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The dynamic relationship between the neural representation of action word semantics and specific sensorimotor experience remains
controversial. Here, we temporarily altered human subjects’ sensorimotor experience in a 15-day head-down tilt bed rest setting, a
ground-based analog of microgravity that disproportionally affects sensorimotor experiences of the lower limbs, and examined whether
such effector-dependent activity deprivation specifically affected the neural processes of comprehending verbs of lower-limb actions
(e.g. to kick) relative to upper-limb ones (e.g. to pinch). Using functional magnetic resonance imaging, we compared the multivoxel
neural patterns for such action words prior to and after bed rest. We found an effector-specific (lower vs. upper limb) experience
modulation in subcortical sensorimotor-related and anterior temporal regions. The neural action semantic representations in other
effector-specific verb semantic regions (e.g. left lateral posterior temporal cortex) and motor execution regions were robust against
such experience alterations. These effector-specific, sensorimotor-experience-sensitive and experience-independent patterns of verb
neural representation highlight the multidimensional and dynamic nature of semantic neural representation, and the broad influence
of microgravity (hence gravity) environment on cognition.
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Introduction
How plastic are semantic neural representations? Are common
word meanings that have been already acquired still constantly
updated as a result of our constant experiential streams? One
of the central issues in the enterprise of semantic research is
indeed the extent and nature of the involvement of sensorimotor
experiences in semantic representation: whether and how the
neural representation of the meaning of the word “kick” entails,
relies on and/or is satisfied by the sensorimotor experiences
associated with the action of kicking. As one of the cornerstones
of embodied cognition (e.g. Pulvermüller 2005; see critical discus-
sions in Caramazza et al. 2014), it has been consistently observed,
based on neuroimaging, that the comprehension of action words
elicits activation in distributed brain regions, including the pri-
mary sensorimotor cortex (M1 and S1) and dorsal premotor cortex
(PMd), which directly support motor execution (Hauk et al. 2004;
Lin et al., 2015a; Tettamanti et al. 2005; Willems et al. 2010), and
those assumed to be related to higher order motor action in a
more abstract manner, such as the left lateral posterior temporal
cortex (LPTC; see Wurm and Caramazza 2021 for review), left
inferior frontal gyrus (IFG) and supplementary motor area (SMA;
Warburton et al. 1996; Bedny et al. 2008; Yu et al. 2011; Yang et al.
2017). Motor system impairments [e.g. in Parkinson’s disease (PD;
Fernandino et al. 2013a) or via transcranial magnetic stimula-
tion (TMS)] have been found to modulate action verb judgment

behaviors, although the effect directions have been inconsistent
in TMS studies (inhibitory for TMS on M1 in Repetto et al. 2013;
Vukovic et al. 2017; and Vukovic et al. 2021; faciliatory for TMS
on PMd in Willems et al. 2011). While these classical findings
suggest that certain brain regions are related (or even causal) to
semantic behavioral processing of action words, they do not con-
stitute direct evidence for how sensorimotor experience dynami-
cally modulates semantic neural representations, given how such
brain regions may have functions beyond specific sensorimotor
processes (i.e. suffering the risk of reverse inference fallacy; see
Poldrack 2006).

Only a few fMRI studies have examined the role of sensorimo-
tor experience in the neural representation of action word mean-
ing, focusing on motor experience enrichment and yielding incon-
clusive results. For instance, ice hockey playing experience has
been demonstrated to increase PMd activity and decrease M1/S1
activity when listening to hockey-related sentences (Beilock et al.
2008; Lyons et al. 2010). Relatedly, higher accuracy after learning
physics concepts (e.g. angular momentum) through hands-on
action (compared with observation of wheel-manipulation conse-
quences) is mediated by greater activation in M1/S1 when under-
standing words denoting physical concepts (Kontra et al. 2015).
That is, the neural activities of action-related words in primary
and association sensorimotor cortices, not in more abstract verb-
semantic regions (e.g. LPTC), have been reported to change with
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motor experience enrichment, yet the directions of the results
were not consistent across studies. The complexity of the result
patterns might be related to the fact that these studies entail com-
plex action experiences and that the effects of multiple kinds (e.g.
complex personal spatial/temporal interactions associated with
ice hockey) were entangled. Besides motor areas, recent evidence
reported that learning new words associating with movement
sequences (action verb learning) induced rapid neuroanatomi-
cal plasticity in regions related to general semantic processing,
including left anterior temporal lobe (ATL; Vukovic et al. 2021).
Furthermore, for regions representing action semantics in mul-
tivoxel activity patterns abstracted away from modality and/or
exemplars (e.g. LPTC; Wurm and Caramazza 2021), it is necessary
to adopt multivoxel pattern analyses to test the possibility that
the effects of motor experience on their neural representations of
action verbs may be reflected in activation patterns.

Here, we took advantage of an unusual setting that introduces
short-term alteration of sensorimotor experience in an effector-
specific way: the 15-day, 6◦ head-down tilt bed rest experiment
(HDBR). Such an operation simulated the working environment in
outer space and substantially deprived the subjects’ lower-limb
action sensorimotor experience (e.g. walking, standing, stomp-
ing) more radically than actions performed by the upper limbs
(e.g. grasping, reaching, object manipulation), which were not
constrained. This paradigm has been widely used to study the
effects of gravity on human cognitive functions (e.g. biological
motion perception; Wang et al. 2022). Does the more radical lower-
limb sensorimotor experience alteration specifically affect how
the brain represents the meanings of lower-limb action verbs
(e.g. to stomp)? Given that effector-specificity is the most funda-
mental principle for the neural organisations of the sensorimotor
systems, answering this question allows us to test the level of
representation specificity in which semantic neural representa-
tion relies dynamically on one’s sensorimotor experience. Evi-
dence of lower-limb motor short-term experience change lead-
ing to changes in neural representation for common foot action
verbs (to stomp, to kick) would indicate effector-specific motor
dynamic “grounding” for the corresponding representation; for
those regions whose word meaning representation is indepen-
dent of specific motor experience modulation, either because
such knowledge becomes fully abstracted once acquired (despite
knowledge acquisition requiring motor experience), or because
the knowledge is not derived from sensorimotor experiences, they
are not predicted to be influenced by temporary motor experience
manipulation.

Materials and methods
Subjects and HDBR experiment procedure
Twenty-four healthy human subjects were recruited for the
15-day, 6◦ head-down tilt bed rest (HDBR) experiment. They
were admitted to the Space Science and Technology Institute
(Shenzhen) 7 days before the start of HDBR and were released
8 days after the HDBR. During the HDBR experiment, they
remained in the head-down tilt position all of the time (no
exceptions for daily routines like meals and bathing). The
functional actions of lower-limbs, including body-weight bearing,
locomotion, coordination actions to support upper-body actions,
were practically absent. Manual actions such as stretching the
arm or browsing the phone with fingers remained unrestricted.
All subjects were native Mandarin Chinese speakers who were
right-handed and had no history of neurological or psychiatric
disorders.

All subjects except for one (with only post-HDBR fMRI data)
were scanned before (pre-) and after (post-) HDBR. Therefore,
23 subjects (all males; age: M ± SD = 27.9 ± 3.4 years, range: 24–
35 years) with acceptable head motion (< 3 mm maximum trans-
lation or 3◦ rotation) were included in the analysis of the verb
judgment experiment.

This study was approved by the Human Subject Review Com-
mittee at the Space Science and Technology Institute (Shen-
zhen) and was conducted in accordance with the Declaration of
Helsinki. All subjects provided informed consent and received
monetary compensation for their participation.

fMRI experimental design and stimuli
We carried out a verb judgment fMRI task to evaluate the effects
of HDBR on the neural representations of action semantics. The
target stimuli of this task were two salient hand action verbs
(“ ”,/zhua1/, to scratch; “ ”,/nie1/, to pinch) and two salient foot
action verbs (“ ”,/cai3/, to stomp; “ ”,/ti1/, to kick). The four
target verbs were matched in terms of word frequency (logW:
“ ”= 3.93, “ ”= 2.53, “ ”= 3.02, “ ”= 3.36; Cai and Brysbaert
2010). Two mouth action verbs (“ ”,/yao3/, to bite; “ ”,/tian3/, to
lick) were included as oddball trials. Our study belongs to a larger
neuroimaging project in the special HDBR setting with limited
scanning time. Choosing a small number of good quality stimuli
for each condition leaves room for more repetitions and has been
shown to be able to establish reliable item-specific activation
patterns, which allows for comparisons within and between con-
ditions (e.g. see Coutanche and Thompson-Schill 2015; Wang et
al. 2018). During the experiment, subjects were asked to listen to
the spoken names of these action verbs and to press a button
when they heard a mouth-related action verb (Fig. 1a). The task
was scanned in one run that lasted 336 s. The run consisted of 64
target trials (1-s auditory word, followed by 2-s silence), 16 oddball
trials (1-s auditory word, followed by 2-s silence; eight times for
each mouth-related verb) and 32 null trials (3-s silence). The
four target action verbs were grouped in random order in blocks
and repeated 16 times. The oddball and null trials were pseudo-
randomly interposed between the target trials. The run started
with 12-s silence and ended with 12-s silence. The stimulus order
was randomised for each subject in the pre-HDBR scan and was
repeated for the same subject in the post-HDBR scan. In both the
pre-HDBR and post-HDBR scans, subjects showed high accuracies
of oddball detection (pre-HDBR: M ± SD = 88% ± 17%; post-HDBR:
M ± SD = 89% ± 16%), suggesting that they were attentive during
the task.

Image acquisition and preprocessing
Functional and structural MRI data were collected from a
3-T Siemens Trio Tim Scanner at the Shenzhen Institute of
Advanced Technology MRI Center (1 day before and after the
HDBR procedure). For structural MRI, high-resolution anatomical
three-dimensional magnetisation-prepared rapid gradient (3D-
MPRAGE) images were collected in the sagittal plane (192 slices,
repetition time (TR) = 2530 ms, echo time (TE) = 2.96 ms, flip
angle (FA) = 7◦, matrix size = 256 × 256, voxel size = 1 × 1 × 1 mm3).
Functional MRI data were collected using an epoch-planar
imaging sequence that covered the whole cerebral cortex and the
cerebellum (38 axial slices, TR = 2000 ms, TE = 30 ms, FA = 90◦,
matrix size = 64 × 64, voxel size = 3 × 3 × 3 mm3 with a gap of
0.45 mm).

All data were preprocessed using Statistical Parametric Map-
ping software (SPM 12; RRID: SCR_007037; https://www.fil.ion.
ucl.ac.uk/spm). For each subject, the first four volumes of each
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Fig. 1. Experimental design and analysis procedure. (a) Verb-judgment task fMRI design. Subjects were asked to think about the meanings of the action
verbs they heard, and to press the key when a mouth action verb is heard (oddball trials). (b) Analysis pipeline of multivoxel pattern correlation analysis.
For each of the four target words, we calculated its whole-brain t map in the first and second half of the functional run (based on eight repetitions in
each half). For a given ROI, we computed Pearson’s correlation between the two halves for each pair of words to generate the neural RSM shown in the
right panel. Three types of effector information were then calculated from the neural RSM.

run were discarded for signal equilibrium. The remaining images
underwent slice timing and head motion correction and were
then spatially normalised into the Montreal Neurological Institute
(MNI) space using unified segmentation (resampled into 3-mm
isotropic voxels). For multivoxel pattern analyses, the functional
images were spatially smoothed using a 3-mm full width at half-
maximum (FWHM) Gaussian kernel. For univariate analyses, the
functional images were spatially smoothed with a 6-mm FWHM
Gaussian kernel.

Multivoxel pattern analysis
Generalised linear model
For multivoxel pattern analyses of the verb judgment experi-
ment, the preprocessed functional data were analyzed using a
generalised linear model (GLM), which was built in a split-half
approach (Haxby et al. 2001; Haushofer et al. 2008). That is, as
each target action verb repeated 16 times in the run, each of
them was modeled with two regressors corresponding to the first
eight onsets or the last eight onsets. This way of separating fMRI
data into two halves was adopted to reduce the influence of
temporal collinearity in pattern similarity analyses (Mumford et
al. 2014). A regressor corresponding to oddball trials (i.e. mouth-
related verbs) was also included, and each of these regressors was
convolved with a canonical hemodynamic response function. The
GLM further included six predictors of head motion parameters.
A high-pass-filter cutoff was set at 128 s. After model estimation,
we calculated the whole-brain t maps of each target verb relative

to baseline in the first or second half of the run for further
multivoxel pattern correlation analyses.

Information representation computation
For a given region of interest (ROI), the voxel-wise t values for each
action verb in the first or second half of the run were extracted
and correlated between the two halves (Pearson’s correlation).
This resulted in an asymmetric 4 × 4 neural representational
similarity matrix (RSM), with diagonal values reflecting the neu-
ral pattern stability of each action verb and off-diagonal values
reflecting the neural pattern similarity between pairs of action
verbs. After Fisher-z transformation of this RSM, as shown in
Fig. 1(b), we then computed the hand and foot information as
the differences between the averaged Pearson’s r values within
each action effector and the averaged Pearson’s r values between
action effectors (i.e. between hand and foot verbs), respectively.
We also calculated the effector information as the average of hand
and foot information to functionally localise effector-specific verb
semantic regions (see below). Note that the “information” defined
here included diagonal values to capture the identity information
of single action verbs.

ROI definition
We defined three types of ROIs: (i) effector-specific verb semantic
regions were functionally defined as regions showing significant
effector information (average of hand and foot information, which
was calculated as the differences between all within-effector
values and all between-effector values in neural RSMs) in a
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whole-brain searchlight analysis using the pre-HDBR data (see
Supplementary Methods for details). Six clusters were found
at the threshold of voxel-level one-tailed P < 0.005, cluster-level
family-wise error (FWE) corrected P < 0.05 (Table S1 and Fig. 2a,
upper panel). The cluster-forming threshold of P < 0.005 was
adopted here to reduce false-negatives, as we only had four action
verbs. Three out of six clusters (i.e. the left pIPS, left SMA/PMd
and vmPFC) also survived the conventional threshold of voxel-
level P < 0.001, cluster-level FWE-corrected P < 0.05, and yielded
similar verb effector × HDBR training interaction effects with the
results reported in the main text. (ii) The general semantic region,
left ATL (Fig. 2b, left panel), was defined anatomically as a union of
the following six anterior temporal regions in the Harvard-Oxford
Atlas (probability > 0.2, following Xu et al. 2018): the temporal
pole, the anterior superior temporal gyrus, the anterior middle
temporal gyrus, the anterior inferior temporal gyrus, the anterior
temporal fusiform cortex and the anterior parahippocampal
gyrus. (iii) M1/S1 motor execution regions (Fig. 2c, left panel) were
functionally defined by contrasting foot versus hand actions in a
motor execution-imagery experiment carried out after the verb-
judgment task prior to HDBR (see Supplementary Materials for
details).

ROI-level verb effector × HDBR training interaction effects
In each ROI we defined above, the voxel-wise t values for each
action verb were extracted to compute the hand and foot
information, respectively. These values were examined using
repeated-measures analyses of variance (ANOVAs), with verb
types (hand, foot) and HDBR training (pre-HDBR, post-HDBR) as
the within-subject factors. For effector-specific verb semantic
regions, the significance was corrected for multiple ROIs (n = 6)
using the Bonferroni method. For regions showing nonsignificant
verb effector × HDBR training interactions (P > 0.05), a Bayesian
repeated-measures ANOVA was conducted using JASP software
(RRID: SCR_015823; https://jasp-stats.org/ (JASP Team 2022))
with a default setting (r scale fixed effects = 0.5, r scale random
effects = 1, r scale covariates = 0.354, posterior samples and
numerical accuracy = Auto). The effects of the interaction were
calculated by comparing across the matched models, as suggested
by van den Bergh et al. (2020).

Whole-brain verb effector × HDBR training interaction
effects
To uncover additional regions whose verb neural semantic rep-
resentation was potentially modulated by specific alteration of
action experience, we tested the interaction effects between the
verb effector (hand, foot) and the HDBR training (pre-HDBR, post-
HDBR) using a whole-brain searchlight analysis (Kriegeskorte et
al. 2006). For each voxel in the brain, we built a 9-mm-radius
spherical ROI (containing 123 voxels) and calculated the hand
and foot information separately. We assigned the resulting infor-
mation value to the center voxel of each spherical ROI. In this
way, we generated whole-brain maps of hand and foot effector
information for each subject in both the pre- and post-HDBR fMRI
data. We then carried out repeated-measures ANOVAs, with verb
types (hand, foot) and HDBR training (pre-HDBR, post-HDBR) as
within-subject factors. Specifically, we calculated the differences
between the foot and hand information for each subject at each
time point, applied spatial smoothing (FWHM = 6) to these maps,
and compared the pre- and post-HDBR maps across subjects
using the F test. The verb effector × HDBR training interaction F
map was thresholded at voxel-level P < 0.001, cluster-level FWE-
corrected P < 0.05. We also performed a whole-brain searchlight

analysis using 12-mm-radius spheres, which revealed the same
significant clusters with larger sizes.

Resting-state functional connectivity analysis
To examine the possible functional coupling between the clusters
showing verb effector × HDBR training interaction effects, we
carried out the resting-state functional connectivity (rsFC) analysis.
rsFC patterns between the clusters were calculated in an inde-
pendent group of 144 healthy subjects (data from Yang et al.
2017). They were all right-handed, native Mandarin speakers with
no history of neurological or psychiatric disorders. This study
was approved by the Institutional Review Board of the National
Key Laboratory of Cognitive Neuroscience and Learning, Beijing
Normal University, and each subject provided informed consent.
During the resting-state scan (lasting 6 min and 40 s), subjects
were instructed to stay awake and keep their eyes closed. The
preprocessing steps of the resting-state data included discarding
the first 10 time points, slice timing, head motion correction,
spatial normalisation to MNI space using unified segmentation
(resampling into 3-mm isotropic voxels), linear trend removal,
bandpass filtering (0.01–0.1 Hz), spatial smoothing (FWHM = 6)
and regressing out the nuisance covariates, including rigid-body
six head motion parameters, white matter signal, cerebrospinal
fluid signal and the global signal. Seed-based functional connec-
tivity was computed with the Resting-State fMRI Data Analysis
Toolkit (REST; RRID: SCR_009641; http://www.restfmri.net, Song
et al. 2011). We used clusters surviving in the aforementioned
whole-brain searchlight analysis of verb effector × HDBR train-
ing interaction effects as seeds and generated their whole-brain
connectivity maps by correlating the mean time series of the seed
ROI with the time series of every other voxel in the brain for each
subject. The r maps were then Fisher-z transformed and averaged
across subjects to produce a group-level functional connectivity
map, which was thresholded at voxel-level FWE-corrected, one-
tailed P < 0.05, cluster size > 50 voxels.

Brain visualisation
The surface-view brain results and ROIs were produced using
BrainNet Viewer (RRID: SCR_009446; https://www.nitrc.org/
projects/bnv/, Xia et al. 2013) with the “nearest voxel” mapping
algorithm on a standard MNI space brain surface. The multi-
slice view brain results were produced using MRIcroGL (RRID:
SCR_002403; https://www.nitrc.org/projects/mricrogl).

Results
The 15-day HDBR procedure mimicking the microgravity con-
dition may introduce broad cognitive-neural changes, including
brain structural plasticity in the prefrontal and parietal regions
(Koppelmans et al. 2017), vestibular neural processing (Yuan et
al. 2018) and biological motion perception (Wang et al. 2022).
The core question of our study is whether verb neural semantic
representation is modulated by specific action deprivation, as
evidenced by the verb effector × HDBR training interaction,
which could not be attributed to general effects of HDBR
and/or a practice effect. For the two foot action verbs (to kick
and to stomp) and the two hand action verbs (to scratch and
to pinch) that we took as stimuli, we first correlated their
neural activity patterns to construct neural RSMs and then
computed the hand or foot information as the differences
between Fisher-transformed Pearson’s r values between the
action verbs operated by the same effector and the action verbs
operated by different effectors. As expected, the within-effector
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Fig. 2. ROI-level results of verb effector (hand, foot) × HDBR training (pre-HDBR, post-HDBR) interaction effects. (a) Effector-specific verb semantic
regions were functionally localised in a whole-brain searchlight analysis in pre-HDBR (thresholded at voxel-level one-tailed P < 0.005, cluster-level FWE-
corrected P < 0.05). (b) The general semantic region, the left ATL, was anatomically defined based on the Harvard-Oxford atlas (following Xu et al. 2018);
(c) M1/S1 motor execution regions were functionally defined by contrasting foot and hand actions in a motor execution-imagery fMRI task obtained
from the same group of subjects (thresholded at voxel-level FWE-corrected P < 0.05, cluster size > 50 voxels). Error bars indicate the standard error.
Lines above the graphs indicate the significance level of interaction effect. Asterisks in black indicate uncorrected P < 0.05 and asterisks in red indicate
Bonferroni-corrected P < 0.05 (number of corrections = 6). H0: Bayesian tests showing moderate evidence for the absence of verb effector × HDBR training
interaction effect (BFincl < 0.33). L: left; R: right; SMA: supplementary motor area; PMd: dorsal premotor cortex; vmPFC: ventromedial prefrontal cortex;
IFG: inferior frontal gyrus; LPTC: lateral posterior temporal cortex; pIPS: posterior intraparietal sulcus; Tha: thalamus; PHG: parahippocampal gyrus;
ROL: Rolandic operculum; STG: superior temporal gyrus; ATL: anterior temporal lobe; M1/S1: primary sensorimotor cortex.

verb pairs were judged to be semantically more similar than
the between-effector verb pairs (semantic similarity rating from
31 college students, 1–7 scale: Mwithin = 5.05 vs. Mbetween = 1.74,
t(30) = 16.42, two-tailed P < 0.001, Cohen’s d = 2.95). Below we
first report ROI-level verb effector × HDBR training interaction
results in three types of ROIs: effector-specific verb semantic
regions, the left ATL and the M1/S1 motor execution regions. We
further carried out a whole-brain searchlight analysis to uncover
other potential regions with similar interaction effects, and
explored functional coupling between these regions using rsFC
analysis.

ROI-level results of verb effector × HDBR training
interactions
Effector-specific verb semantic ROIs
These regions (Fig. 2a, upper panel) were functionally defined
as regions showing significant effector information (average

of hand and foot information) in a whole-brain searchlight
analysis (Kriegeskorte et al. 2006) using the pre-HDBR data. The
following regions survived the threshold of voxel-level P < 0.005,
cluster-level FWE-corrected P < 0.05: the left SMA/PMd, the
ventromedial prefrontal cortex (vmPFC) extending to the left
IFG, the left LPTC, the left posterior intraparietal sulcus (pIPS),
subcortical areas extending from the right thalamus (Tha)
to the brainstem and to the right parahippocampal gyrus
(Tha/PHG), and a cluster encompassing the right Rolandic
operculum and the adjacent superior temporal gyrus (ROL/STG)
(see Table S1 for further details). Hand and foot information
was not uniformly represented in these ROIs. Although all
ROIs significantly encoded hand information (one-sample t test,
t(22) = 2.10, uncorrected P = 0.024, Cohen’s d = 0.44 in Tha/PHG;
t(22) > 2.80, Bonferroni-corrected ps < 0.030, Cohen’s d > 0.58 in
other regions), with SMA/PMd and pIPS encoding more hand
information than foot information (paired t test, t(22) > 2.11,
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uncorrected ps < 0.046, Cohen’s d > 0.44), foot information was
observed in only SMA/PMd, vmPFC/IFG and Tha/PHG (t(22) > 2.79,
Bonferroni-corrected ps < 0.030, Cohen’s d > 0.58; t(22) < 1.41,
uncorrected ps > 0.086 in other regions).

We then tested verb effector × HDBR training interaction in
each region. Only the right Tha/PHG cluster yielded a significant
interaction effect (F(1,22) = 11.62, Bonferroni-corrected P = 0.018,
partial η2 = 0.35 in Tha/PHG; F(1,22) < 0.77, uncorrected ps > 0.390
in other areas). The interaction in the Tha/PHG was driven by
the significantly decreased foot verb information representation
after HDBR training (t(22) = 5.38, P < 0.001, Cohen’s d = 1.12)
and the absence of hand verb information change (t(22) = 0.04,
P = 0.969). For regions with nonsignificant interactions, we
further performed Bayesian ANOVAs to examine the likelihood
of a genuine absence of effects. The Bayesian factor yielded
moderate evidence for H0 (no interaction effect) in the left
SMA/PMd, left pIPS and left LPTC (all BFincl < 0.33), and anecdotal
evidence for H0 in the vmPFC/left IFG (BFincl = 0.35) and right
ROL/STG (BFincl = 0.49) (see Table S2 and Fig. 2a). That is, although
some effector-specific verb semantic regions (especially the left
SMA/PMd, left pIPS and left LPTC) were independent from short-
term motor experience deprivation, the right Tha/PHG’s encoding
of verb semantics was altered in an effector-content-specific
manner.

Left ATL
We then examined whether the general semantic area, left ATL,
was modulated by short-term motor experience (Fig. 2b, left
panel). This region significantly encoded both hand and foot
information in pre-HDBR (one-sample t test, t(22) = 2.63, one-
tailed P = 0.008, Cohen’s d = 0.55 for hand information; t(22) = 3.72,
one-tailed P < 0.001, Cohen’s d = 0.78 for foot information). It also
showed a significant effector × HDBR training interaction effect
(F(1,22) = 5.57, P = 0.028, partial η2 = 0.20), which was driven by
the significantly decreased foot information after HDBR training
(t(22) = 3.72, two-tailed P = 0.001, Cohen’s d = 0.78) together with
non-significant hand verb information change (t(22) = −0.32, two-
tailed P = 0.753).

M1/S1 motor execution areas
The M1/S1 hand and foot motor execution areas (Fig. 2c, left
panel) were functionally localised by contrasting foot with hand
motor execution (and vice versa) in a pre-HDBR motor execution-
imagery task (thresholded at voxel-level FWE-corrected P < 0.05;
see Supplementary Materials for details). For the activation of
action verbs in these areas, in the pre-HDBR data, although
our univariate analyses largely replicated previous findings that
effector-specific action verbs activated corresponding effector-
specific motor areas (Fig. S1), we did not observe significant
encoding of effector information in multivoxel pattern analyses
(one-sample t test, hand information in hand area, t(22) = 1.36,
one-tailed P = 0.094; foot information in foot area, t(22) = 1.29,
one-tailed P = 0.106). Repeated-measures ANOVA only revealed
a nonsignificant trend of ROI (hand, foot area) × verb effector
(hand, foot verbs) interaction (F(1,22) = 2.91, P = 0.102). The
effector × HDBR training interaction did not approach statistical
significance in either foot or hand areas (F(1,22) < 0.30, ps > 0.587),
which was further confirmed by Bayesian ANOVAs (BFincl = 0.29,
moderate evidence for H0 in foot region; BFincl = 0.36, anecdotal
evidence for H0 in hand region). Together, these results indicated
that activation patterns of M1/S1 motor areas did not significantly
encode effector information and were not significantly modulated
by HDBR experience.

Whole-brain results of verb effector × HDBR
training interactions
We additionally performed a whole-brain information-based
searchlight analysis (Kriegeskorte et al. 2006) to uncover other
brain regions potentially showing the verb effector × HDBR
training interaction effects. Significant interaction effects (F test,
thresholded at voxel-level P < 0.001, cluster-level FWE-corrected
P < 0.05) were observed in two clusters (Fig. 3a, left panel): a
subcortical cluster encompassing the ventromedial thalamus,
subthalamic nucleus (STN), substantia nigra and hypothalamus
(peak MNI coordinates 12, −12, −3, peak F(1,22) = 50.64, 94 voxels),
and an dorsal anterior temporal cluster, extending to the left
anterior insula, and left IFG (peak MNI coordinates −42, 15, −15,
peak F(1,22) = 32.30, 91 voxels). As the anterior temporal cluster
extended to the insular-frontal regions, we further performed
small volume correction within the left ATL mask we used in
the ROI analyses and found that the anterior temporal voxels
survived the correction (23 voxels, voxel-level P < 0.001, cluster-
level FWE-corrected P = 0.023), which was consistent with the
ROI-level ATL results. In both regions, the interaction was in
the direction of decreased foot verb information (t(22) > 4.46,
ps < 0.001, Cohen’s d > 0.93) and non-significant change of hand
information (t(22) <−0.39, ps > 0.202) after HDBR training. We
presented the group-averaged neural RSM results of the two
regions in the pre- and post-HDBR data in Fig. 3a (right panel) for
illustration purpose. The neural RSMs showed that the similarity
for foot verbs (between the split-half activity patterns of same or
different words) were all significantly above zero prior to HDBR,
and largely became not significantly different from zero after
HDBR, indicating that, indeed, the foot verb representations in
these regions were diminished by HDBR.

Relationship across regions showing verb
effector × HDBR training interactions:
Connectivity results
The whole-brain searchlight analyses and the ROI analyses above
converge on two regions, the right subcortical regions and the left
anterior temporal cluster, whose verb semantic representation
was modulated by short-term motor deprivation in an effector-
specific manner, such that more salient lower limb constraints
led to the attenuation of neural representations of words referring
to foot actions (to kick, to stomp), more so than to hand actions
(to scratch, to pinch). To understand whether the two regions’
information modulation was related and the potential neural
origins of such changes, we performed the following resting-state
connectivity analyses (rsFC).

Given the importance of reliability analyses for rsFC, resting-
state neuroimaging scans in an independent larger sample
(n = 144, all right-handers), whose test-retest reliability has been
established (Lin et al., 2015b), were used for the rsFC analyses.
Intriguingly, these two regions were not functionally connected
at rest (Fisher-z-transformed FC strength, M ± SD = −0.02 ± 0.24,
t(143) = −0.94, one-tailed P = 0.827), whereas each showed rsFC
with widely distributed regions (Fig. 3b; thresholded at voxel-level
FWE-corrected, one-tailed P < 0.05, cluster size > 50 voxels). The
subcortical cluster was intrinsically connected with subcortical
areas encompassing the cerebella, brainstem, midbrain and
posterior cingulate cortex; the anterior temporal cluster was
intrinsically connected with areas including bilateral temporal-
frontal regions encompassing the inferior/middle frontal gyri and
middle/superior temporal gyri. Importantly, the two seed clusters
showed overlaps in rsFC patterns in the SMA, basal ganglia, insula,
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Fig. 3. Two regions showing verb effector (hand, foot) × HDBR training (pre-HDBR, post-HDBR) interaction effects in the whole-brain searchlight analysis.
(a) The left panel illustrates the anatomical locations of two clusters showing verb effector (hand, foot) × HDBR training (pre-HDBR, post-HDBR)
interaction effects in the whole-brain searchlight analysis (thresholded at voxel-level P < 0.001, cluster-level FWE-corrected P < 0.05). Right panel:
the group-averaged neural representation similarity matrix (RSM) shown in each region at each phase (pre- and post-HDBR), respectively. Numbers
in bold fonts indicate that the correlations between neural activity patterns (Fisher-z-transformed Pearson’s r values) were significantly above zero
across subjects, uncorrected P < 0.05; asterisks indicate Bonferroni-corrected P < 0.05 (number of corrections = 16). (b) rsFC maps of the two clusters (the
thalamus cluster, blue; the anterior temporal cluster, red) and their overlap (purple) in an independent group of young healthy subjects (n = 144). The
maps were thresholded at voxel-level FWE-corrected P < 0.05, cluster size > 50 voxels. L: left; R: right.

anterior cingulate cortex and thalamus (Fig. 3b) that have been
consistently implicated in motor processing (see Discussion).

Discussion
In the current study, we tested the role of sensorimotor experience
on dynamically shaping the neural representation of common
verb semantics using HDBR—a spaceflight analog that alters
(deprives) the subjects’ lower limb sensorimotor experience
most strongly relative to other actions. By collecting fMRI BOLD
responses to verbs of lower- and upper-limb actions and compar-
ing their multivoxel activation patterns before and after HDBR,
we found that a 15-day motor experience deprivation modulated
the verb neural representation in an effector-specific manner
in a subcortical cluster and a left anterior temporal cluster (in
both ROI and whole-brain searchlight analyses), but not in other
regions showing verb effector-specific-content representation
(e.g. the left LPTC, SMA/PMd) or in M1/S1 areas. Resting-state
connectivity analysis revealed that the subcortical and the dorsal
ATL clusters shared common intrinsic connectivity patterns.

Taken together, our results highlight the brain regions (the
subcortical and the ATL cluster) whose semantic representations
are sensitive to short-term motor experience modulation, along
with other brain regions (motor execution and effector-specific
verb semantic areas) that are left unchanged.

In the pre-HDBR fMRI data, our univariate analyses replicated
the effector-specific somatotopic organisation for action verbs
in the M1/S1 (Fig. S1) and our multivoxel analyses found verb
semantic representation in clusters located in the left LPTC, IFG
and association sensorimotor cortices (PMd/SMA, pIPS), which
are largely consistent with previous studies and support the
validity and sensitivity of our experimental design. We focused
on discussing the positive and negative effects of the temporary
experience modulation below.

Effector-specific modulation by HDBR of
action-related regions in action verb
understanding
The subcortical regions we observed in the functional localisation
of effector information and in the whole-brain searchlight
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analyses for HDBR-induced effector-specific modulation con-
verged well. This cluster encompassed the STN, ventrome-
dial thalamus (Tha), substantia nigra, hypothalamus and the
surrounding subcortical structures. This cluster is part of the
subcortical subregions of the motor system (Obeso et al. 2008).
STN and Tha show somatotopic organisation, i.e. effector-specific
arrangement, based on neural activation recorded during surgery
(Rodriguez-Oroz et al. 2001; Theodosopoulos et al. 2003). The
cluster is activated in motor execution tasks according to a recent
meta-analysis on fMRI studies (Hardwick et al. 2018), and also
overlaps with the lesion sites in PD, where patients exhibit motor
deficits such as reduced movements, tremor during rest and
postural instability (Halliday 2009; Rodriguez-Oroz et al. 2009).
The involvement of this region in action semantic knowledge
has been hinted by action verb impairment in PD patients. These
patients show disproportionate impairment in comprehending
action verbs (e.g. “to grasp”) than abstract verbs (e.g. “to depend”;
Fernandino et al. 2013a), in comprehending sentences with action
verbs relative to sentences with abstract verbs (Fernandino et
al. 2013b), and in verb generation relative to noun generation
(Patrice et al. 2003; Rodríguez-Ferreiro et al. 2009). Here applying
multivoxel pattern correlation analysis, we provide the first piece
of neuroimaging evidence that this region significantly encodes
action knowledge representation, which is dynamically coupled
with the corresponding motor experience and/or gravity change
in an effector-specific manner.

For other action-related regions, our pre-HDBR searchlight
analyses of effector information successfully identified several
regions that are consistent with the literature (e.g. Wurm
and Caramazza 2021), such as the left LPTC and association
sensorimotor cortices (PMd, SMA, pIPS). They did not show any
changes in terms of foot action word neural representation
after 15-day HDBR, with Bayesian ANOVA yielding moderate
evidence for H0, whereas our results were inconclusive about
the left IFG. The absence of motor experience modulation in
these regions was unlikely to be due to false-negatives, as
supported by Bayesian statistics, and effector-specific changes
were observed in other brain regions (the temporal and the
subcortical clusters). The immunity to short-term experience
deprivation in LPTC and pIPS is in line with the findings showing
that the action representations in these regions are abstracted
away from specific motor programs (open a bottle and open a
box, for IPS and lateral occipitotemporal cortex, slightly posterior
to LPTC) and/or sensory modalities (conveyed through visual
input or verbal input, LPTC; Wurm and Lingnau 2015; Wurm
et al. 2016; Wurm and Caramazza 2019). The absence of signal
pattern change modulation by HDBR in M1/S1 and SMA/PMd
is not consistent with previous studies that reported changes (in
different directions) for M1/S1 and PMd activation strength during
action language understanding induced by motor experience
enrichment (e.g. ice hockey playing in Beilock et al. 2008 and
Lyons et al. 2010). These previous studies tested the effects of
complex experience acquisition, and it is possible that neural
representation there was only modulated by experience enrich-
ment and not by short-term deprivation and/or attributable to
effects beyond specific motor experience. Another explanation for
the lack of motor experience deprivation in these regions is that
they exhibited relatively lower sensitivity to foot verbs compared
with hand verbs, especially in SMA/PMd and pIPS. In contrast, the
subcortical cluster discussed above significantly encoded foot
information before HDBR, which was numerically higher than
hand information. It is thus possible that neuroplasticity respects
the original neural organisation principle, with lower-limb motor

deprivation specifically modulating regions encoding lower-limb
action verbs.

Anterior temporal region showing
effector-specific modulation by HDBR in action
verb understanding
In our study, ROI-level analyses showed that the left ATL exhibited
HDBR’s effector-specific modulation and the whole-brain search-
light revealed similar effects in the dorsal portion of the left ATL.
The ATL is one of the critical regions for semantic representation
that has been extensively discussed (Lambon Ralph et al. 2017;
Xu et al. 2017). Before HDBR, we observed significant encoding of
hand and foot information in this region, which is consistent with
its role in general semantic representation. The ATL is comprised
of fine-grained functional subdivisions (Fan et al. 2014; Wang et
al. 2019; Hung et al. 2020). The results in the left dorsal ATL
cluster observed in the whole-brain searchlight analysis were
a little puzzling. The left dorsal ATL is consistently engaged in
abstract semantic representation (Binder et al. 2009; Wang et
al. 2010; Striem-Amit et al. 2018; Wang et al. 2019), which is
fully abstracted away from specific sensorimotor experiences, and
assumed to represent knowledge derived from language (Wang
et al. 2020, see Bi 2021 for review; see also Lambon Ralph et al.
2017 for similar positions). It was thus not one of the regions
hypothesised to change with sensorimotor experience variations.
On the other hand, resting-state connectivity analyses showed
that although not directly connected with the subcortical clus-
ter, it is intrinsically connected with widely distributed regions,
especially the ones commonly connected with the subcortical
cluster showing modulation of HDBR: the medial frontal and sub-
cortical motor-control areas—SMA, basal ganglia, insula, anterior
cingulate cortex and thalamus. Connected via the cortico-basal
ganglia-thalamo-cortical loop, these regions have been reported
to involve in motor execution, motor imagery, motor sequence
learning and action observation (Caspers et al. 2010; Hardwick et
al. 2018). A recent study revealed that learning action verbs with
novel motor actions leads to rapid neuroanatomical changes in
the left ATL (including the dorsal part), an effect dependent on
whether TMS was exerted on the left M1 (Vukovic et al. 2021).
One possibility about the pattern of HDBR modulation in the left
(dorsal) ATL may be arising not from its direct involvement in
sensorimotor experiences, but rather from its tight connections
with different semantic regions and/or networks (Xu et al. 2016;
Lambon Ralph et al. 2017; Xu et al. 2017), including the senso-
rimotor systems, and/or the language experience changes that
are associated with the sensorimotor experience alteration. Verbs
relating to lower limbs may be used less frequently than hand
verbs during the 15-day HDBR, which we did not monitor in our
study. Future studies are warranted to test such speculations and
to further understand the mechanisms underlying the dynamic
semantic representations in this region.

Conclusion
We found that 15-day HDBR mimicking of microgravity signif-
icantly weakened the neural representation of action verbs in
subcortical motor regions and the left anterior temporal region in
an effector-specific manner. That is, the brain’s representations
for “to stomp” and “to kick” in these two regions were reduced,
but there was no such change for “to scratch” or “to pinch” after
the bed rest. The neural representations of action semantics in
sensorimotor areas (M1/S1), and the widely distributed effector-
specific verb semantic regions (left LPTC, left SMA/PMd and left
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pIPS) were not affected. These sensorimotor-experience-induced
and sensorimotor-experience-independent patterns of verb neu-
ral representation highlight the multidimensional and dynamic
nature of neural semantic representation in general. These find-
ings also highlight the broad influence of microgravity (hence
gravity) on knowledge and cognition.
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