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Background: Findings from correlative neuroimaging studies link increased frontoparietal network (FPN)
activation and default mode network (DMN) deactivation to enhanced high cognitive demand processing. To causally investigate FPN-DMN contributions to high cognitive demand processing, the current
interleaved TMS-fMRI study simultaneously manipulated and indexed neural activity while tracking
cognitive performance during high and low cognitive load conditions.
Methods: Twenty participants completed an n-back task consisting of four conditions (0-back, 0backTMS, 2-back, 2-backTMS) while undergoing interleaved TMS-fMRI. During TMS concurrent with
n-back blocks, TMS single pulses were delivered to the left DLPFC at 100% motor-threshold every 2.4s.
Results: TMS delivered during high cognitive load strengthened cognitive processing. FPN node activations and DMN node deactivations were increased in the high versus low cognitive load TMS condition.
Contrary to our hypothesis, TMS did not increase high load related activation in FPN nodes. However, as
hypothesized, increased DMN node deactivations emerged as a function of TMS during high load (right
angular gyrus) and from interactions between cognitive load and TMS (right middle temporal gyrus).
Load and TMS combined to dampen activation within the DMN at trend level (p ¼ .058). Deactivation in a
dorsomedial DMN node was associated with TMS driven improvements in high load cognitive
processing.
Conclusions: Exogenous perturbation of the DLPFC via single pulse TMS ampliﬁed DMN node deactivations and enhanced high cognitive demand processing. Neurobehavioral ﬁndings linking these
effects hint at a promising, albeit preliminary, cognitive control substrate requiring replication in higherpowered studies that use control stimulation.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Cognitive control refers to the regulation of cognitive and
emotional resources in the service of ﬂexible, goal-directed
behavior [1]. Abnormal processing in cognitive control circuits
and corresponding behavioral deﬁcits have been reliably detected
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in several neuropsychiatric disorders, implicating cognitive control
as a promising transdiagnostic treatment target [2,3].
The dorsolateral prefrontal cortex (DLPFC), a key cognitive
control locus [4], has been targeted in the vast majority of therapeutic repetitive transcranial magnetic stimulation (rTMS) studies
[5] and is the FDA approved site for rTMS for depression. This large
and ever growing evidence base demonstrates the capacity of rTMS
targeted to left dlPFC to remediate multiple neuropsychiatric
symptoms [6e9], potentially by upregulating cognitive control
[10e12].
Accumulating evidence suggests that pairing stimulation with
cognitive tasks/interventions that putatively engage prefrontal
circuits may augment treatment response (for review, see: 13).

https://doi.org/10.1016/j.brs.2022.05.014
1935-861X/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

R.D. Webler, J. Fox, L.M. McTeague et al.

Brain Stimulation 15 (2022) 823e832

subjects provided written informed consent in accordance with the
guidelines of the Institute of Psychiatry and the Internal Review
Board at the Medical University of South Carolina (MUSC).

However, despite the promising results emerging from this developing literature, the neurophysiological mechanisms undergirding
this potential synergistic effect remain unclear. One compelling
possibility is that TMS and cognitive tasks/interventions converge
on an overlapping neural substrate, with TMS amplifying cognitive
task/intervention driven effects. This possibility is supported by
evidence demonstrating that both high cognitive demand and canonical ‘excitatory’ DLPFC TMS protocols (depolarizing single-pulse
or high-frequency rTMS) modulate activation within and coordination between the frontoparietal network (FPN) and default mode
(DMN) networks [14e17]. Speciﬁcally, high cognitive demand and
‘excitatory’ DLPFC TMS protocols have generally been shown to
increase FPN activation/decrease FPN intracortical inhibition
[18,19], increase DMN deactivation/weaken DMN connectivity
[20,21], and weaken connectivity between the FPN and DMN
[14,22,23]. FPN/DMN activation and connectivity changes associated with high cognitive load and TMS have been linked to working
memory performance [24,25] and clinical TMS response
[16,23,26e28], highlighting the functional signiﬁcance of this
substrate and suggesting a potential convergent pathway by which
rTMS may alter cognition and mood [11].
To date, relationships between FPN and DMN activations, connectivity, and cognitive control have primarily been assessed via
correlative neuroimaging methods. Although pre-post rTMS neuroimaging ﬁndings lend additional support to this work, pre-post
designs cannot capture immediate and dynamic stimulation
induced changes in neural activity/connectivity. Tools that can
simultaneously manipulate and measure neural activity/connectivity are essential for shedding causal light on activation within
and interactions between the FPN and DMN and their functional
signiﬁcance. Interleaved TMS-fMRI is a well validated technique
capable of delivering exogenous probes to discrete cortical targets
and indexing the effects of these probes on local circuits and
distributed networks. Applying TMS-fMRI during systematic
cognitive control paradigms could causally elucidate how FPN and
DMN activation and connectivity support cognitive control.
Given the centrality of cognitive control deﬁcits to neuropsychiatric illness and correlative evidence that FPN and DMN activation and connectivity shape cognitive control, the present
investigation applied interleaved TMS-fMRI during a working
memory task to examine how causally probing the FPN with single
pulse TMS alters concurrent working memory related activations
and performance. Consistent with previous work, we hypothesized
that [1]: TMS would enhance high cognitive load related FPN activations and DMN deactivations and reduce connectivity between
the FPN and DMN; and that [2] FPN activation, DMN deactivation,
and increased anti-correlations between the FPN and DMN would
be linked to TMS related improvements in high cognitive load
performance.

2.2. N-back verbal working memory paradigm
We used a block design with each discrete block presented
pseudo-randomly (see Fig. 2). In each block, 12 upper and lowercase letter stimuli were visually presented at an inter-stimulus
interval of 1.5 s for a total of 18 s, preceded by 6 s of instructions.
There were 4 conditions, two delivered in a conventional fMRI nback task format: ‘0-back’, ‘2-back’; and two similar n-back blocks
with simultaneous single pulses of TMS: ‘0-back þ TMS’, and ‘2back þ TMS’. In the low cognitive load condition (0-back, ‘0back þ TMS’), subjects were asked to press a button with their
right index ﬁnger when the letter “X” appeared. In the high
cognitive load condition (2-back, ‘2-back þ TMS’), subjects were
asked to press a button with their right index ﬁnger if the presented
letter was the same as the letter presented 2-trials previously. All
conditions were matched for the number of target letters (3 per
block, 9 total) presented. The conditions were presented in the
following ﬁxed order: 0, 0 þ TMS, 2, 2 þ TMS, 0 þ TMS, 0, 2 þ TMS,
2, 0, 2, 0 þ TMS, 2 þ TMS, with three repetitions of each level of
difﬁculty, for a total duration of 4 min 48 s. Subject performance
during scanning was recorded including accuracy and response
time (RT) to target letters. Immediately before scanning, all subjects
received task training with a unique set of stimuli to ensure that
they fully understood task requirements. Stimuli were presented
using E-Prime version 2.0 (Psychology Software Tools, Inc, Pittsburgh, PA) and Integrated Functional Imaging System (IFIS; MRI
Devices Inc.) to record behavioral data.
2.3. Behavioral analyses
Data from 4 subjects were excluded from behavioral analyses
due to malfunctions with the data-collection software. Additionally, to ensure maximum continuity between neurobiological and
behavioral analyses, we excluded behavioral data from a participant who was excluded from fMRI analyses due to excessive motion
(ﬁnal N ¼ 15). Following tests conﬁrming normality (Shapiro-Wilk's
test) and homoscedasticity (Levene's test), we used repeated
measures ANOVA to examine whether working memory performance (accuracy and response time) differed as a function of
cognitive load, TMS, and/or their interaction. Signiﬁcant ANOVA
results were followed up using Bonferroni corrected, two-tailed ttests.
To account for both missed targets and incorrect responses to
non-target items, accuracy % was calculated as the number of correct target ‘hits’ minus the number of incorrect non-target responses divided by the total number of target items. Per condition
mean values of correct and incorrect responses as well as missed
targets are included in Table 1. Because miss and incorrect response
data were non-normally distributed, we used Bonferroni corrected
Wilcoxon Signed Rank Tests to assess for differences between
conditions. Statistical thresholds were set at p < .05. Signiﬁcant
ANOVA results were followed up using Bonferroni corrected, twotailed t-tests.

2. Methods and materials
2.1. Subjects
Twenty healthy, right-handed volunteers between the ages of
22 and 38 were included in the current study. Demographic information is presented in Supplementary Table 1. Handedness was
assessed with the Annett Handedness Scale [29]. A modiﬁed
structured clinical interview (SCID) [30] was performed to screen
for psychopathology. To meet inclusion criteria, subjects could not
be on any psychotropic medications and had to have a negative
urine drug screen. The Hamilton Depression Rating Scale (HRSD17)
[31] and Inventory of Depressive Symptomatology Self Report (IDSSR) [32] were used for screening; to be included, subjects could not
have scores exceeding 8 and 14 on the scales, respectively. All

2.4. fMRI data collection
Single-shot, gradient echo echoplanar imaging was used to acquire 120 T2*-weighted image volumes on a neuro-optimized 3T
Siemens scanner (Siemens AG, Erlangen, Bavaria, Germany) with a
12 channel head coil. Volumes were collected with the following
parameters: TR ¼ 2400 ms which included a 150 ms delay, whereby
824
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Table 1
Behavioral results.
Subjects (N ¼ 15)

Mean # correct responses (Std)

Accuracy % (Std)

Mean # incorrect responses

Mean # misses

RT (Std)

0-back
0-backTMS
2-back
2-backTMS

8.93 (.26)
8.6 (.91)
6.6 (.99)
8.4 (.74)

99.26 (2.87)
90.37 (13.84)
63.7 (12.92)
88.89 (11.11)

0
.47 (.52)
.87 (.83)
.4 (.51)

.07 (.26)
.4 (.91)
2.4 (.99)
.6 (.74)

455.12
518.41
542.11
521.12

(54.82)
(91.02)
(119.29)
(103.81)

2-back accuracy rates were signiﬁcantly reduced relative to all other conditions (2-back vs. 0-back, adjusted p < .001; 2-back vs. 0-backTMS, adjusted p ¼ < .001; 2-back vs. 2backTMS, adjusted p < .001). 2-back RT was prolonged compared to 0-backRT (adjusted p ¼ .075) at trend level.

AFNI 3dttestþþ: [2-back e 0-back], [2-backTMS e 2-back], [0backTMS e 0-back], [2-backTMS e 0-backTMS], and a contrast
assessing the interaction between stimulation and cognitive load
conditions: [(2-backTMS e 0-backTMS) e (2-back e 0back)], with
the statistical threshold set at p < .001. A non-parametric permutation test was implemented within 3dttestþþ that estimated the
probability of obtaining clusters of a given size that consisted
entirely of false positives; cluster sizes that occurred 5% of the time
or less were considered to be the minimum signiﬁcant cluster size
(i.e., p < .05).

the ﬁrst 2250 ms were dedicated to image acquisition after which
there was a 150 ms delay until image acquisition commenced again.
The TMS pulse was delivered in the middle of this delay so as not to
disrupt image acquisition. TE ¼ 35 ms, ﬂip angle 90 , in-plane
resolution ¼ 3  3x3 mm3 voxels; FOV ¼ 256  256,
bandwidth ¼ 2874 Hz). There were 32 slices.
2.5. TMS protocol
Single pulse TMS was used to interrogate functional networks.
During the TMS block, subjects received 7 individual pulses separated by 2.4 s, equal to the TR interval of the fMRI protocol. As
previously stated, the pulse was delivered in the middle of the
150 ms delay period between subsequent image acquisitions to
avoid corrupting neuroimaging data. With 6 TMS blocks, subjects
received a total of 42 pulses. Motor threshold was found by using
the PEST [33] method applied to left motor cortex and monitoring
for right thumb twitch. We used 100% resting MT for the protocol. A
higher output was not used due to increased perceived discomfort
of TMS pulses within the MRI. We used the same coil and MagStim200 to measure MT and to deliver the pulses inside the MRI.
Stimulation was applied to the left dorsolateral prefrontal cortex,
which was estimated using the position of F3 according to the
10e20 EEG system of measurement [34]. Subjects wore swim caps
in order to more accurately mark the measurements and TMS
target. A translucent template was centered on the target and
aligned with the TMS coil to ensure accurate stimulation of the
intended target. The coil was held in place by a specially designed
non-ferromagnetic apparatus capable of full 3-dimensional placement and ﬁxation.

3. Results
3.1. Behavioral results
As predicted, conditions differed in terms of accuracy (See
Table 1, Fig. 1a, Supplementary Fig. 2a). Accuracy % varied as a
function of load [F(1,14) ¼ 36.842, p < .001)], TMS condition
[F(1,14) ¼ 13.391, p ¼ .003], and their interaction [(F(1,14) ¼ 48.248,
p < .001)]. Moreover, Bonferonni corrected Wilcoxon Rank Sum
Test results revealed that conditions differed by number of missed
targets and incorrect responses. Signiﬁcantly more missed responses were logged in the 2-back condition compared to all other
conditions (0-back vs. 2-back, p ¼ .0074; 0-backTMS vs. 2-back,
p ¼ .0032; 2-backTMS vs. 2-back, p ¼ .0081). Moreover, more
incorrect responses were made in the 2-back condition compared
to the 0-back condition (p ¼ .021), and in the 0-back condition
compared to the 0-backTMS condition at trend level (p ¼ .064).
Post-hoc, Bonferroni corrected two-tailed t-tests (results
depicted in Fig. 1a and b and Supplementary Figs. 1a and b) revealed
that [1]: 2-back % accuracy rates were signiﬁcantly reduced relative
to all other conditions (2-back vs. 0-back, adjusted p < .001; 2-back
vs. 0-backTMS, adjusted p < .001; 2-back vs. 2-backTMS, adjusted
p < .001) and 2-backTMS was greater than 0-back at trend level
(adjusted p ¼ .078). Load emerged as a signiﬁcant predictor of RT
[F(1,14) ¼ 7.883, p ¼ .014)]. However, in contrast to accuracy, TMS
condition and Load*TMS were not signiﬁcant predictors of RT.

2.5.1. Imaging data pre-processing
Pre-processing was carried out using AFNI and SPM. MR signal
spikes were removed via AFNI 3dDespike using the default settings.
Motion correction was performed whereby volumes were aligned
to the volume with the fewest outliers. Data were then transformed
to MNI space using SPM's template EPI, smoothed using an 8 mm
FWHM gaussian kernel and scaled so that each voxel had a mean of
100.
2.6. Statistical analysis
The data were analyzed using a general linear model (GLM). Five
regressors were used in the GLM, corresponding to blocks for instruction presentation, 0-back, 0-back with TMS, 2-back, and 2back with TMS. Each condition was modeled as a box-car
convolved with a gamma function. Data from subjects who
moved more than 2 mm were inspected; three subjects for whom
there was visual evidence of spin history artifacts were excluded
from the analysis. Higher level neuroimaging analyses were thus
carried out on 17 of 20 subjects.
The beta weights computed for each voxel at the individual
subject level analysis served as the dependent variable for the
group-level analysis. The following contrasts were examined using

Fig. 1a. Load and TMS condition interacted signiﬁcantly to predict accuracy
[(F(1,14) ¼ 48.248, p < .001)]. Error bars ¼ 95% conﬁdence interval.
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Table 2
Neurobiological results for 2-back vs. 0-back.
Peak Voxel
Anatomical Regions

Voxels

Cluster 1
Precuneus

455

Superior parietal lobule

Fig. 1b. Load predicted RT [(F(1,14) ¼ 7.883, p ¼ .014)]. TMS condition [(F(1,14) ¼ .607,
p ¼ .449)] and the interaction between Load and TMS condition [(F(1,14) ¼ 2.756,
p ¼ .119)] did not signiﬁcantly predict RT. Error bars ¼ 95% conﬁdence interval.

Regarding individual condition RT comparisons, aside from a trend
level increase in 2back compared to 0-back (p ¼ .075), no signiﬁcant ﬁndings emerged for RT.
3.2. fMRI results
3.2.1. 2-Back e 0-back
Consistent with previous meta-analyses [35], the 2-back versus
0-back contrast (Table 2 and Fig. 3) revealed heightened activation
in bilateral portions of the dorsolateral prefrontal cortex (DLPFC,
[Brodmann Areas (BA) 9, 10, [46,47]), dorsomedial prefrontal cortex
(DMPFC, [BA6, 8, 9]), dorsal anterior cingulate cortex (dACC, [BA
32]), anterior insula, premotor cortex [BA 6], inferior parietal lobule
[BA40], superior parietal lobule [BA7], and precuneus. Deactivations emerged in bilateral portions of the anterior ventromedial prefrontal cortex (vmPFC), [BA10]) and posterior cingulate
cortex [BA23, 29, 30, 31].

Inferior parietal lobule
Cluster 2
Inferior frontal gyrus
Middle frontal gyrus
Cluster 3
Inferior frontal gyrus
Middle frontal gyrus
Cluster 4
Inferior parietal lobule
Angular gyrus
Supramarginal gyrus
Superior occipital gyrus
Middle occipital gyrus
Cluster 5
Superior medial gyrus

280

Supplemental motor area
Cluster 6
Posterior cingulate cortex

159

3.2.2. 0-backTMS e 0-back
The 0-backTMS versus 0-back contrast (Table 3 and Fig. 3)
revealed increased activation in bilateral portions of the auditory
processing superior temporal gyrus [BA21, 22, 42] e likely driven by
stimulation related TMS pulse noise e and middle temporal cortex
[BA22]. Additional activations emerged in postcentral gyrus and
posterior insula (putatively corresponding to somatic sensations of
stimulation), and portions of the left calcarine and right precentral
gyrus [BA6]. We did not detect increased activation in the left
DLPFC stimulation location. Inspection of functional images
revealed MR signal drop-out in the targeted region (see Fig. S1) in
several subjects, which may account for this unexpected ﬁnding.

t value

R
L
R
L
L

6
9
13
30
37

67
73
74
69
66

65
59
56
56
55

1.21
0.93
0.85
0.98
0.96

R
R

55
45

16
47

32
25

1.01
0.93

L
L

50
49

26
27

36
36

1.02
1.01

R
R
R
R
R

42
41
44
28
32

60
61
42
76
73

56
56
50
49
44

1.02
1.02
0.8
0.92
0.76

R
L
R
L

1
1
1
1

24
24
19
19

47
47
49
49

0.86
0.86
0.86
0.86

R
L
R
L

1
1
1
1

49
50
51
53

21
21
20
21

0.95
0.95
0.93
0.93

R
L
R
L

1
6
1
8

63
68
61
66

20
20
2
2

0.72
0.93
0.78
0.97

L
L

24
30

0
4

74
68

0.90
0.90

L

34

20

2

0.60

R

37

22

1

0.70

R

30

2

71

1.01

L

15

65

29

0.92

L

39

59

11

0.82

L

9

53

47

0.69

R

30

56

4

0.42

L

27

85

38

0.57

282

272

140

Mid orbital gyrus
Cluster 8
Superior frontal gyrus
Precental gyrus
Cluster 9
Anterior insula
Cluster 10
Insula
Cluster 11
Superior frontal gyrus
Cluster 12
Superior frontal gyrus
Cluster 13
Middle frontal gyrus
Cluster 14
Superior frontal gyrus
Cluster 15
Superior frontal gyrus
Cluster 16
Precuneus

MNI Coordinates
x
y
z

369

Precuneus
Cluster 7
Superior frontal gyrus

L/R

124

83
55
44
32
31
30
27
14

Brain areas showing signiﬁcant activation differences during 2-back vs 0-back.
Abbreviations: MNI ¼ Montreal Neurological Institute.

3.2.3. 2-backTMS e 2-back
The 2-backTMS versus 2-back contrast (Table 4 and Fig. 3)
revealed deactivations in the right angular gyrus and middle occipital gyrus. Activation increases in the right superior temporal
gyrus (STG) indicative of stimulation induced auditory processing
were also detected. Similar to the previous contrast, we did not
detect activation in the left DLPFC target.

[BA10], posterior cingulate cortex [BA18, 23, 29, 30, 31], precuneus,
calcarine, and portions of the left superior medial frontal gyrus
[BA8, 10], angular gyrus [BA39], superior temporal gyrus [BA 22],
and middle temporal gyrus [BA39].

3.2.4. 2-backTMS e 0backTMS
The 2-backTMS versus 0-backTMS contrast (Table 5 and Fig. 3)
revealed increased activation in bilateral portions of the DLPFC
[BA9 right side; BA9, 46: left side, posterior to stimulation site],
inferior parietal lobule [BA40), and portions of the left precentral
gyrus and superior parietal lobule [BA7]. Deactivations emerged in
bilateral portions of the anterior ventromedial prefrontal cortex

3.2.5. Interaction contrast
A contrast comparing effects of cognitive load on neural activity
as a function of stimulation versus non-stimulation [(2-backTMS e
0-backTMS) e (2back e 0back)] (Table 6 and Fig. 3) revealed that
stimulation induced greater deactivations in discrete portions of
the middle and superior temporal gyri [BA21] during high versus
low cognitive load.
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Fig. 2. The paradigm consisted of four conditions presented pseudo-randomly in a block-design: ‘0-back’, ‘2-back’; and two similar n-back blocks with simultaneous single pulses of
TMS: ‘0-back þ TMS’, and ‘2-back þ TMS’. During each block, 12 upper and lower-case letter stimuli were visually presented at an inter-stimulus interval of 1.5 s for a total of 18 s,
preceded by 6 s of instructions. All conditions were matched for the number of target letters presented. The conditions were presented in the following ﬁxed order: 0, 0 þ TMS, 2,
2 þ TMS, 0 þ TMS, 0, 2 þ TMS, 2, 0, 2, 0 þ TMS, 2 þ TMS, with three repetitions of each level of difﬁculty, for a total duration of 4 min 48 s. During TMS blocks, 7 pulses were
delivered in the middle of the 150 ms delay period between images, every 2.4 s, equal to the TR interval of the fMRI protocol. Abbreviations: TR ¼ repetition time;
TMS ¼ transcranial magnetic stimulation.

To assess whether connectivity between the FPN and DMN
shifted as a function of cognitive load, TMS, or their combination,
we extracted the Pearson's correlation coefﬁcient of BOLD signal
changes between ROIs in FPN (F3, right F3) and DMN (AG, MTG) for
all conditions. Following z-transformation of these correlation coefﬁcients, we performed t-tests that assessed whether connectivity
between FPN and DMN ROIs and the rest of the brain changed as a
function of condition. No signiﬁcant results emerged. Next, we
examined whether connectivity between speciﬁc FPN and DMN
ROIs changed as a function of condition. As in the whole-brain
analyses, no signiﬁcant results emerged. Combined neurobehavioral results.
To shed light on the neural underpinnings of TMS induced
working memory enhancement, we ran a post-hoc AFNI 3dttestþþ
(2-backTMS e 2-back) with working memory accuracy (% 2-back
correct subtracted from % 2-back TMS correct) entered as a covariate. Deactivation in a dorsomedial DMN cluster (p < .04) and a
cluster adjacent to the dACC (p < .01), and increased activation in an
aspect of the right orbitofrontal cortex (p < .01), were linked to
increased working memory performance during high cognitive
load (See Fig. 5).

3.2.6. DMN/FPN analyses
To better assess the effect of TMS, load, and their interaction on
the DMN and FPN, we plotted beta-values of signiﬁcant voxels
within canonical DMN and FPN networks (see Fig. 3a and b). First,
we generated DMN and FPN structural masks based on Talairach
coordinates using AFNI's draw plug-in. The DMN included bilateral
medial PFC, middle temporal gyri, hippocampus, posterior cingulate cortices, angular gyri, and precunei; the FPN included bilateral
F3 and inferior parietal lobules. Next, to isolate signiﬁcant voxels
within these masks, we multiplied each structural mask by a
functional mask containing clusters that signiﬁcantly separated
from a mean condition baseline (see Fig. 4).
Consistent with voxel-wise results, FPN and DMN activations
were ampliﬁed and attenuated as a function of high cognitive load,
respectively (FPN p < .001, DMN p < .001). Moreover, consistent
with a dampening effect of TMS on DMN in high load conditions
(i.e., AG reduction in 2-backTMS vs. 2-back; high load by TMS MTG
reduction), load and TMS combined at trend level (p ¼ .058) to
dampen DMN activation. In contrast, high load and TMS did not
combine to strengthen FPN activation, possibly suggestive of a
high-load related ceiling effect.

Fig. 3. Neural activations/deactivations for the following contrasts: (A) 2-back vs 0-back; (B) 2-backTMS vs 0-backTMS; (C) 0-backTMS vs 0-back; and (D) i. 2-backTMS vs. 2-back; ii.
Interaction contrast. Results are displayed at p < .001 (cluster size 10) on the MNI 27 T1 template.
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Table 3
Neurobiological results for 0-backTMS vs. 0-back.

Table 5
Neurobiological results for 2-backTMS vs. 0-backTMS.

Peak Voxel
Anatomical Regions

Voxels

Cluster 1
Superior temporal gyrus
Middle temporal gyrus
Rolandic operculum
Heschls gyrus
Insula
Cluster 2
Superior temporal gyrus
Postcentral gyrus
Supramarginal gyrus
Heschls gyrus
Cluster 3
Superior temporal gyrus
Middle temporal gyrus
Rolandic operculum
Cluster 4
Middle temporal gyrus
Superior temporal gyrus
Cluster 5
Calcarine gyrus
Cuneus
Lingual gyrus
Cluster 6
Temporal pole
Inferior frontal gyrus
Superior temporal gyrus
Rolandic operculum
Cluster 7
Middle frontal gyrus
Cluster 8
Inferior temporal gyrus
Cluster 9
Inferior frontal gyrus

229

Peak Voxel

L/R

MNI Coordinates
x
y
z

t value

R
R
R
R
R

66
65
65
58
44

19
27
15
12
15

14
2
18
11
8

0.93
0.56
0.72
0.58
0.36

L
L
L
L

66
65
59
51

25
22
30
18

17
18
23
12

0.74
0.73
0.44
0.56

L
L
L

63
64
59

1
7
3

1
3
8

0.98
0.77
0.65

L
L

66
65

40
34

11
14

0.93
0.87

L
L
L

9
10
6

79
79
70

14
23
14

0.67
0.46
0.60

R
R
R
R

63
62
58
64

8
9
1
7

1
8
2
9

0.95
0.58
0.46
0.58

R

48

1

59

1.08

R

60

61

1

0.71

R

57

11

38

0.74

Anatomical Regions

Voxels

Cluster 1
Posterior cingulate

549

Precuneus
Cuneus

70
Calcarine
Lingual gyrus

62

Cluster 2
Superior medial gyrus
Superior frontal gyrus

51

41

24
23
18

Brain areas showing signiﬁcant activation differences during 0-backTMS vs 0-back.
Abbreviations: MNI ¼ Montreal Neurological Institute.

Table 4
Neurobiological results for 2-backTMS vs. 2-back.
Peak Voxel
Anatomical Regions

Voxels

Cluster 1
Angular gyrus
Cluster 2
Temporal pole
Superior temporal gyrus

13

L/R

MNI Coordinates
x
y
z

R

45

73

35

0.55

R
R

60
54

5
1

2
2

0.49
0.49

12

Brain areas showing signiﬁcant activation differences during 2-backTMS vs 2-back.
Abbreviations: MNI ¼ Montreal Neurological Institute.

4. Discussion
To our knowledge, the present investigation is the ﬁrst TMSfMRI study to examine how DLPFC TMS applied during various
levels of cognitive load modulates activity in FPN and DMN regions
and working memory performance.
4.1. Neurobiological effects: TMS pulses increase high-cognitive
load related DMN deactivations but do not alter FPN activation

MNI Coordinates
x
y
z

t value

R
L
R
L
R
L
R
L
R
L

3
1
1
5
4
1
1
1
4
7

49
50
53
53
76
76
63
62
63
61

14
15
21
13
32
30
17
15
11
8

1.14
1.10
1.05
0.89
0.55
0.60
0.80
0.78
0.59
0.75

R
L
R
L

1
9
17
15

64
68
66
65

26
8
29
29

1.20
1.10
0.78
1.2

L
L
L
L

28
33
25
31

69
66
66
63

59
55
43
40

1.20
0.89
0.56
0.50

R

39

43

44

0.74

L
L

54
53

11
1

38
47

0.74
0.72

R
R

59
57

16
13

9
10

0.45
0.50

L
L

44
53

75
70

39
23

0.78
0.73

R
R

60
66

11
13

3
2

0.67
0.75

R
R
R
R

42
36
40
46

13
16
13
11

13
3
4
10

0.64
0.34
0.35
0.47

R

45

29

20

0.51

R
R
R
R

42
31
30
28

5
7
9
16

22
20
18
19

0.54
0.46
0.51
0.54

R

33

23

7

0.55

L

45

32

22

0.8

R

33

1

62

0.58

R

27

8

62

0.5

L

27

2

68

0.67

L

60

13

16

0.68

R

6

25

47

0.5

0

28

77

0.7

440

53
Cluster 3
Superior parietal lobule
Inferior parietal lobule
Middle occipital gyrus
Angular gyrus
Cluster 4
Inferior parietal lobule
Cluster 5
Inferior frontal gyrus
Precentral gyrus
Cluster 6
Superior temporal gyrus
Middle temporal gyrus
Cluster 7
Angular gyrus
Middle temporal gyrus
Cluster 8
Superior temporal gyrus
Middle temporal gyrus
Cluster 9
Hippocampus
Putamen
Insula
Superior temporal gyrus
Cluster 10
Inferior frontal gyrus
Cluster 11
Temporal pole
Amygdala
Hippocampus
Parahippocampal gyrus
Cluster 12
Inferior frontal gyrus
Cluster 13
Inferior frontal gyrus
Cluster 14
Middle frontal gyrus
Cluster 15
Superior frontal gyrus
Cluster 16
Middle frontal gyrus
Cluster 17
Middle temporal gyrus
Cluster 18
Middle cingulate gyrus
Cluster 19
Paracentral lobule

L/R

268

100
71

50

47

42

41

41
40

33
26
18
18
16
15
12
12

Brain areas showing signiﬁcant activation differences during 2-backTMS vs 0backTMS. Abbreviations: MNI ¼ Montreal Neurological Institute.

In line with meta-analytic ﬁndings [35,36], high cognitive load
increased activation in FPN (bilateral DLPFC and IPL) and cinguloopercular regions (DMPFC/dACC and insula), and decreased activation in DMN regions relative to low cognitive load. As hypothesized, the high cognitive load TMS condition showed increased

activation in FPN nodes (right DLPFC and bilateral IPL) and
decreased activation in regions of the anti-correlated DMN (vmPFC,
right MTG, left AG) compared to the low cognitive load TMS
condition.
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more robust effects on the anti-correlated DMN than on the FPN
itself [14,23]. Regardless of its cause, the lack of TMS induced increases in high cognitive load FPN activation may account for the
unexpected absence of TMS driven changes in high load FPN-DMN
connectivity.

Table 6
Neurobiological results for interaction contrast.
Peak Voxel
Anatomical Regions

Voxels

Cluster 1
Middle temporal gyrus
Superior temporal gyrus

40

L/R

MNI Coordinates
x
Y
z

R
R

60
59

25
24

7
0

0.27
0.17

4.2. As predicted, TMS increased high cognitive load related
deactivation in DMN nodes

Results for contrast comparing effects of cognitive load on neural activity as a
function of stimulation versus non-stimulation. Both areas showed increased
deactivation in the high versus low load TMS conditions compared to the corresponding no TMS control conditions. Abbreviations: MNI ¼ Montreal Neurological
Institute.
Abbreviations: MNI: Montreal Neurological Institute.

Compared to the no-TMS high cognitive load condition, the TMS
high cognitive load condition featured increased deactivation in the
right angular gyrus, a key DMN structure. Moreover, a contrast that
assessed interactions between stimulation condition and cognitive
load revealed stronger right MTG deactivation in the high versus
low load TMS conditions than in the corresponding no-TMS conditions. Finally, a DMN-wide ROI containing canonical DMN nodes
showed increased deactivation as a function of stimulation by load
at trend level. Collectively, these results align with previous evidence demonstrating that DLPFC TMS modulates DMN activity
[14,23] and provide the ﬁrst causal demonstration that single-pulse
DLPFC TMS pulses increase high cognitive load related deactivations in DMN nodes.
TMS increased low-cognitive load related activations in the left
calcarine, a region implicated in visual processing [38,39]. The
DLPFC shows heightened dynamic functional connectivity with
visual cortices during visual attention [40]. During the low cognitive load condition, subjects were tasked with attending to stimuli

Unexpectedly, voxel-wise and FPN ROI interaction analyses did
not reveal stimulation by load effects in the FPN. These results run
counter to our prediction that DLPFC TMS would amplify high
cognitive load related activations in the engaged FPN. One interpretation of this unexpected result is that the stimulated FPN was
‘saturated’ during high cognitive load, resulting in a ceiling effect.
This possibility is consistent with motor and visual cortex statedependency ﬁndings showing that engaging circuits prior to
excitatory stimulation can dampen stimulation effects or even yield
inhibitory effects (for review, see 33). Alternatively, signal loss
under the coil (see Fig. S1) may have obscured TMS driven FPN
activation increases. A third possibility consistent with previous
ﬁndings is that depolarizing TMS applied to the DLPFC induces

Fig. 4. FPN and DMN beta-values per condition.
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Fig. 5. Neurobehavioral results.

given the lack of a control arm, support for the notion that DMN
deactivation facilitates cognitive processing during high demand.
The DMN supports episodic recollection and prospection
[49,50], key internal mentation processes that may interfere with
externally guided attention and other on-line cognitive processes.
Increased DMN deactivation may therefore support working
memory by reducing interference between on-line cognitive processes and non-task related internal mentation.

in the center of the screen which putatively engaged visual attention. Increased activation in the calcarine during low cognitive load
TMS may thus reﬂect increased activation of a functionally active
visual processing/attentional circuit. High load TMS did not increase activation in this circuit; indeed, high load TMS was associated with reduced activations in other visual processing regions
(e.g., cuneus) compared to low load TMS. Moreover, activations in
auditory cortex (STG) putatively driven by TMS clicking noises were
more widespread in the low versus high load TMS condition.
Reduced activation in sensory processing regions during high
cognitive load may reﬂect attentional gating of task irrelevant
sensory signals driven by high cognitive load demands [41]. These
results indicate that despite sharing the same sensory characteristics, high and low load TMS conditions induced distinct activations in primary sensory areas.
As in the high cognitive load TMS condition, TMS delivered
during low cognitive load did not increase left DLPFC activation. As
mentioned above, this result may be due to MR signal drop-out at
the target location (see Fig. S1). Alternatively, recent TMS-fMRI
studies targeting the DLPFC have also not detected a BOLD
response in the targeted DLPFC location [42,43], suggesting that
stimulation of prefrontal cortical tissue may evoke different
neurophysiological responses than stimulation of other cortical
areas (e.g., motor cortex) that show intensity-dependent BOLD responses [44,45].

4.4. Clinical implications
As discussed, cognitive control deﬁcits have been detected in
several disorders [6e9], and bolstering cognitive control is a core
mechanism by which clinical DLPFC rTMS is proposed to ameliorate
a diverse array of neuropsychiatric syndromes [10e12].
Although stand-alone rTMS has been shown to augment
cognitive control sub-functions, effects are modest [51]. As
mentioned, results from a growing rTMS literature suggest that
rTMS applied to prefrontal circuits engaged by cognitive tasks/interventions may enhance treatment effects [13]. The present ﬁndings shed light on the basic neurobehavioral mechanisms
potentially undergirding these clinical effects by demonstrating
that TMS increases DMN deactivation and augments cognitive
performance during high cognitive load. If replicated in clinical
samples, these results could spur clinical trials comparing the
neurobehavioral effects of rTMS delivered during cognitively
demanding tasks/interventions versus at rest.
Contrary to the present ﬁndings, Bakulin et al., 2020 did not ﬁnd
a cognitive enhancing effect of TMS delivered during high cognitive
load. Instead, effects were detected for TMS delivered at rest, which
both enhanced and disrupted storage and maintenance phases of
spatial working memory, respectively. Differences in our respective
study designs may partially account for these discrepancies. For
example, Bakulin et al., 2020 applied high-frequency rTMS and
assessed working memory ofﬂine, while we applied single-pulse
TMS and assessed working memory online. Regardless of its
origin, the contrasting nature of these results necessitates additional multimodal investigations that concurrently measure
neurobiological and cognitive effects of TMS delivered during
different levels of cognitive load. Such designs may shed light on
the optimal point at which to stimulate to maximally enhance

4.3. Behavioral effects: TMS delivered during high cognitive load
enhances cognitive processing
As hypothesized, TMS delivered during high cognitive load
enhanced cognitive processing. The facilitatory effects of stimulation delivered during high cognitive load are consistent with results
from a recent study ﬁnding a preferential effect of TMS on high
working memory load conditions (45, but see 46). The neurobiological mechanisms underlying this effect remain unclear. However, DMN deactivations during high cognitive load in the present
study are consistent with results from a recent study showing that
TMS delivered to an FPN target decreased DMN activation during
incongruent Stroop trials [48]. Our neurobehavioral ﬁndings linking deactivation in a dorsomedial aspect of the DMN to enhanced
high load cognitive processing provide causal, albeit preliminary
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cognitive control. Coupled with advances in closed-loop technology, this line of work could eventually yield temporally precise
clinical rTMS protocols that sync stimulation timing with underlying neural activity [52].
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5. Limitations and conclusions
The present results should be interpreted in light of several
limitations. First, although our sample size was similar to or
exceeded several of our group's previous interleaved TMS-fMRI
studies [45,53,54], larger multimodal studies are warranted to
replicate the relationship between DMN deactivation and cognitive
effects of stimulation detected in the present study. Second,
consistent with the nascent stage of this research area, we utilized a
simple block-design with a relatively small number of target trials
and did not deliver stimulation that was time-locked to speciﬁc
stages of cognitive processing. Future event-related designs
featuring more target trials are therefore necessary to replicate the
present preliminary ﬁndings and delineate how TMS delivered
during different phases of cognitive processing shapes working
memory related neural activations and performance. Third, the
present study did not utilize a control stimulation condition (i.e.,
sham TMS or an active control target). High and low cognitive load
TMS conditions were designed to serve as their own respective
sensory controls. However, as described above, low cognitive load
TMS featured increased activation in primary sensory cortices
compared to high cognitive load TMS, indicating that the sensory
effects of TMS differed as a function of cognitive load. Therefore,
future studies that employ a sham or active control are warranted
to better isolate the neural and sensory effects of high vs. low
cognitive load TMS. Finally, although the Beam method used in the
present study has been shown to be a reliable method for targeting
the DLPFC [55], selecting individualized targets on the basis of
functional connectivity may further increase reliability and precision [56]. Future studies that leverage functional connectivity based
targeting may induce more precise effects on functional networks.
To conclude, our ﬁndings shed novel light on the effect of DLPFC
TMS on working memory and its neural substrates, whereby TMS
increased deactivation in DMN nodes and strengthened cognitive
processing during high cognitive load.
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