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Introduction

The optimization of patient care, which involves the precise 
tailoring and delivery of treatments and therapies, depends 
on our understanding of underlying neural mechanisms that 
promote post-stroke recovery. The application of neuroim-
aging and neurophysiological measurements in stroke has 
revealed a vast spectrum of post-stroke alterations in brain 
structure and function.1 These brain-based measurements 
may serve as prognostic indicators, or biomarkers of recov-
ery with the potential to enhance the prediction of post-
stroke outcomes and inform treatment strategies.2

Electroencephalography (EEG) affords temporally reso-
lute measurements of neural oscillatory activity.3 In stroke, 
there have been a number of studies showing associations 
between region- and frequency-specific oscillatory syn-
chronization and coherence (connectivity) with functional 
status4 and training/rehabilitation-induced changes in func-
tional status.5,6 While stroke is a vascular disorder that often 
leads to impaired brain and body function, this evidence 
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Abstract
Background. The application of neuroimaging-based biomarkers in stroke has enriched our understanding of post-stroke 
recovery mechanisms, including alterations in functional connectivity based on synchronous oscillatory activity across 
various cortical regions. Phase-amplitude coupling, a type of cross-frequency coupling, may provide additional mechanistic 
insight. Objective. To determine how the phase of prefrontal cortex delta (1-3 Hz) oscillatory activity mediates the amplitude 
of motor cortex beta (13-20 Hz) oscillations in individual’s early post-stroke. Methods. Participants admitted to an inpatient 
rehabilitation facility completed resting and task-based EEG recordings and motor assessments around the time of 
admission and discharge along with structural neuroimaging. Unimpaired controls completed EEG procedures during a 
single visit. Mixed-effects linear models were performed to assess within- and between-group differences in delta-beta 
prefrontomotor coupling. Associations between coupling and motor status and injury were also determined. Results. Thirty 
individuals with stroke and 17 unimpaired controls participated. Coupling was greater during task versus rest conditions 
for all participants. Though coupling during affected extremity task performance decreased during hospitalization, coupling 
remained elevated at discharge compared to controls. Greater baseline coupling was associated with better motor status 
at admission and discharge and positively related to motor recovery. Coupling demonstrated both positive and negative 
associations with injury involving measures of lesion volume and overlap injury to anterior thalamic radiation, respectively. 
Conclusions. This work highlights the utility of prefrontomotor cross-frequency coupling as a potential motor status and 
recovery biomarker in stroke. The frequency- and region-specific neurocircuitry featured in this work may also facilitate 
novel treatment strategies in stroke.
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supports the view of stroke as a disease of “circuitopathies” 
as characterized by disruptions to typical connectivity.7

Stroke may also result in altered coupling of oscillatory 
activity across the frequency domain.8 Rather than operat-
ing in isolation, network scale activity in the low-frequency 
range may play a critical role in organizing localized activ-
ity in the high-frequency range of distinct cortical areas.9 
Phase-amplitude coupling (PAC) is a type of cross-fre-
quency coupling whereby the phase of low-frequency oscil-
latory activity gates the amplitude of higher-frequency 
oscillations.10,11 Recent work by Rustamov et al12 showed 
functional motor recovery across 17 individuals with stroke 
was associated with increased local theta-gamma coupling 
in bilateral primary motor (M1) regions. Additional research 
has demonstrated that rhythms associated with motor func-
tion (ie, beta) from M1 are regulated by low-frequency 
rhythms (ie, delta) arising from prefrontal cortex 
(PFC).10,13,14 Delta oscillations from PFC are engaged by a 
variety of tasks that require higher-order cognitive func-
tions (eg, attention, working memory, and decision-mak-
ing), which impact motor planning, execution, and 
coordination.10,15 When applied to a clinical population, 
such as people with depression, a reduction in delta-beta 
PAC (DB-PAC) was associated with decreased goal-
directed behavior.13 Because stroke rehabilitation involves 
goal-mediated behavior to improve capacity across multiple 
functional domains such as cognition, speech, and motor, 
these prefrontal-gating disruptions may prove relevant dur-
ing stroke recovery.16,17

This study builds upon past work highlighting the roles 
of prefrontomotor connections in people with depression 
and anxiety18,19 along with delta and beta oscillatory activ-
ity in stroke recovery.5,20,21 Here, we measured prefronto-
motor (PFC-M1) DB-PAC using resting- and task-based 
EEG recordings in individuals early post-stroke and unim-
paired controls. We hypothesized that coupling would vary 
between resting and task conditions due to heightened cog-
nitive and motor control demands of the latter condition. As 
increased prefrontomotor oscillatory control during task 
performance with the stroke-affected extremity might rep-
resent a compensatory mechanism, we also hypothesized 
that the magnitude of DB-PAC would decline over time in 
parallel with post-stroke motor recovery.

Given premotor cortex (PMC) engagement during motor 
planning and movement preparation and its close anatomi-
cal approximation to PFC and M1,22 PMC is a key site for 
the integration of motor and cognitive function.23,24 Non-
human primate work have shown ventrorostral PMC 
involvement in visual and somatosensory information pro-
cessing for motor control.25,26 Work in humans entailing 
“virtual” lesions to ventral PMC also resulted in impaired 
grip performance (ie, finger positioning and muscle recruit-
ment).27,28 Together, this evidence substantiates PMC 

involvement in both visuomotor interactions and movement 
execution. Additional work that is particularly relevant to 
our study also suggests the involvement of PMC in preci-
sion grip tasks during the estimation of grip magnitude and 
grip sustainment.18,28 We therefore sought to determine the 
influential role of PMC in prefrontomotor coupling by 
examining the PFC-PMC-M1 pathway, hypothesizing that 
prefrontomotor coupling occurs through PMC.

The final objective of this work was to better understand 
the impact of stroke-related injury on DB-PAC or to what 
extent does downstream injury impact upstream activity. The 
cortico-basal ganglia-thalamo-cortical loop (CBGTC loop) 
plays an instrumental role in motor control and learning.19,29,30 
The thalamus possesses an expansive network of bidirectional 
fiber connections with multiple cortical areas, including the 
PFC via the anterior thalamic radiation (ATR) and M1 via the 
posterior thalamic radiation.31 These thalamocortical path-
ways enable the thalamus to synchronize activity across dis-
tant cortical regions during movement planning and 
execution.29 Recent work has specifically highlighted the 
anterior thalamus and its projections through the ATR in 
mediating beta oscillatory signaling critical for motor sequenc-
ing.32,33 We therefore expected that stroke-related injury to 
components comprising the CBGTC loop (basal ganglia and 
ATR, specifically) would disrupt prefrontomotor DB-PAC.

Methods

Participants

We recruited individuals with a radiologically confirmed 
stroke (ischemic or hemorrhagic) aged ≥18 years that were 
admitted to an inpatient rehabilitation facility (IRF) from 
November 2020 to February 2022. Participants completed a 
total of 2 visits with visit 1 occurring at around the time of 
IRF admission and visit 2 occurring around the time of IRF 
discharge. Visits involved a 3-minute resting-state EEG 
recording, a task-based EEG recording featuring a precision 
grip activity, and behavioral assessments to evaluate motor 
impairment (Upper Extremity Fugl-Meyer, UEFM) and 
motor function (Action Research Arm Test, ARAT). Motor 
recovery was assessed by computing ARAT and UEFM 
ChangeRealized during IRF stay by normalizing their change 
in behavior (Visit Visit2 1− ) to recovery potential 
(Max Visit− 1) using the following equation34:

Change
Visit Visit

Max VisitRealized =
−
−
2 1

1
 (1)

A control cohort consisting of right-handed adults with-
out a history of stroke were also recruited from the local 
community. The cohort completed a single baseline visit 
consisting of resting- and task-based EEG recordings. This 
study protocol received approval from the University of 
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North Carolina at Chapel Hill Institutional Review Board. 
All subjects provided written informed consent. Anonymized 
data are available and may be accessed through UNC 
Dataverse at https://doi.org/10.15139/S3/P9LDFH.

EEG Acquisition and Processing

Resting-State EEG. Individuals completed a 3-minute resting-
state EEG recording with eyes open using a dense-array 
(256-lead) Hydrocel net (Electrical Geodesics Inc., Eugene, 
OR). EEG data were collected at a sample rate of 1000 Hz 
using a high input impedance Net Amp 300 amplifier and 
Net Station 5.4.2 software (Electrical Geodesics Inc.). Con-
sistent with previous work,5,20,35 raw EEG data were exported 
to MATLAB 2017b (MathWorks, Natick, MA) for offline 
processing in EEGLAB. Data were bandpass filtered between 
0.5 and 50 Hz, and electrodes overlying the cheek and neck 
regions were removed leaving 194 electrodes for further 
analysis. The signal was re-referenced to the average scalp. 
Following visual inspection, data underwent an infomax 
components analysis to remove ocular, cardiac, and muscular 
artifacts.36 An additional round of visual inspection of the 
data occurred after artifact removal. EEG data from partici-
pants with stroke were standardized so that the left hemi-
sphere corresponded to the ipsilesional hemisphere.

Task-Based EEG. Individuals completed a task-based EEG 
recording with simultaneous electromyography collection. 
During the recording, participants performed an isometric 
grip task at 20% of their maximum grip force over 2 blocks 
of 20 trials with visual feedback provided. Participants were 
randomized so that approximately half completed the task 
with their dominant/affected extremity first. EEG data were 
processed as described above. Task data were analyzed dur-
ing the middle 3 seconds of the grip trial to capture the sus-
tained isometric contraction.

Regions of Interest. Electrode-based regions of interest 
were selected in accordance with the international 10 to 20 
system.35 Ipsilesional, or left, M1 included C3 and the 6 
surrounding electrodes. Contralesional, or right, M1 
entailed C4 and the 6 surrounding electrodes. Bilateral 
PMC represented a 6-electrode cluster located anterior-
adjacent to homotopic M1 regions. Previous work has 
shown bilateral recruitment of PFC for executive control 
and decision-making.37 This bilateral recruitment may 
result in signals depicting peak activation along the central 
midline due to volume conduction.38 Guided by these find-
ings, we chose our PFC region of interest to include bilat-
eral prefrontal regions and midline, which encompassed 23 
electrodes surrounding and situated between canonical 
anterior PFC electrodes Fp1 and Fp2.

A complete list and illustration of electrode-based 
regions of interest are provided in Supplemental Table 1 
and Supplemental Figure 1, respectively.

Phase-Amplitude Coupling

Computation of PAC using preprocessed EEG data occurred 
in MATLAB. PAC was calculated with respect to bilateral 
PFC delta (1-3 Hz) phase and beta (13-20 Hz) amplitude in 
electrodes overlying bilateral M1 during rest and contralat-
eral M1 during task performance. This corresponded to 
electrodes overlying left M1 during task performance with 
the affected/dominant extremity and electrodes overlying 
right M1 during task performance with the less-affected/
non-dominant extremity. PAC values were calculated 
according to mean vector length as it minimizes potential 
inflation and/or false presence of coupling.11,14,39 First, 
instantaneous delta phase and beta amplitude were extracted 
for each trial and then the data were concatenated before a 
single estimation was calculated. Values were normalized 
based on a null distribution generated by shifting the ampli-
tude values with a random temporal offset of at least 10% 
the length of the time series.11,14

Processed data also underwent a cluster analysis to 
determine the between- and within-group effects of other 
cortical regions on DB-PAC. PFC delta phase and beta 
amplitude for individual electrodes across the scalp were 
computed. A series of t-tests were performed between 
individuals with stroke and healthy controls for each 
Extremity, Condition, and Time. Given the large number 
of electrodes involved (194 across the scalp), we applied 
a Bonferroni correction (P = .00026) to correct for multi-
ple comparisons. Electrodes were then clustered into the 
nearest 10 to 20 positions. The Group and Time interac-
tions for each cluster were computed across each 
Extremity and Condition.

MRI Acquisition

Participants completed a structural magnetic resonance 
imaging (MRI) scan on either a 3-Tesla Siemens 
MAGNETOM TrioTim Syngo or Skyra scanner or a 1.5-
Tesla Siemens MAGNETOM Aera scanner during their 
hospitalization. Imaging included a high-resolution 
T1-weighted scan using a 3-dimensional magnetization-
prepared rapid gradient echo sequence (repetition 
time = 2300 ms, echo time = 2.91-3.26 ms, 160 slices, 1 mm3 
isotropic voxel) and a T2-weighted fluid-attenuated inver-
sion recovery scan (repetition time = 9000 ms, echo 
time = 115 ms, 31 slices, voxel size = 0.9 × 0.9 × 5 mm3). 
Data were standardized so that the left hemisphere repre-
sented the ipsilesional hemisphere.

https://doi.org/10.15139/S3/P9LDFH
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Stroke-Related Injury

Lesion Volume. Using similar methodology validated in 
stroke,40 lesion masks for each participant were manually 
defined in MRIcron on T1-weighted slices with further 
information provided by the T2-fluid-attenuated inversion 
recovery scans. Lesion masks were reviewed by a neuroradi-
ologist (BH). Lesion volumes were determined from these 
masks as a measure of global stroke injury. Individuals with 
direct lesion involvement to the PFC and/or M1 were 
removed from subsequent PAC correlational analyses.

Lesion Overlap With Subcortical Structures. We also measured 
lesion overlap injury to basal ganglia and ATR to assess 
stroke-related injury more specific to PAC. Lesion masks 
were binarized and spatially transformed to Montreal Neuro-
logical Institute standard stereotaxic space. We computed 
overlap injury as the percentage of lesion-voxel overlap from 
basal ganglia, ATR, and corticospinal tract (CST) from the 
Automated Anatomical Labeling and Johns Hopkins Univer-
sity white matter tractography atlases, respectively.41,42

Statistical Analysis

Statistics were performed in JMP Pro17 (SAS, Cary, NC). 
Statistical tests included a series of mixed-effects linear 
models to assess PFC-M1 DB-PAC with regards to effects of 
Group (stroke vs controls), Condition (rest vs task), 
Extremity (Stroke: affected vs less-affected; Controls: domi-
nant vs non-dominant), and Time (visit 1 vs visit 2). Each 
participant served as a random intercept to model within-
subject correlation. Post-hoc analyses involved pairwise 
comparisons using Tukey’s honestly significant difference 
with an alpha value of .05 denoting significance. The above 
models were repeated with PFC delta and M1 beta power for 
a control analysis. For analyses involving task-based EEG 
data, affected and less-affected extremity measurements for 
each participant were included whenever possible. For those 
unable to perform the task, data from that extremity were not 
included in the computation of group means for that extrem-
ity during the task condition at that visit.

To preliminarily assess the role of PMC in PFC-M1 cou-
pling, we performed a partial correlation (rpartial) analysis 
between PFC-M1, PFC-PMC, and PMC-M1 connections. 
Lastly, to evaluate associations between coupling with injury 
(lesion overlap and percent overlap injury) and motor assess-
ments (UEFM, ARAT, and grip strength), we computed cor-
relation coefficients. For both partial correlation and 
correlation analyses, an alpha value ≤.05 was significant.

Results

Participants

We enrolled 30 individuals with stroke (10.4 ± 3.5 days 
post-stroke; 67.0 ± 9.8 years of age; 14 females) admitted to 

an IRF where they received post-stroke care over an aver-
age of 14.0 ± 6.2 days. The cohort demonstrated consider-
able heterogeneity with respect to lesion characteristics and 
baseline motor impairment (UEFM) and motor function 
(ARAT) as depicted in Table 1. Of those 30 participants, 20 
successfully completed the precision grip task in both 
extremities (affected: n = 21; less-affected: n = 28) at visit 1 
around the time of IRF admission. By visit 2, around the 
time of IRF discharge, 26 participants successfully com-
pleted the precision grip task in both extremities (affected: 
n = 26; less-affected: n = 29). During IRF hospitalization, 5 
individuals (16.7%) were prescribed baclofen, and 12 indi-
viduals (40%) were taking antiseizure and/or antidepressant 
medication. Seventeen control participants (75.3 ± 13 years 
of age, 8 females) without stroke were also enrolled.

Elevated PFC-M1 Coupling During Task 
Performance

The mixed-effects linear model to investigate the effects of 
Condition and Group on PFC-M1 DB-PAC for visits 1 and 
2 revealed a significant Condition effect at both visits (Visit 
1: F(1,65.2) = 17.12, P < .001; Visit 2: F(1, 71.3) = 19.62, 
P < .001; Figure 1 and Supplemental Table 2) with post-hoc 
tests demonstrating greater PFC-M1 DB-PAC during task 
versus rest (Visit 1: (t(65.2) = 4.14, P < .001; Visit 2: 
t(71.3) = 4.43, P < .001). The model also depicted a signifi-
cant Group effect at visit 1 (F(1, 38.4) = 17.01, P < .001; Figure 
1 and Supplemental Table 2) with post-hoc testing indicat-
ing greater PFC-M1 DB-PAC in individuals with stroke 
(t(38.4) = 4.12, P < .001). Group differences were not present 
at visit 2 (F(1,47.7) = 2.97, P = .091).

We performed a similar model to evaluate the within-
stroke-group differences on coupling during hospitaliza-
tion. We observed a significant Time and Condition 
interaction (F(1,109.7) = 5.99, P = .016; Figure 1 and 
Supplemental Table 3) with post-hoc analyses demonstrat-
ing significantly greater coupling during task versus rest 
conditions at visit 1 (t(109.7) = 6.19, P < .001) and visit 2 
(t(109.7) = 2.65, P = .045). During hospitalization, a signifi-
cant decrease in coupling during task performance occurred 
across individuals from visit 1 to visit 2 (t(109.7) = −4.03, 
P < .001). The bimodal distribution and heterogeneity 
depicted during the task condition at visit 1 (Figure 1), 
which was collapsed across Extremity, warranted additional 
analysis as performed below.

Heightened Coupling During Affected Extremity 
Task Performance

We performed a third mixed-effects linear model that 
accounted for Group, Extremity, and Time yielding a sig-
nificant 3-way interaction (F(1,70.4) = 38.33, P < .001; 
Figure 2 and Supplemental Table 4). Post-hoc analyses 
showed significantly greater coupling in individuals with 
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stroke during task performance from the affected extrem-
ity throughout hospitalization (Visit 1: t(70.4) = 21.53, 
P < .001; Visit 2: t(70.4) = 7.86, P < .001). Coupling during 
task performance with the affected extremity was also 
significantly lower at visit 2 as compared with visit 1 
(t(70.4) = 15.13, P < 0.001). Similar coupling differences 

across Time were not observed for the less-affected 
extremity task performance (t(70.4) = 1.13, P = .948).

Additional post-hoc testing from the above model indi-
cated significantly greater coupling during the task condi-
tion from the stroke-affected extremity versus dominant 
(Visit 1: t(70.4) = 13.49, P < .001; Visit 2: t(70.4) = 3.38, 

Table 1. Participant Demographics and Clinical Measures.

Descriptor n Mean (SD) or median [IQR] Range

Sex (female/male)
 Female 14 — —
 Male 16 — —
Race, ethnicity
 Black, non-Hispanic 6 — —
 White, non-Hispanic 24 — —
Age (years) 67.0 (9.8) 51-85
Lesioned hemisphere
 Left 12 — —
 Right 18 — —
Stroke type
 Hemorrhagic 2 — —
 Ischemic 28 — —
Days post-stroke to enrollment 10.4 (3.5) 5-18
Days between study visits 29 11.9 (6.5) 3-28
NIHSS (max = 42) 3.0 [1.0-6.2] 0-17
Lesion volume (cc) 19.9 (35.9) 0.08-155.7
BG lesion overlap (%) 29 8.3 (10.5) 0-38.4
ATR lesion overlap (%) 29 7.5 (11.5) 0-41.4
CST lesion overlap (%) 29 8.9 (6.6) 0.02-22.2
UEFM (max = 66)
 Visit 1 40.9 (25.1) 2-66
 Visit 2 29 46.8 (23.6) 4-66
 Change 29 6.4 (9.6) −7-41
ARAT (max = 57)
 Visit 1 33.0 (23.7) 0-57
 Visit 2 28 37.1 (24.1) 0-57
 Change 28 5.3 (9.2) −2-37
MoCA (max = 30)
 Visit 1 28 22.3 (4.2) 14-29
 Visit 2 29 23.9 (5.4) 11-30
 Change 28 1.6 (3.2) −7-6
Affected extremity grip (kg)
 Visit 1 28 11.5 (11.9) 0-36.7
 Visit 2 29 14.1 (12.2) 0-37.3
 Change 28 2.49 (4.5) −6.8-13.3
Less-affected extremity grip (kg)
 Visit 1 28 27.3 (11.6) 8.7-56.7
 Visit 2 29 29.0 (11.2) 9.3-55.3
 Change 28 2.2 (5.2) −6.0-17.3

Note. Values presented as mean (standard deviation, SD) or median [interquartile range, IQR]. Number of participants is n = 30 unless otherwise noted.
Abbreviations: IRF, inpatient rehabilitation facility; NIHSS, National Institutes of Health Stroke Scale; cc, cubic centimeters; BG, basal ganglia; ATR, 
anterior thalamic radiation; CST, corticospinal tract; UEFM, Upper Extremity Fugl-Meyer; ARAT, Action Research Arm Test; MoCA, Montreal 
Cognitive Assessment.
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P = .025) and non-dominant (Visit 1: t(70.4) = 13.91, P < .001; 
Visit 2: t(70.4) = −3.48, P = .018) extremities from control par-
ticipants (Figure 2).

To further characterize observed DB-PAC, we investi-
gated the delta PFC phase-dependency of M1 beta ampli-
tude across recovery (Figure 3). This analysis revealed that 
M1 beta amplitude was strongest around the peak of the 
PFC delta phase during affected extremity task performance 
at visit 1 (Figure 3B) and shifted toward the rising phase at 
visit 2 (Figure 3C) thereby resembling controls (Figure 3A).

Control Assessment of EEG Power and Within 
M1-Coupling

To confirm that modulations in EEG power did not account 
for PFC-M1 DB-PAC in individuals with stroke, we 
repeated the above-described 3-factor linear model replac-
ing PAC with delta power in electrodes overlying PFC 
(PFCdelta) and beta power in electrodes overlying contralat-
eral M1 (M1beta). There was no significant Group, Extremity, 
and Time interaction across participants (PFCdelta: 
F(1,70.4) = 1.01, P = .326; M1beta: F(1,70.4) = 0.01, P = .923).

An FFT performed across the scalp confirms the pres-
ence of delta and beta oscillatory activity across the scalp 
and within M1 (Supplemental Figure 2). The linear model 
was also repeated accounting for DB-PAC within M1 to 
further isolate the neural activity within M1 independent of 
other cortical involvement. This model showed no signifi-
cant Group, Extremity, and Time interaction (F(1,70.4) = 0.054, 
P = .816).

Localization of Coupling Toward Ipsilesional M1

Overall, the clustering analysis revealed a wide distribution 
of coupling across the cortical surface during affected 
extremity task performance at visit 1 with some localization 
around ipsilesional M1 (Figure 4A). The cluster analysis 
also indicated that coupling in electrodes most closely cor-
responded to C3 (associated with ipsilesional M1) were sig-
nificantly associated with a Group and Time interaction 
(Figure 4B).

Coupling Across the PFC-PMC-M1 Pathway

To examine coupling along the PFC-PMC-M1 pathway, 
we performed a series of partial correlations involving 
DB-PAC between PFC-PMC, PFC-M1, and PMC-M1. At 
visit 1, PFC-M1 coupling was positively associated with 
PFC-PMC coupling during affected extremity task perfor-
mance (r = .82, P < .001). This relationship persisted after 
accounting for PMC-M1 coupling (rpartial = .82, P < .001) 
as coupling associations involving PFC-M1 and PMC-M1 
were not observed (rpartial = −.01, P = .983). At visit 2, PFC-
M1 coupling was again positively associated with PFC-
PMC coupling (r = .60, P = .008) and remained significant 
after accounting for PMC-M1 coupling (rpartial = .65, 
P = .005). Greater PFC-M1 coupling was now also 

Figure 1. Enhancement of PFC-M1 DB-PAC during 
task performance. Participants with stroke and controls 
demonstrated greater DB-PAC during the task (collapsed across 
extremity) versus rest condition.
*P < .05. **P < .01. ***P < .001. Figure 2. Enhanced ipsilesional PFC-M1 DB-PAC during task 

performance with the affected extremity. Individuals with 
stroke demonstrated significantly greater coupling during task 
performance with their affected versus less-affected extremity 
at visits 1 and 2 despite a significant decrease in coupling during 
affected extremity performance between visits.
*P < .05. **P < .01. ***P < .001.
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associated with greater PMC-M1 coupling (rpartial = .49, 
P = .047, Supplemental Figure 3).

Coupling, Neural Injury, and Motor Status

Larger lesion volume was associated with greater PFC-M1 
coupling (ρ = .60, P = .023), while greater lesion overlap to 
ATR was negatively associated with coupling (ρ = −.61, 
P = .025; Supplemental Figure 4). Associations between 
coupling and lesion overlap injury to BG (ρ = .25, P = .588) 
and CST (ρ = −.51, P = .089) were not significant. These 
findings informed the construction of a preliminary concep-
tual model of PFC-M1 DB-PAC (Figure 5). Greater cou-
pling at baseline was associated with better motor status 
around IRF admission (UEFM: ρ = .59, P = .026; ARAT: 
ρ = .55, P = .041; Supplemental Figure 5) and discharge 
(UEFM: ρ = 0.39, P = .056; ARAT: ρ = .44, P = .026). 
Baseline coupling also positively correlated with motor 
recovery during IRF stay (ARAT ChangeRealized: ρ = .46, 
P = .048). Participants demonstrated a significant increase 
in affected extremity grip strength during IRF hospitaliza-
tion (t = 2.73, P = .011; Supplemental Figure 6). 
Prefrontomotor coupling at visit 1 did not correlate with 
change in affected extremity maximal grip strength during 

IRF hospitalization (ρ = −.04, P = .884). No change in less-
affected extremity grip strength occurred during IRF hospi-
talization (t = 1.98, P = .058).

Discussion

In the current study, we computed PFC-M1 DB-PAC in per-
sons with stroke during their IRF stay to determine the util-
ity of prefrontomotor coupling as a potential motor recovery 
biomarker. We found that individuals with stroke demon-
strated greater prefrontomotor coupling compared to con-
trols during task performance with the affected extremity 
near IRF admission and discharge. Greater coupling at 
admission was also acutely related to injury magnitude and 
associated with motor status and recovery.

On several fronts, this work represents both a continua-
tion and departure from past connectivity studies in stroke. 
This study focused on delta and beta oscillatory activity 
based on prior work relating neural injury and motor recov-
ery to these particular frequency bands.5,20 Previous PAC 
examination in stroke has focused mainly on theta (4-7 Hz), 
alpha (8-12 Hz), and beta (13-29 Hz) phase coupling with 
gamma (65-100 Hz) amplitude between M1 regions.12 
While functional connectivity between ipsi- and 

Figure 3. Stroke shifts M1 beta amplitude to the rise of PFC delta phase. Rose plots of PFC delta phase coupled to M1 beta 
amplitude (black line) in (A) control participants during task performance with the dominant extremity, (B) individuals with stroke 
during task performance with the affected extremity at visit 1 and visit 2 (C). A shift in phase-dependency from the peak of the delta 
PFC phase to the rise of the delta PFC phase occurred between visits 1 and 2. Grey shading around the black line indicates standard 
error. Peak and trough values in radians provide additional orientation.
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Figure 5. Proposed conceptual model of a PFC-M1 DB-PAC network. Delta oscillatory activity from prefrontal cortex (PFC, purple) 
modulates beta oscillatory activity from nearby primary motor cortex (M1, blue) through (A) functional connections (dotted arrow) 
and (B) structural connections (solid arrow) via white matter fiber tracts such as the anterior thalamic radiation (ATR, green). (C) 
Smaller lesion volume and greater ATR overlap injury (red) are associated with less coupling. (D) Larger lesion volume and less ATR 
overlap injury are associated with greater coupling.

Figure 4. Cluster analysis of prefrontal delta and scalp beta coupling. (A) Topographical plots demonstrating coupling between delta 
phase of electrodes overlying PFC (outlined box) and scalp beta amplitude. Electrodes showing a significant Group effect (Bonferroni-
corrected P = .00026) are plotted for each visit. Darker red color reflects greater coupling. (B) Graphical presentation of the clustered 
F-statistic for the Group and Time interaction across electrodes triangulated to 10 to 20 neighbors presented. Larger electrodes reflect 
a greater interaction. Coupling is greatest in the ipsilesional hemisphere during affected extremity task performance (B, middle). During 
non-dominant and less-affected extremity performance, the interaction is greater in clustered electrodes overlying the contralesional 
hemisphere (B, bottom). L indicates the left or ipsilesional hemisphere, and R indicates the right or contralesional hemisphere.
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contralesional M1 regions has repeatedly shown relevance 
in post-stroke motor recovery,43 contributions from other 
cortical regions merit consideration. Our focus on cross-
frequency coupling between electrodes overlying PFC and 
M1 regions, combined with preliminary examination of 
PFC and M1 coupling with PMC, represents a novel cou-
pling approach in stroke. The involvement of PFC in cou-
pling analyses, in comparison to bilateral M1 regions, also 
aligns with the notion of post-stroke rehabilitation as a bio-
psychosocial process involving motor re-learning; whereby, 
cognitive functioning and person-centered factors such as 
motivation and self-efficacy impact rehabilitation and re-
learning outcomes.44

The linear mixed models performed in this work to dis-
cern within- and between-group differences generated 
several important findings. As hypothesized, initial mod-
eling revealed greater coupling during task performance 
as compared to rest, which may be attributable to greater 
cognitive demand (ie, PFC involvement) in the former 
condition. Importantly, group differences in coupling 
emerged during the task condition and were specific to the 
affected extremity for those with stroke as no between- or 
within-group differences in coupling during less-affected 
extremity performance were observed. Though individu-
als with stroke demonstrated a reduction in coupling dur-
ing affected extremity performance over the course of 
their IRF stay, coupling remained elevated at around the 
time of IRF discharge relative to controls. This likely 
reflects the ongoing and incomplete nature of early post-
stroke motor recovery.45

Relatedly, an exploratory investigation of coupling 
along the PFC-PMC-M1 pathway demonstrated the 
involvement of secondary motor regions (PMC). Our find-
ing of PFC-M1 coupling positively related to PMC-M1 
coupling at visit 2, but not at visit 1, partially supports our 
hypothesis that coupling between PFC and M1 occurs 
through PMC. The changes in coupling between PFC-M1, 
PFC-PMC, and PMC-M1 from visit 1 to visit 2 may reflect 
a greater reliance on executive control from PFC in motor 
control during earlier recovery stages. Our overall finding 
of decreased DB-PAC coupling between PFC and M1 over 
time (Figure 2) may also therefore represent a greater 
influence of oscillatory activity from PMC on M1 that 
emerges during recovery.

Positive associations between coupling during affected 
extremity task performance and motor status (UEFM and 
ARAT scores) at visits 1 and 2 and motor recovery (ARAT 
ChangeRealized) combined with the cluster analysis findings 
(Figure 4B) suggest that increased cortical activity arising 
from the ipsilesional hemisphere contributes to better motor 
outcomes by the start and end of inpatient rehabilitation. 
This finding aligns with prior meta-analyses reporting more 
favorable motor recovery outcomes with more localized 
ipsilesional motor cortical activity.46,47 Therefore, PFC-M1 
DB-PAC may represent an adaptive neuroplasticity 

mechanism particularly beneficial during earlier post-stroke 
recovery timeframes when the execution of goal-directed 
movement may present greater attentional demands and 
reliance on PFC.

Apart from compensatory or adaptive neuroplasticity 
mechanisms, the temporal dynamics of DB-PAC observed 
in this work may relate to motor control, including move-
ment planning, preparation, and execution phases. Linking 
the temporal dynamics of DB-PAC to motor control is dif-
ficult as our understanding of the functional relevance of 
delta and beta oscillatory activity continues to evolve. For 
instance, beta oscillatory activity increases during motor 
planning and decreases with movement execution,48 sug-
gesting its utility in preparing and holding the motor system 
in a “ready state” prior to the initiation of movement.49 
Consequently, beta oscillatory activity during movement 
has been associated with pathological movement entailing 
akinesia and/or hypokinesia.50 This contrasts with the 
involvement of delta-high gamma coupling during the exe-
cution of complex movements in humans51 and motor con-
trol improvement (ie, dexterity) following the restoration of 
low-frequency activity with alternating current stimulation 
in primates following stroke.52 Our findings of elevated 
DB-PAC during task performance implies a more nuanced 
role for coupling in motor control post-stroke whereby 
DB-PAC serves a regulatory-like function during the sus-
tainment phase of movement of our grip task. During this 
time, contributions from PFC extend beyond movement 
preparation and initiation to now encompass continuous 
communication with M1 so that participants’ generated 
force output matches and maintains the force associated with 
the visual target. This interaction may be particularly benefi-
cial post-stroke amidst disruptions in neural network con-
nectivity. Our findings indicate that PFC exerts a stronger 
regulatory influence on PMC and M1 to achieve the desired 
motor output at visit 1 versus 2. We therefore propose that 
elevated DB-PAC observed exclusively during task versus 
rest conditions in this study, represents top-down regulation 
of motor execution that is augmented during early post-
stroke recovery. Comparing and/or contrasting the temporal 
dynamics of DB-PAC during motor recruitment and sustain-
ment phases is a necessary next step.

When determining the effect of stroke-related injury on 
coupling, we included both general (lesion volume) and 
coupling-specific (ATR, CST, and BG overlap injury) mea-
surements. Interestingly, we observed divergent findings 
between injury and PFC-M1 DB-PAC near IRF admission. 
Greater coupling was associated with larger lesion volume 
and smaller lesion overlap to ATR. The first finding involv-
ing lesion volume relates to prior work showing positive 
associations between enhanced delta coherence involving 
ipsilesional M1 and larger infarct volume.20 Enhanced delta 
activity arising as a function of lesion extent may have thus 
contributed to increased DB-PAC in this work. Because few 
participants sustained direct damage to the PFC region and 
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were subsequently removed for these correlational analy-
ses, it is possible that enhanced delta activity in electrodes 
overlying the PFC region may have occurred through 
mechanisms consistent with diaschisis. The second finding 
involving ATR injury resonates with past work demonstrat-
ing altered resting-state functional connectivity with white 
matter injury following stroke.53 A notable feature of this 
past work was the focus on white matter integrity of the 
CST in upstream sensorimotor functional connectivity. In 
our work, associations between CST injury and coupling 
were not significant, suggesting that PFC-M1 DB-PAC may 
not rely on the structural integrity of this tract. Our results 
indicated that injury to ATR, a white matter tract connecting 
thalamus (anterior and midline nuclei) with the frontal lobe, 
which is frequently used to anatomically define PFC,31 may 
be a key PFC-M1 DB-PAC substrate. This finding is bol-
stered by prior rodent work showing the mediation of beta 
oscillatory activity in PFC by the thalamic nucleus reuni-
ens, which is part of the midline thalamic nuclei group33 
closely aligned with ATR. Further, work in humans has 
shown enhanced activation of the anterior thalamus (also 
closely aligned with ATR) during complex task perfor-
mance.30 Lastly, we observed no association between cou-
pling and BG overlap injury. This may suggest that 
prefrontal control or gating of M1 activity occurs through 
structural white matter tracts and/or branches of these tracts 
rather than through individual subcortical nuclei compris-
ing the CBGTC loop.

This study presents several strengths, including the col-
lection of neuroimaging, behavioral, and neurophysiologi-
cal assessments often acquired at 2 distinct timepoints 
during post-stroke rehabilitation. The heterogeneity of our 
stroke cohort promotes the generalizability of our findings; 
however, the examination of more homogenous subgroups 
(eg, moderate-severe vs mild motor impairment or cortical 
vs subcortical lesion involvement) in future work may 
determine if distinct patterns or profiles of PFC-M1 
DB-PAC exist in specific subgroups. There are a few limita-
tions in this work to acknowledge. Due to the exploratory 
nature of this work, we did not control for potential con-
founders such as baseline motor impairment, age, time-post 
stroke, and length of IRF stay. Also, compared to other PAC 
studies that involved tasks of spatial attention, object 
abstraction, and decision making,10,13,15 the precision grip 
task included in this study may not have possessed the same 
degree of cognitive demand, which may have influenced 
prefrontal gating of motor activity. We also note the limita-
tions with our injury measurement involving lesion overlap 
with white matter tracts, which may not capture subtle char-
acteristics of tract integrity as compared to more sensitive 
diffusion-based measures.54 Finally, we recognize that the 
sensitivity of the dynamometer device and physical 
demands of the grip task prohibited participation from a few 
individuals with severe hemiparesis.

Conclusions

The early post-stroke recovery timeframe represents a 
period of enriched plasticity.55 Measures that capture these 
neuroplasticity mechanisms of post-stroke recovery and re-
learning have the potential to advance stroke rehabilitation 
research by providing novel treatment strategies. In line with 
precision medicine-based approaches that often entail treat-
ment delivery to gene- and cell-specific targets, the fre-
quency- and region-specific neurocircuitry featured in this 
work may offer additional treatment targets to non-invasive 
brain stimulation application. Likewise, the translation of 
non-invasive brain stimulation protocols to clinical practice 
in stroke requires a comprehensive understanding of the 
mechanisms behind these treatments to ensure for more per-
sonalized delivery.56 The measurement and examination of 
PAC, along with shifts in phase dependency across post-
stroke recovery, may provide crucial mechanistic under-
standing to propel translation. Lastly, stroke often results in 
multiple impairments spanning multiple domains (eg, motor, 
cognitive, language, and visuospatial). Recognizing the 
potential overlap or interaction between impairments is 
critical yet not fully realized, especially in the development 
of post-stroke motor recovery biomarkers used to predict 
recovery outcomes. The measurement and assessment of 
PAC between PFC and M1 in this work thus represents an 
important methodological pathway toward advancing our 
understanding of post-stroke recovery wherein the consid-
eration of cross-frequency intercortical interactions affords 
a more holistic perspective to recovery.
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