in
WM). Task blocks were interspersed with three 6-min rest blocks (Fig. 1A;
task order: rest, manipulation, maintenance, rest, maintenance, manipulation,
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rest). Within each of these 6-min task blocks, five WM trials (total 45 s) al-
ternated with 15 s of resting fixation six times. Thus, within each “slow”

6-min task block were six 45-s “fast” blocks embedded. This design was
chosen in order to accommodate the slow temporal resolution of PET but
also be able to analyze fMRI data within slow blocks in terms of a traditional
block design.

Whereas maintenance required only maintaining stimuli (letters) in WM,
themanipulation condition also required the active transformation of stimuli
in WM (SI Appendix). Robust fMRI responses to the task in canonical WM
areas, FPN and DAN, have been reported in prior studies (66, 67). Prior to
scanning, participants practiced four 1-min blocks in each condition to en-
sure they fully understood the tasks. No participant performed more than
two practice runs.

PET/MRI Acquisition and Analysis. All imaging was performed on a 3T General
Electric Signa PET-MR system with a 16-channel head coil. PET coincidence
data were collected and reconstructed to 60 1-min frames using an OSEM
(ordered-subsets maximization) algorithm with time-of-flight and point
spread function modeling, two iterations, 28 subsets, and 6.4-mm post-
filtering. Images were corrected for decay, scatter, and attenuation using an
MR-based correction method (MRAC). The resulting voxel size was 0.97 ×
0.97 × 2.81 mm3.

PET. After preprocessing (SI Appendix), task-related changes in the slope of the
time-activity curve (TAC) were analyzed using the GLM approach described by
refs. 41, 42. Prior to task analysis, simulations of the task paradigm using a
two-compartment pharmacokinetic model of FDG (47, 68, described in detail
below, were performed to establish that the model would reveal kinetically
plausible k3 changes in response to our task design and the task contrasts
task > rest (i.e., activations) and task < rest (i.e., deactivations; SI Appendix, Fig.
S3). In addition to establishing feasibility of the task design, this exercise in-
dicated that a task-induced change in k3 would influence the measured PET
signal by only a small fraction during the first 2 min, because the increase in
bound tracer is offset by a decrease of free tracer. In fact, a delay in the
measurable change in FDG uptake in response to task onset can also be ap-
preciated from the simulation figure in the original fPET publication (41) but
was never discussed in their work. Thus, separately for each condition, task
blocks were modeled as a ramp function with slope = 1 during the specific task
and slope = 0 during rest and the other task. The task regressors were shifted
forward by 2 min to account for the delay indicated by the simulations. A
baseline regressor was defined by a third-order polynomial across all gray
matter voxels with the task regressors modeled as nuisance variables. The task
regressors were then orthogonalized to the baseline regressor and added to
the final GLM along with six nuisance movement regressors (x, y, z, yaw, pitch,
and roll). Finally, FDG task regressors were orthogonalized. However, consid-
ering that the manipulation task also requires maintenance of information in
WM, if added first into the GLM, it may capture all common variance despite
orthogonalization. Accordingly, for the maintenance condition, we present
statistics from a GLM with maintenance added first and for the manipulation
condition with manipulation added first. The resulting beta maps were nor-
malized to Montreal Neurological Institute (MNI) space using the T1-to-MNI
deformation field from the fMRI analysis pipeline. Higher-level analyses were
performed using permutation testing with FMRIB Software Library (FSL) ran-
domize (69) and 5,000 permutations. A threshold-free cluster-enhancement
(TFCE) threshold of P < 0.05 identified significant voxels. The main effects of
manipulation or maintenance > rest as well as the contrast manipulation >
maintenance were the contrasts of interest.

Kinetic Modeling of Dynamic FDG Changes. While the GLM approach described
above can identify relative changes in TAC slope as a function of condition,
glucose metabolism cannot be quantified in an absolute sense without blood
sampling. In order to address this potential shortcoming, we verified that the
observed changes in task-induced FDG signal across association networks
conformed to standard PET compartmental modeling (Fig. 3C) by quantifying
k3 using the same FDG two-compartment pharmacokinetic model (47, 68) that
we used in the simulations. The arterial input curve from ref. 41, which used
the same dose of injected radiotracer as in the present study, was parame-
trized and used as the input curve. The first 24 min post injection was a period
of rest, which fulfills the assumptions for this model. A reference TAC (all gray
matter voxels) from this rest phase was fitted to the kinetic parameters K1, k2,
k3, k4, fractional blood volume, and a blood-curve calibration factor to ac-
commodate the unknown scaling of the parametrized blood-input. It was
found that Vb did not change the quality of the fit, so it was excluded.

The fitted parameters K1, k2, k3, and k4 now define the rest-phase PET-
uptake, f(t). This curve, extrapolated to the whole scan duration, represents

the nonactivated uptake. The amplitude of f(t) may in practice be scaled by
region-specific differences in tissue accessibility and, maybe more promi-
nently, differences in partial-volume effects. Describing such differences by a
multiplicative factor, s, the measured PET uptake in the rest-phase can be
described as CROI,r = s · f(t). The factor s also relates the ROI 0 to 24 min
area-under-the-curve for the rest-phase (AUCROI,r) to that of the reference
region (AUCref,r), giving AUCROI,r = s · AUCref,r. Eliminating s from these
two relations yields

CROI,r (t) = AUCROI,r

AUCref ,r
· f(t) [1]

and represents the nonactivated uptake-curve for the entire scan duration.
Baseline subtraction for a region was achieved by subtracting the time

activity curve of the nonactivated curve (Eq. 1) from that for the region,
CROI(t)

Cactivation = CROI(t) − CROI,r(t). [2]

This alternative model approach was finally used in Fig. 3 C and D to estimate
the kinetics in task-positive and task-negative areas.

MRI.
T1-weighted. Structural T1-weighted images were acquired for 7.36 min with
the following acquisition parameters: [field of view (FOV): 25 × 20, matrix:
256 × 256, Slice Thickness: 1 mm, Slices: 180, TE: 3.1 ms, TR: 7200 ms, Flip
Angle: 12, and Bandwidth: 244.1 Hz/Pixel]. T1 images were used for tissue
segmentation and normalization to standard MNI space using a preliminary
12 degrees of freedom (DOF) registration with FMRIB’s Linear Image Reg-
istration Tool followed by a nonlinear registration using FMRIB’s Nonlinear
Image Registration Tool (70), resulting in 2-mm isotropic voxels.
fMRI. The BOLD data (Sequence parameters: FOV: 25.6, Matrix: 96 × 96, Slice
Thickness: 3.6 mm, TE: 30 ms, TR: 4000 ms, Flip Angle: 80°, and Acceleration
Factor: 2.0) were preprocessed following conventional steps for fMRI as
implemented in FSL FMRI Expert Analysis Tool (FEAT) (https://fsl.fmrib.ox.ac.
uk/) (70). Briefly, this included motion correction by volume-wise rigid body
transformation to the first volume, slice timing correction, spatial smoothing
(full-width half-maximum (FWHM) 5 mm), high-pass (120 s) temporal filtering,
and correction for B0 inhomogeneities using a study-specific fieldmap tem-
plate (SI Appendix). First-level statistics were obtained using the GLM. Ma-
nipulation and maintenance were modeled as separate regressors. Regressors
of no interest were the extended motion parameters, frame-wise displace-
ment (FD), white matter signal, and cerebrospinal fluid signal. All resting
periods (showing a fixation cross), including those within the embedded
blocks, were treated as an implicit baseline. (But refer to SI Appendix, Fig.
S5 for a control analyses which excludes the embedded fixation periods.)

Matched with the PET model, the main effects of manipulation or
maintenance > rest as well as the contrasts manipulation >maintenance and
vice versa were the contrasts of interest. The resulting volumes were nor-
malized to standard space using the T1-to-MNI deformation fields and a
6-DOF boundary-based registration between the first Echo Planar Imaging
(EPI) volume and T1. Higher-level analyses were performed with FSL’s ran-
domise using 5,000 permutations and treating a TFCE threshold of P < 0.05
as significant for a given voxel. Post hoc exploration of signal changes were
plotted in ROIs by placing a sphere with a radius of 5 mm (i.e., 5 voxels in
diameter) at local peak effects.
Time-series analysis. In order to visually inspect and explore the BOLD signal in
three ROIs, the BOLD time-series was extracted and averaged across partic-
ipants. The following additional preprocessing steps were performed for the
time-series analyses: normalization of time-series and application of a
bandpass filter with the high-pass set to 180 s and lowpass to 6 s (i.e., half
the block length and two-thirds the trial length). The ROIs were selected to
illustrate the BOLD signal in three areas showing a different multimodal
pattern along the left midline. For the manipulation > rest contrast, ROI 2
displayed increased BOLD and FDG, ROI 5 displayed a decrease in BOLD
without a concomitant change in FDG, and ROI 9 displayed increased FDG
but no change in BOLD. For illustration of condition-specific responses, the
12 “fast” embedded manipulation blocks within the longer manipulation
blocks were averaged for each participant, each consisting of four TRs of
passively observing a fixation cross (f1 to f4) and 11 TRs of performing the
manipulation task (m1 to m11). To reduce influence of residual motion, TRs
with a FD > 0.25 mm were excluded.

Data Availability. Code, processed imaging, and numerical source data that
support the findings of this study are available at Open Science Framework
(https://osf.io/yh48k) (71). The raw data from individuals are available from
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