Cerebral Cortex, 2022, 1-14

https://doi.org/10.1093/cercor/bhac241
Original Article

OXFORD

A domain-general frontoparietal network interacts with
domain-preferential intermediate pathways to support
working memory task

Hui Zhou, PhD?, Conghui Su, BS?, Jinglan Wu, BS?, Jiaofeng Li, BS?, Xigian Lu, PhD?, Liangyu Gong, BS?, Fengji Geng, PhD3,
Zaifeng Gao, PhD®*, Yuzheng Hu, PhD®*

1Department of Psychology and Behavioral Science, Zhejiang University, 148 Tianmushan Road, Xihu District, Hangzhou, 310007, China,
2Institute of Psychology, Chinese Academy of Sciences, 16 Lincui Road, Chaoyang District, Beijing, 100000, China,
3Department of Curriculum and Learning Science, College of Education, Zhejiang University, 866 Yuhangtang Road, Xihu District, Hangzhou 310027, China

*Corresponding authors: Department of Psychology and Behavioral Sciences, Xixi Campus, Zhejiang University, No. 148 Tianmushan Road, Hangzhou, 310007, PR.
China. Tel: +86-137-5811-6751. Email: huyuzheng@zju.edu.cn (Yuzheng Hu); zaifengg@zju.edu.cn. (Zaifeng Gao)

Working memory (WM) is essential for cognition, but the underlying neural mechanisms remain elusive. From a hierarchical
processing perspective, this paper proposed and tested a hypothesis that a domain-general network at the top of the WM hierarchy
can interact with distinct domain-preferential intermediate circuits to support WM. Employing a novel N-back task, we first identified
the posterior superior temporal gyrus (pSTG), middle temporal area (MT), and postcentral gyrus (PoCG) as intermediate regions for
biological motion and shape motion processing, respectively. Using further psychophysiological interaction analyses, we delineated a
frontal-parietal network (FPN) as the domain-general network. These results were further verified and extended by a delayed match
to sample (DMS) task. Although the WM load-dependent and stimulus-free activations during the DMS delay phase confirm the role
of FPN as a domain-general network to maintain information, the stimulus-dependent activations within this network during the
DMS encoding phase suggest its involvement in the final stage of the hierarchical processing chains. In contrast, the load-dependent
activations of intermediate regions in the N-back task highlight their further roles beyond perception in WM tasks. These results

provide empirical evidence for a hierarchical processing model of WM and may have significant implications for WM training.
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Introduction

Working memory (WM) refers to one’s ability to maintain
a limited set of information for a period and manipulate
it in a goal-directed fashion (Baddeley and Hitch 1974;
Baddeley 2012). This mechanism is crucial for a wide
range of cognitive tasks (Rasmussen and Bisanz 2005;
Nettelbeck and Burns 2010; Injoque-Ricle and Burin
2011). Given the importance of WM, a considerable num-
ber of studies have attempted to develop efficient means
to improve it. Yet neither adaptive cognitive training
programs nor noninvasive stimulation methods have
yielded consistent results (Nilsson et al. 2017, Reinhart
and Nguyen 2019, Wang et al. 2019a, 2019b, Sloan et al.
2020), implying the inadequate understanding of WM
mechanisms.

Studies aiming to uncover the neural mechanisms
of WM have reported that brain activations relating
to information maintenance spread across almost the
entire cerebral cortex (Christophel et al. 2017), i.e. the
notion that specific brain regions are responsible for
information storage is insufficient to understand WM.
Recently, a hierarchical processing framework provided
a new perspective to investigate WM (Nee and Brown
2013; D’Esposito and Postle 2015; Hasson et al. 2015;

Nee and D’Esposito 2016; Christophel et al. 2017; Badre
and Nee 2018). The general principles of hierarchal
neural models suggest a brain functional organization
in which the primary sensory areas encode low-level
features and the prefrontal areas encode the most
abstract and categorical information from different
modalities, with intermediate levels between the 2 ends
(Hasson et al. 2015; Christophel et al. 2017). Taking this
as a new perspective to consider the neural substrates
of WM, a hierarchical neural organization (Fig.1) is
proposed in the present study to account for the ability
to encode, maintain, and manipulate information in a
goal-directed fashion, with the latter 2 aspects defining
the core feature of WM from the classic view. Without
any task goal, no information that relates to the current
sensory inputs is intentionally maintained, despite that
the neural circuits for processing sensory inputs are
available (Fig. 1A). For a given WM task, a specific task
goal would result in a top-down modulation from high-
level circuits to select appropriate intermediate circuits,
in order to progressively transform sensory inputs into
a higher level of abstract representation that can be
maintained and manipulated in a common network
(Fig. 1B and C). Based on this model, we hypothesized

Received: February 9, 2022. Revised: May 22, 2022. Accepted: May 23, 2022

© The Author(s) 2022. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

220Z 8unp €| Uo Jasn UoSIpe-UISUodsIp 10 AlsisAlun Aq GZ6£099/1 +Z0BYA/100480/€601°0 L /I0P/8]01lIB-80UBAPER/I00180/W02 dNo"dIWapee//:sdliy Wol) papEojuMO(]



2 | Cerebral Cortex, 2022

A B
No Task Goal

O
P

High-level

Intermediate-level

Low-level

58y
Sensory Input

—@ Top-down Excite
----- 0 Top-down Inhibit

—> Bottom-up Inputs

Task Goal A Task Goal B
"a'-~\\ ”—\ f§\~ "f—-w\
k. ," 9 - !

]
1
/
4
4
4

T giiy
Sensory Input Sensory Input

@ Pref. Proc. Circuit
@ Nonpref. Proc. Circuit ¢7> High-level network
@ Distract. Proc. Circuit

'~

Fig. 1. Schematic of the hierarchical neural model to support WM tasks. The activation of a low-level circuit such as primary visual cortex propagates to
intermediate-level circuits and finally to a domain-general high-level network, whereas no information is intentionally maintained without a specific
task goal A). With the presence of task goals, the high-level network maintains the task rules and exerts top-down modulations on intermediate circuits
accordingly B, C); in WM tasks, it also serves as the primary neural substrate to maintain trial-based information that has been hierarchically abstracted
through multiple layers of intermediate circuits. Abbreviations: Pref. Proc. Circuit, preferential processing circuit; Nonpref. Proc. Circuit, non-preferential

processing circuit; Distract Proc. Circuit, distract processing circuit.

that a domain-general network would interact with
distinct domain-preferential intermediate pathways to
support WM tasks with different stimuli or task goals.
However, the direct evidence for this hypothesis is
incomplete.

In order to investigate the neural substrate of WM
from the hierarchical processing perspective outlined
above, we used point-light constituted biological motion
(BM) and circle shape motion (SM) as 2 kinetic stimulus
types (Shen et al. 2014; Gao et al. 2015). Previous studies
have shown that motion categories can be decoded from
brain activations despite different incidental features
(Wurm and Lingnau 2015; Wurm et al. 2016; Hafri et al.
2017), indicating that high-level abstract representations
of motion can be derived from stimuli. As illustrated
in Fig. 2A, when processing kinetic stimuli, participants
first perceived low-level features of light-points, then the
geometry and location of the points-constituted object
were extracted, which formed a static image. Next, the
representation of motion could be formed by integrating
these static images, which is an additional abstraction
step compared with previous studies using static stim-
uli. This abstraction procedure may thus induce more
robust brain activations of intermediate pathways than
static stimuli, and is more suitable to illustrate the inter-
mediate neural substrates in WM tasks. The high-level
abstract representation of BM, which portrays human
actions, may produce a unique social attribute. In line
with this conjuncture, the processing of BM requires the
involvement of both the middle temporal area (MT) and
superior temporal gyrus (STG; Pitcher and Ungerleider

2021). Although the MT is critical for general complex
motion perception (Lingnau and Downing 2015; Liu and
Pack 2017), the posterior STG (pSTG) acts as an essential
component of social cognition network (Adolfiet al. 2017)
with preferential responses to BM perception (Grossman
et al. 2000; Sokolov et al. 2018). Therefore, we hypothe-
sized that MT and pSTG play important roles at inter-
mediate processing stages of BM WM. In contrast, the
neural substrate supporting the intermediate process-
ing of SM has not been identified, however, we hypoth-
esized that different brain regions would be involved
in this condition because no social attributes could be
extracted. Among the many regions showing activation
in WM tasks, the frontal-parietal network (FPN) demon-
strates robust and consistent activation regardless of
stimulus materials and paradigms (Collette and Van der
Linden 2002; Owen et al. 2005; Rottschy et al. 2012; Dong
et al. 2016). Therefore, this network, which may serve
as the domain-general neural substrate in the WM hier-
archy, could interact with the intermediate regions in a
task-dependent fashion.

Materials and methods
Experimental design

Two typical WM task paradigms, the N-back and the
delayed match to sample (DMS), were adopted with
2 types of kinetic stimuli as sensory inputs (Fig.2).
Since the participants perceived the cognitive load
merely by the task cue and the stimuli were identical
across different loads of the N-back paradigm, this
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Fig. 2. fMRI task design. A) Schematic of the hierarchical abstract representation of a kinetic stimulus. The stimulus is composed of 13 light points (p).
By integrating all of the light points, participants could extract the geometry (G) and location (L) of the points-constituted object, which formed a static
image (I). The representation of motion (M) could be formed by integrating these static images. B) The kinetic N-back task design. C) The DMS task
design. The BM stimuli simulated human body movements and SM stimuli were circle shape movements. Each movement was an animation consisting

of 30 frames. Abbreviations: BM, biological motion; SM, shape motion.

configuration could be used to “test whether a given
brain region was involved in information maintenance
and/or manipulation by contrasting the activations
between low and high N-back load conditions.” In
addition, the manipulation of stimulus materials would
not only enable the assessment of “domain-preferential
intermediate regions by contrasting brain activations of

different sensory inputs under the same N-back load,
but also the domain-general WM regions by jointly
considering its stimulus-free regional activation and
stimulus-dependent interregional connections with
distinct intermediate regions.” Therefore, to test our
hypothesis of the hierarchical processing model for WM
tasks (Fig. 1), we first used the N-back task to identify
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intermediate regions, and then performed psychophys-
iological interaction (PPI) analyses to define domain-
general regions (see details below). Lastly, we used
the DMS task to verify the N-back results and further
dissect the specific roles (e.g. perception, information
maintenance, and/or manipulation) of these regions in
WM tasks because the DMS paradigm could separate
the process of maintaining information from sensory
perception (also refers to “encoding”) by a delayed
interval, during which sensory input was absent.

Subjects

Fifty-five participants were recruited for the N-back
experiment. One participant did not finish the test and 7
were excluded because of large head motions (maximum
displacement > 3 mm or 3°, or the number of time points
with Framewise Displacement > 0.5 mm exceeded 10% of
the total), leaving 47 participants for the final group-level
analysis (18 males, age =19.91+0.80).

The DMS data were composed of 2 subsets. An “old”
subset (24 participants) was drawn from an earlier study
on WM capacity, from which the DMS task data involv-
ing BM only have been disclosed (Lu et al. 2016), but
the results involving both BM and SM conditions have
never been published. A “new” dataset (22 participants)
was further collected to enlarge the sample size. Eight
and 4 participants were excluded because of large head
motion from the “old” and “new” datasets, respectively,
leaving 34 participants for the final sample (18 males,
age =23.28+2.55). The vision of all participants was nor-
mal or corrected to normal, and none reported a history
of psychiatric disorders. This study was approved by
the Ethic Committee of Zhejiang University. Informed
consent was obtained from each participant before the
study, and all participants were compensated for their
time dedication.

fMRI task details and behavioral data analyses

Asillustrated in Fig. 2B, the N-back WM task consisted of
2 stimulus conditions, namely BM and SM. Each stimu-
lus condition was composed of 2 memory loads (0-back
and 2-back), with 4 blocks for each load and the order
of blocks as pseudo-random. For the 0-back block, the
participants were required to press a key when the actual
stimulus was identical with the first stimulus displayed
at the beginning of each 0-back block. Meanwhile, in the
2-back block, a response was required to be made when
the actual stimulus matched the stimulus presented 2
trials earlier. The stimuli under BM N-back and SM N-
back conditions were 13 light points simulating human
body movements and circle shape movements, respec-
tively, and each block consisted of 14 trials (stimuli). Each
movement simulation was an animation of 30 frames
displayed through Psychtoolbox on Matlab (R2017b) with
a duration of 1 s. The monitor refresh rate was set to
60 Hz. Between the animations, there was a fixation
lasting for 1 s. To avoid the linguistic encoding of kinetic
stimuli, participants were asked to silently rehearse 2

digits randomly generated and presented before each
block (Gao et al. 2015; Lu et al. 2016). A probe digit was
presented at the end of the block to test the accuracy
of digital rehearse. Each N-back block was followed by a
short rest period of 12 s when a fixation was presented to
allow the hemodynamic response to return to baseline.
Notably, the point-light BM stimuli used in the present
study contained animate entities and participants could
perceive them with social attributes by integrating a
series of visual inputs.

The DMS task used the same stimuli as the N-back
task (Fig. 2C). Each participant underwent 6 task runs,
including 3 runs of BM and 3 runs of SM condition. The
order of BM and SM runs was counterbalanced between
the subjects. Each condition was composed of 2 memory
loads (2 sets and 4 sets), and trials of different loads were
intermixed. Within each trial, 3 digits were presented on
a black screen for 0.5 s, and then the memory array was
displayed for 4 s after a 1.5-s fixation period. The partic-
ipants were required to maintain the stimuli of memory
array for a delay period of 8 s and respond according to
whether the stimulus displayed in the following probe
was one of the stimuli in the memory array (Fig. 2C).
Similar to the N-back task, participants were asked to
silently rehearse 3 digits presented at the beginning of
each trial, and a probe digit was presented later. In each
run, there were 6 baseline trials in which the digital
rehearsal task was required, but the “memory array” was
replaced by a white fixation.

For the N-back task, d’ was employed as the behav-
ioral index for WM performance. The formula used to
calculate d’ was as follows: d = Zy; — Zpa (Haatveit
et al. 2010), where Hit represents the percentage of tar-
get trials (animations) that were correctly responded,
whereas FA represents the percentage of nontarget trials
that were incorrectly answered. A high d’ value indicates
that the signal/target can be reliably detected (Haatveit
et al. 2010), and therefore means a better N-back WM
ability. For the DMS task, the accuracy of each condition
was calculated. A 2-way repeated measures analysis of
variance (ANOVA) was conducted on each variable with
stimulus-type (BM vs. SM) and load (0-back vs. 2-back and
2 sets vs. 4 sets for N-back and DMS, respectively) within-
subject factors. The Bayes factor (BF) was calculated to
confirm the reliability of the statistical inference. If the P
value was smaller than 0.05 yet the BF was also small (e.g.
< 3), the alternative hypothesis would not be accepted
(Wu et al. 2018).

Imaging acquisition and preprocessing

The N-back functional magnetic resonance imaging
(fMRI) data and the “new” DMS data were acquired by a
3T Siemens Prisma scanner using a 20-channel coil. The
functional images were collected using a T2*-weighted
single-shot echo-planner imaging sequence with multi-
band acceleration (multiband factor =4), and the collec-
tion parameters were as follows: TR/TE = 1,000 ms/34 ms,

220Z 8unp €| Uo Jasn UoSIpe-UISUodsIp 10 AlsisAlun Aq GZ6£099/1 +Z0BYA/100480/€601°0 L /I0P/8]01lIB-80UBAPER/I00180/W02 dNo"dIWapee//:sdliy Wol) papEojuMO(]



flip angle=50°, FOV=230x230 mm?, matrix=92x92,
voxel size=2.5x2.5x2.5 mm?3, and slice number=>52.
Anatomical images were collected using a T1-weighted
3D magnetization-prepared rapid gradient echo sequence
with the following parameters: TR/TE = 2,300 ms/2.32 ms;
flip angle =8°; FOV =240x240 mm?; matrix = 256x256;
voxel size=0.94x0.94x0.9 mm?; and 208 slices in the
sagittal panel.

The “old” DMS fMRI data were acquired by a GE
3T Signa HDxt scanner. The functional images were
collected using a T2*-weighted single-shot echo-planner
imaging sequence, and the collection parameters were
as follows: TR/TE=2,000 ms/30 ms; flip angle=90°;
FOV =240x240 mm?; matrix =64x64; voxel size=3.75
x3.75x5 mm?; and slice number = 33. No structural data
were collected.

Both N-back and DMS fMRI data were preprocessed
using AFNI (Cox 1996), ANTs (http://stnava.github.io/AN
Ts/), SPM12 (https://www.filion.ucl.ac.uk/spm/), and
DPABI (Yan et al. 2016). The fMRI data were subjected
to slice acquisition time correction, motion correction,
spatial normalization, and smooth (FWHM=5 mm).
Since no structural data were acquired for the “old”
DMS experiment, the functional data of this dataset
were normalized to MNI space using an EPI template.
In the first level analysis of the N-back task, the general
linear model (GLM) was used to obtain the activation
maps of BM 0-back, BM 2-back, SM 0-back, and SM 2-back
conditions for each participant, with the rest period as
the baseline condition. For the DMS task, we separately
modeled the encoding (4 s for the memory array period),
maintenance (8 s for the delay period), response (2 s for
the probe period), and feedback (0.5 s for the feedback
period) periods for the correct trials of each WM load
(i.e. 2 sets and 4 sets) and each stimulus type (i.e. BM
and SM). In addition, 3 regressors for digit encoding, digit
response, and digit feedback were included. The error
trials were also modeled with additional regressors for
encoding, response, and feedback periods.

Statistical analyses of brain activation

In order to identify the stimulus-preferential intermedi-
ate processing regions, a 2-way repeated ANOVA on the
N-back activation maps was conducted at the group level
with stimulus-type (BM and SM) and load (0-back and
2-back) as within-subject factors. Brain regions showing
significant stimulus-type main effect (BM vs. SM) were
regarded as intermediate regions.

In order to identify a hypothetic domain-general
WM network, the above resultant ROIs were used in
voxel-wise PPI analyses. The differences in effective
connectivity between BM and SM conditions were
examined under the 2-back condition, as both stimulus-
type preferential and domain-general WM processing
were highly demanded under this condition. Based
on our schematic model in which there is a set of
brain regions receiving inputs from intermediate regions
independent of low-level stimulus features, we propose
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that such top-level domain-general regions would be
these regions showing (i) stimulus-type “dependent
connectivity” with stimulus-preferential intermediate
regions, and (ii) stimulus-type “independent activation.”
We used PPI analysis to identify regions satisfying the
first criterion. Technically, PPI describes the condition-
dependent synchronization between a source region (e.g.
MT) and a target region or voxel (see supplementary
materials for methodological details). We first acquired
voxel-wise PPl maps (i.e. differences in effective con-
nectivity between BM 2-back and SM 2-back conditions)
using intermediate regions as seeds (one PPI map for
each seed region). To further identify regions that also
satisfy the second criterion, we conducted a conjunction
analysis on the PPI maps and a WM map acquired
from an automated meta-analysis of 1,091 studies
using Neurosynth (https://neurosynth.org/) by searching
the term “working memory” The resultant regions
constituted the hypothetic domain-general WM network
(Supplementary Fig. S1). All voxel-wise fMRI statistics
were corrected for multiple comparisons according to
voxel-wise P-value <0.001 and a minimum cluster size
of 22 voxels based on 3dClustSim (using the average
spatial smoothness parameters of the group with the
mixed-model autocorrelation function, ACF) in AFNI
(Cox et al. 2017).

In order to verify the results of the N-back task, ROI-
wise ANOVA analyses on the DMS activations were con-
ducted. As the 2 DMS datasets yielded similar results, we
combined them and performed repeated ANOVA analy-
ses with stimulus-type (BM and SM) and load (2 sets and
4 sets) as within-subject factors, and scanner as a cat-
egorical covariate for encoding and maintaining phases
separately. The intermediate regions and domain-general
regions identified above were used as ROIs. Post-hoc
tests were further performed with Bonferroni correction
P <0.05. If the intermediate regions and domain-general
regions were identified appropriately, the main effect of
stimulus-type was expected for intermediate regions but
not for domain-general regions. In addition, we tested the
load and stimulus-type main effects of the N-back task
on domain-general ROIs using ROI-wise ANOVA analyses.
As the stimulus-type main effect of intermediate regions
was already revealed by voxel-wise whole brain analysis,
we only tested the load effect in the subsequent ROI-wise
analysis of the N-back task (using paired T-tests).

The ROI-wise analyses were conducted to further dis-
sect the roles (e.g. encoding, information maintenance,
and/or manipulation) of stimulus-type preferential
and domain-general regions in WM tasks. As different
loads of sensory inputs (2 sets vs. 4 sets) required
different demands for stimulus encoding in the DMS
task, we examined whether these regions were engaged
in encoding by testing the load effect during the DMS
encoding phase. Similarly, whether these regions were
engaged in information maintenance was tested by the
load effect during the delayed phase. Returning to the
N-back task, the sensory input was the same for O-back
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and 2-back conditions, whereas the load of information
maintenance and manipulation in WM was higher under
the 2-back condition. The regions that supported pure
perception would not show significant WM load effect in
the N-back task. Therefore, we combined the activations
in both N-back and DMS tasks to summarize the roles of
intermediate and domain-general regions in WM tasks.

Results
Behavioral results

Regarding N-back performance, the repeated ANOVA
analyses showed a significant main effect of load
on d’, indicating a better performance of the 0O-back
load compared with the 2-back load (F (1,46)=71.16,
P <0.001, nf, = 0.61, BFjp> 1,000). Neither the stimulus-
type main effect nor stimulus-type by load interaction
was significant (stimulus-type main effect: F (1,46) =2.08,
P=0.156, ng = 0.04, BFp = 0.41; interaction effect: F
(1,46)=1.40, P=0.244, ng = 0.03, BFyp = 0.35). As for
the DMS task, the repeated ANOVA results showed a
significantly higher accuracy for the 2 sets than the
4 sets load (F (1,33)=15.62, P<0.001, nﬁ = 0.32, BFyo
= 5.69x10%). The accuracy was higher under the BM
condition relative to the SM condition but the effect size
was small (Ferguson 2009; F (1,33)=5.46, P=0.026, 77;2) =
0.14, BF1p = 5.91). No significant stimulus-type by load
interaction was found (F (1,33)=0.01, P=0.926, 775 <0.001,
BFy0 = 0.12).

These results indicated that our manipulation of WM
load was efficient and the task difficulty was compara-
ble between BM and SM conditions, which means that
the activation difference between BM and SM conditions
could be attributed to the difference of stimulus process-
ing.

ANOVA analyses demonstrated that the accuracy
of digit rehearsal did not differ between BM and SM
conditions, and neither the load main effect nor the
stimulus-type by load interaction was found in the
N-back and DMS tasks (mean accuracy > 0.88 for all
conditions, minimum P=0.051, maximum n5:0.09,
and maximum BF1=0.98). The results indicated that
participants followed the task instructions well.

Imaging results

Identification of stimulus-type preferential intermediate
regions

One-sample T-tests showed the activation of a wide
range of brain regions in response to the N-back task.
Specifically, the activated brain regions included the typ-
ical frontal-parietal WM network seen in many previous
studies (Owen et al. 2005; Dong et al. 2016; Zhou et al.
2019; Fig. 3A). In the 2-way repeated measures of ANOVA
with stimulus-type (BM and SM) and WM-load (0-back
and 2-back) as within-subject factors to identify inter-
mediate regions, significant main effects of the stimulus-
type were mainly found at the bilateral occipitotemporal
cortex, postcentral gyrus (PoCG), pre-central gyrus, and

inferior frontal gyrus (Fig. 3B, Supplementary Table S1).
Among them, the bilateral occipitotemporal cortex and
PoCG were the most significant clusters (F statistics
> 100; Supplementary Table S1). Further paired T-tests
showed that the bilateral occipitotemporal cortex was
activated at a higher level under the BM condition
relative to that under the SM condition for both 0-back
and 2-back loads, whereas PoCG displayed the opposite
pattern (Fig. 3C, Supplementary Table S2). These results
indicated that the PoCG and occipitotemporal cortex
(including pSTG and MT) may serve as the intermediate
processing regions abstracting distinct features for SM
and BM WM, respectively.

Identification of high-level domain-general regions and
their connectivity patterns with intermediate regions under
different task contexts

Although BM and SM stimuli shared similar low-level
features, the brain regions underlying intermediate pro-
cesses for BM and SM WM would show stronger interac-
tions with the WM core network in a context-dependent
way. To define ROIs (e.g. pSTG, MT, and PoCG) with higher
specificity, we constrained brain regions exhibiting acti-
vation differences between BM and SM conditions with
AAL parcellations for STG and PoCG, and using VisfAtlas
(Rosenke et al. 2021) for MT. The resultant 6 ROIs (Fig. 4,
L PoCG: 232 voxels; R PoCG: 293 voxels; L pSTG: 21 voxels;
R pSTG: 262 voxels; L MT: 68 voxels; and R MT: 75 voxels)
were used in PPI analyses. As shown in Fig. 4, the bilat-
eral pSTG and MT indicated stronger connections with
the FPN under the BM 2-back condition, as compared
with that under the SM 2-back condition. In contrast,
the PoCG showed stronger connections with the FPN
under the SM 2-back condition, as compared with that
under the BM 2-back condition. The above PPI results
suggested that the FPN satisfies the first top-level net-
work property, namely stimulus-type “dependent con-
nection.” Although, the FPN also satisfies the second
property of stimulus-type free activation based on Fig. 3A
and B, we conducted a conjunction analysis on the FPN
maps acquired from our PPI analyses and the WM meta-
analysis map (https://neurosynth.org/) for better gener-
alization (Supplementary Fig. S2). The conjunction FPN
(Supplementary Fig. S1) was frequently activated by var-
ious WM tasks, and displayed stimulus-type dependent
connectivity patterns with intermediate regions (pSTG,
MT, and PoCG), indicating that it meets the 2 criteria for
a domain-general network.

Verification of N-back results and dissecting roles of
stimulus-type preferential intermediate regions and
domain-general regions in WM tasks

In order to verify the results of the N-back task and
further dissect the roles of stimulus-type preferential
and domain-general regions in WM tasks, we extracted
the activation values of bilateral pSTG, MT, PoCG and the
hypothetic domain-general WM network (i.e. FPN regions
including bilateral frontal, supplementary motor area
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Fig. 3. Activation maps of the N-back task. A) Activation patterns showing that the FPN was engaged in all of the WM conditions. B) Regions showing
significant stimulus-type main effect by ANOVA. C) Differences in activation between BM and SM conditions for 0-back and 2-back loads, showing
higher activation in the pSTG and middle temporal visual area (MT) for BM vs. SM contrast and higher activation in the PoCG for SM vs. BM contrast.
The activation maps were corrected for multiple comparisons with voxel-wise P-value < 0.001 and a minimum cluster size of 22 voxels. The boxes and
arrows indicate the anatomical location of regions (red: FPN; yellow: pSTG; green: MT; and blue: PoCG), from which the domain-general and intermediate
regions were identified in latter analyses. Abbreviations: BM, biological motion; SM, shape motion.

(SMA) and parietal regions; see Supplementary Fig. S1)
and conducted repeated ANOVA analyses with stimulus-
type (BM and SM) and load (2sets and 4sets) as within-
subject factors, and scanner as a categorical covariate for
the DMS task.

During the encoding phase, higher activation was not
only shown for MT under the BM condition but also in
response to high load under both BM and SM conditions
(Table 1, Fig. 5B, Supplementary Table S3), whereas the
PoCG displayed stronger activation under the SM condi-
tion relative to the BM condition for both low and high
loads, and for high load only under the SM condition
(Table 1 and Fig. 5D). As for pSTG, it was strongly acti-
vated under both BM and SM conditions, and the left
pSTG displayed higher activation under the BM 4 sets
relative to the BM 2 sets condition (Table 1 and Fig. 5F).

During the DMS maintenance phase, most interme-
diate ROIs except the left pSTG were suppressed. The
left pSTG showed significant positive activation under
the BM 4 sets condition, and the activation under this
condition was significantly higher than that under
the BM 2 sets condition (Fig. 5F). Returning to the N-
back task, the stimulus-type main effects in these 3
regions had been examined (Fig. 3) but the load effects
remained unknown. Therefore, we conducted paired T-
tests to investigate whether these intermediate regions
displayed load effects. ROI-level statistical analyses
showed significantly higher response in MT and pSTG

for high load under the BM condition, and the left pSTG
also presented a load effect under the SM condition
(Fig. SA and E). In contrast, the PoCG did not exhibit any
significant load effect (Fig. 5C).

Regarding the domain-general FPN network, during
the DMS encoding phase, the frontal and parietal regions
not only displayed significant load effects but also
higher activation under the SM condition (Fig. 6B and D),
whereas the SMA only displayed a significant load effect
(Fig. 6F). This result indicates that the FPN also plays
prominent roles in encoding, and there are functional
heterogeneities within this network. During the DMS
maintenance phase, all FPN regions showed significant
load effects under both BM and SM conditions but no or
weak stimulus-type effect (Table 1 and Fig. 6B, D, and F).
As the FPN regions were identified using PPI analyses,
both the effects of stimulus-type and WM load in the
N-back remained to be illustrated. ROI-based analyses
revealed significantly higher responses in high WM load
under both BM and SM conditions in all of the FPN
regions (Table 1 and Fig. 6). Taken together, the sustained
FPN activations during the DMS delayed phase and the
N-back task indicated their critical role for information
maintenance, whereas the FPN activations during the
DMS encoding phase suggested that this network also
plays important roles in the hierarchical processing
chain. In short, as summarized in Fig. 7, our results pro-
vided proof-of-concept evidence to support the idea that
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PPI (SM-BM)

Fig. 4. Six intermediate regions and their effective connectivity maps. The 6 ROIs used in the PPI analysis were presented in the left panel. The effective
connectivity difference of A) SM 2-back compared to BM 2-back condition and B), C) BM 2-back compared to SM 2-back condition were presented in
the right panel. The PPI maps were corrected for multiple comparisons with voxel-wise P-value <0.001 and a minimum cluster size of 22 voxels. The
boxes and arrows indicate that the FPN shows the most robust PPI effect. Abbreviations: L, left; R, right; PoCG, postcentral gyrus; pSTG, posterior superior
temporal gyrus; MT, middle temporal area; FPN, frontal-parietal network; BM, biological motion; SM, shape motion.

different intermediate neural pathways interact with a
common domain-general FPN to support WM tasks.

Discussion

In the present study, we examined the neural mecha-
nisms of WM from a hierarchical processing perspective.
Based on the comparison of activities between BM and
SM WM using a novel N-back task, we identified pSTG,
MT and PoCG as stimulus-type preferential intermedi-
ate processing regions. Further PPI analyses established
context-dependent effective connectivity between FPN
and the 3 intermediate regions. These results were val-
idated and extended by an independent DMS task. Our
findings provide evidence for a hierarchical processing
model of WM, and may have significant implications
for developing efficient interventions to improve WM, as
discussed further below.

Domain-general and stimulus-type preferential
processing pathways of BM and SM

As FPN is consistently activated by various WM tasks
(Zurowski et al. 2002; Owen et al. 2005; Rottschy
et al. 2012; Zhou et al. 2019), including the present
one (Fig. 3A), it is plausible to consider it as a WM
domain-general network. Between the FPN and neural
cortices receiving external inputs (e.g. the primary
visual cortex for visual input), there must be multiple
layers of networks through which input information is
hierarchically processed from one layer to another. A
top-down process is also necessary to modulate brain
regions composed of intermediate layers based on task
goals (Fig. 1B and C). Congruent with this conjecture,
even though the low-level features such as brightness
and color of the BM and SM conditions were comparable,
we identified that pSTG, MT, and PoCG showed the most
significant difference in activation, whereas the primary
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Table 1. ROI-based analysis of N-back and DMS tasks.
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DMS task

N-back task

Encoding

Maintenance

Load effect

effect
Stimulus-preferential regions
Middle temporal (MT) H>L BM > SM
(BM & SM) H&L)
Posterior superior temporal gyrus (STG) H=>L -
(BM)
Postcentral gyrus (PoCG) H>L SM > BM
(SM) (H&L)
Domain-general regions
Frontal cortex H>L SM > BM
(BM & SM) (H&L)
Parietal cortex H>L SM > BM
(BM & SM) (H&L)
Supplementary motor area H>L -
(BM & SM)

Stimulus-type

Load effect Stimulus-type Load effect Stimulus-type

effect effect

_ - H>L BM > SM
(BM) (H&L)

H>L - H>L BM > SM

(BM) (BM & SM) (H&L)

- - - SM > BM

(H&L)

H>L - H>L SM > BM

(BM & SM) (BM & SM) L)

H>L SM > BM H>L SM > BM

(BM & SM) (H) (BM & SM) L)

H>L - H>L -

(BM & SM) (BM & SM)

The load and stimulus-type effects during the maintenance period were not marked for de-activated regions. Abbreviations: BM, biological motion; SM, shape

motion; H, high WM load; L, low WM load.

visual and FPN were activated similarly between the 2
conditions (Fig. 3B and C), suggesting pSTG, MT, and PoCG
as putative intermediate processing nodes for distinct
abstract features of BM and SM, respectively. Indeed,
the pSTG has been shown to play a critical role in the
construction of meaningful biological movements from
discrete light points (Grossman et al. 2000; Vaina et al.
2001), and is able to integrate multi-sensory information
(Fernandinoetal.2016; Hasan et al. 2016). Meanwhile, the
MT is responsive for complex motion discrimination and
is also an essential region constituting the visual path-
way of social perception (Pitcher and Ungerleider 2021).

In contrast, the SM condition induced a stronger acti-
vation in PoCG, suggesting that a different intermediate
node was more engaged. Although the engagement of
PoCG as a crucial region in SM WM condition is a rel-
atively novel discovery, this finding is reliable because
the effect could be replicated by an independent DMS
dataset. In the literature, PoCG is often reported to show
activation in tasks evoking one’s somatic sensation (Stilla
and Sathian 2008; Puckett et al. 2020), or emotion recog-
nition (Pourtois et al. 2004). However, recent studies have
indicated the important roles of sensory and motor corti-
cal areas in the neural representation of concepts (Kiefer
and Pulvermuller 2012; Fernandino et al. 2016). Thus, a
post-hoc explanation of the activation of PoCG under
the SM condition is to some extent related to the rep-
resentation of movements with regular patterns such
as translation and rotation. Participants may abstract
these movement conceptions through somatic experi-
ences, requiring the involvement of PoCG, though more
research is warranted to test this speculation.

Neural substrates for the hierarchical processing
model of WM

Similar to the abstraction gradient in the lateral pre-
frontal cortex (LPFC) proposed by Nee et al. (Nee and

D’Esposito 2016; Badre and Nee 2018), we consider that
a stimulus can be processed through a chain of neural
network with the abstraction level increasing with the
frontal-parietal regions as the apex in this hierarchical
process. Although stimuli for both the BM and SM con-
ditions are in a visuospatial form with comparable low-
level features, the abstraction procedure would involve
some brain regions processing shared features and other
brain regions processing non-shared features at different
levels of abstraction. Brain regions with distinct degrees
of contribution to BM and SM abstraction should show
differences in local activation and stimulus-type depen-
dent connectivity with the apex regions. As summarized
in Fig. 7, different intermediate neural pathways inter-
acted with the same domain-general FPN to support dif-
ferent WM tasks. The specific roles of these intermediate
regions and domain-general FPN regions are detailed
below.

During the DMS maintenance phase in our experi-
ment, the activationsin the frontal-parietal cortices were
increased by WM load. This sustained activity of the
delay period is related to the content relevant to the
task goal, which has been the focus of previous WM
studies (Christophel et al. 2012; Ester et al. 2015; Schmidt
et al. 2017). Combined with previous reports that stimu-
lus content could be decoded from frontal and parietal
regions (Christophel et al. 2012; Ester et al. 2015), it is
possible that these regions are primary neural correlates
to maintain the memory of content (i.e. information that
has been processed from a sensory stimulus to a highly
abstract representation (Fig. 7)). Furthermore, the acti-
vation differences in these regions during the encoding
phase of the DMS task (Fig. 6B and D) indicated that
these regions not only function as nodes of storage, but
also engage in information processing. Considering both
activations in response to encoding and maintenance
in the DMS task, the frontal and parietal regions may
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Fig. 5. ROI-based analyses of stimulus-type preferential regions. The vertical axis stands for fMRI activation strength. Abbreviations: BM, biological
motion; SM, shape motion; DMS, delayed match to sample; MT, middle temporal; PoCG, postcentral gyrus; pSTG, posterior superior temporal gyrus.
* P<0.05, ** P<=0.001. Note: The stimulus-type main effect of N-back task was previously revealed by whole-brain voxel-wise analysis.

serve as the neural correlates for late-stage processing
and then the maintenance of the memory of content.
On the other hand, the FPN regions are thought to repre-
sent task-general information that coordinate regions for
stimulus-specific representations via top-down modula-
tion (Sreenivasan et al. 2014; D'Esposito and Postle 2015).
In particular, Nee et al. identified that participants repre-
sented and updated different levels of contextual infor-
mation (e.g. task rules) with a rostrocaudal organization
of the prefrontal cortex (Nee and Brown 2012, 2013; Badre
and Nee 2018). Therefore, in addition to the memory of
content, the memory of process (e.g. contextual infor-
mation for the top-down modulation of intermediate cir-
cuits) is another type of information that was maintained
in the frontal and parietal regions (Fig. 7). Moreover, the

activation of SMA was only dependent on cognitive load
in all conditions in both tasks (Fig. 6E,F). Although, the
SMA plays a critical role in preparing actions and rep-
resenting planned operational sequence (Amador and
Fried 2004; Nachev et al. 2008; Cona and Semenza 2017),
the load-dependent activation of SMA during the main-
tenance phase of the DMS task indicated that this region
could have more functions in WM than simple motor
response, because the motor preparation for response
was the same for high and low WM load conditions.
Instead, the SMA might be the primary neural substrate
underlying the mental operational sequences to manip-
ulate information in WM tasks.

Regarding whether the stimulus-type preferential
regions are engaged in information maintenance, the
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Fig. 6. ROI-based analyses of domain-general regions. The vertical axis stands for fMRI activation strength. Abbreviations: BM, biological motion; SM,
shape motion; DMS, delayed match to sample; SMA, supplementary motor area. * P <0.05, ** P <= 0.001.

observed WM load effect in the N-back task indi-
cated that both pSTG and MT play more roles beyond
perception. As the sensory inputs were the same
for 0-back and 2-back conditions, a higher pSTG/MT
activation in response to the 2-back condition may
reflect an enhanced top-down modulation or the
engagement in WM maintenance. The top-down control
over intermediary regions may “guide” these regions by
invoking more postsynaptic neural activity to locally
abstract/process in more detail such that the abstracted
features can differentiate the current stimulus from
previous ones. Notably, the pSTG displayed a stronger
response to the high load condition of BM during the
maintenance period (Fig. 5F). This pattern indicates
that the pSTG may be also involved in information
maintenance, which is consistent with previous studies

decoding the stimulus content from pSTG (Christophel
et al. 2017; Erhart et al. 2021). In addition, it has been
shown that sustained activation may be unnecessary
for information maintenance (Riggall and Postle 2012).
It is worthwhile for future studies to investigate how
information maintained in FPN is different from that
maintained in intermediate regions.

In the current study, we also observed a stronger
functional coupling between MT and thalamus under
the BM 2-back condition relative to the SM 2-back
condition despite comparable activation between the
2 conditions. Since the thalamofrontal loop is important
for WM maintenance (Bolkan et al. 2017; Hsiao et al.
2020), the abstracted task relevant information might be
transmitted to this loop and thus induce stronger func-
tional coupling between MT and thalamus. In addition,
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Fig. 7. Schematic of the hierarchical model of dynamic WM. Assumptive pathways of hierarchical information processing for biological motion A)
and circle shape motion B). Abbreviations: BM, biological motion; SM, shape motion; pSTG, posterior superior temporal gyrus; MT, middle temporal
area; PoCG, postcentral gyrus; Pref. Proc. Circuit, preferential processing circuit; Nonpref. Proc. Circuit, non-preferential processing circuit; Distract Proc.

Circuit, distract processing circuit.

the medial dorsal thalamus is related to the recollection
procedure (Danet et al. 2017). Given the relatively low
demand for information maintenance and updating
under the 0-back condition, the recollection process
might be a primary factor inducing higher thalamic
activation for BM. This is because the abstraction of BM
would require or trigger more recollection processes to
retrieve the experience associated with the BM stimulus
(such as activities in social situations).

The difference from hierarchical cognitive control
and its implications for WM training

The hierarchical neural model proposed in the present
study shares some principles similar to the hierarchical
model of cognitive control, however, they have their
own distinct features. Although cognitive control focuses
more on behavioral adaptation in alignment with rules
or goals, WM puts more emphasis on the mechanism
of information maintenance and manipulation. Based
on the evidence for the engagement of a rostrocaudal
organization of LPFC when participants represent and
update different levels of contextual information (e.g.
task rules) in WM (Nee and Brown 2012, 2013), the
hierarchical model proposed by Nee et al. indicates that
the LPFC is the primary neural substrate for cognitive
control (Nee and D’Esposito 2016; Badre and Nee 2018).
In contrast, the current study focused on the hierarchical
abstraction procedure of stimulus information and
whether such abstracted content information can be
eventually represented and manipulated by a domain-
general network. Our results highlighted the FPN as
the domain-general neural substrate for WM, which is

consistent with previous meta-analyses based on WM
task induced activations (Owen et al. 2005; Rottschy
et al. 2012). When examining the anatomic boundary of
WM domain-general FPN reported in the present study
and that of LPFC illustrated by Nee et al. (Badre and
Nee 2018), we noticed that the FPN also included the
caudal part of the LPFC for cognitive control. Although
the representation of task rule in LPFC as retained
information during the task can be considered as a type
of maintained information described by WM, the few
reports on rostral LPFC activation in WM is probably due
the fact that most WM studies, including the present
one, did not require subjects to switch between different
levels of rules. In other words, WM tasks usually only
necessitate contextual control underlined by caudal
LPFC but not temporal control that engages rostral LPFC.

The findings of this paper shed light on the neural
mechanisms of WM from a hierarchical perspective and
may also have implications for understanding the trans-
fer effects of WM training. First, the domain-general FPN
may serve as the primary neural substrate of transfer
effect. Indeed, the activation of FPN and its relationship
with WM performance has been consistently reported
(Owen et al. 2005; Dong et al. 2016; Liu et al. 2018),
and our previous work has also shown that abacus-
based mental calculation (AMC) training has a positive
transfer effect on both verbal and spatial WM (Hu et al.
2011, Dong et al. 2016, Wang et al. 2019b). After AMC
training, sustained activation in response to continuous
mental spatial operation, which was not trained, was
enhanced in the FPN (Zhou et al. 2019), and the acti-
vation of middle frontal cortex mediated the transfer
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effect of AMC to a spatial WM task (Wang et al. 2019b).
Second, the intermediate level of information process-
ing also contributed to WM performance, which might
account for the poor far-domain transfer effect of WM
training. As the improvement of WM performance after
a specific WM task training could be attributed to the
increased efficiency of intermediate level processing, a
near-transfer effect could be observed more often when
the untrained task shared similar intermediate process-
ing features with the trained task, however, a far-transfer
effect was hardly seen because the intermediate path-
ways for the new tasks were not trained. In future studies,
the training-induced transfer effects on WM should be
dissected into gains in domain-general FPN and different
layers of intermediate pathways.

Conclusions

From a hierarchical processing perspective, the present
study identified pSTG, MT and PoCG as stimulus-type
preferential intermediate pathways of BM and SM WM
information processing, respectively. Further analyses
showed that the domain-general WM network, FPN, inter-
acted with intermediate regions in a context-dependent
manner. These results provide empirical evidence for the
hierarchical model of WM and may have implications for
future studies on designing effective intervention strate-
gies to target different layers of the WM neural hierarchy.

Supplementary material

Supplementary material can be found at Cerebral Cortex
online.
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