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Modified constraint-induced movement therapy 
enhances cortical plasticity in a rat model of traumatic 
brain injury: a resting-state functional MRI study

Abstract  
Modified constraint-induced movement therapy (mCIMT) has shown beneficial effects on motor function improvement after brain injury, but the exact 
mechanism remains unclear. In this study, amplitude of low frequency fluctuation (ALFF) metrics measured by resting-state functional magnetic resonance 
imaging was obtained to investigate the efficacy and mechanism of mCIMT in a control cortical impact (CCI) rat model simulating traumatic brain injury. At 3 
days after control cortical impact model establishment, we found that the mean ALFF (mALFF) signals were decreased in the left motor cortex, somatosensory 
cortex, insula cortex and the right motor cortex, and were increased in the right corpus callosum. After 3 weeks of an 8-hour daily mCIMT treatment, the 
mALFF values were significantly increased in the bilateral hemispheres compared with those at 3 days postoperatively. The mALFF signal values of left corpus 
callosum, left somatosensory cortex, right medial prefrontal cortex, right motor cortex, left postero dorsal hippocampus, left motor cortex, right corpus 
callosum, and right somatosensory cortex were increased in the mCIMT group compared with the control cortical impact group. Finally, we identified brain 
regions with significantly decreased mALFF values at 3 days postoperatively. Pearson correlation coefficients with the right forelimb sliding score indicated that 
the improvement in motor function of the affected upper limb was associated with an increase in mALFF values in these brain regions. Our findings suggest 
that functional cortical plasticity changes after brain injury, and that mCIMT is an effective method to improve affected upper limb motor function by promoting 
bilateral hemispheric cortical remodeling. mALFF values correlate with behavioral changes and can potentially be used as biomarkers to assess dynamic cortical 
plasticity after traumatic brain injury.
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Introduction 
Traumatic brain injury (TBI), which causes serious damage to the central 
nervous system, has imposed a heavy burden on individuals, families and 
society (Jiang et al., 2019; Jamjoom et al., 2021). It not only causes motor 
dysfunction, but for people with mild or chronic symptoms, there is also a 
risk of vascular dementia, chronic traumatic encephalopathy, and memory 
impairment (Mallas et al., 2021). With the progress of basic research and 
clinical research, the application of regenerative medicine, such as stem 
cells and exosomes (Zhang et al., 2019), and neuromodulation techniques, 
including transcranial magnetic stimulation, transcranial electrical stimulation 

and brain-computer interfaces, in central nervous system diseases have 
brought exciting advancements; however, some forms of dysfunction remain 
untreatable, particularly fine motor hand movement (Bao et al., 2020). 
Multiple studies have shown that exercise therapy, as the final strategy 
common among all TBI treatments, has a positive impact on patients with 
brain injury and is an irreplaceable treatment (Stinear et al., 2020).

Compared with other forms of kinesiotherapy, passive exercise, forced 
exercise and proprioceptive neuromuscular facilitation, modified constraint-
induced movement therapy (mCIMT) has a unique clinical application for 
overcoming upper limb disorders after stroke and is currently the most 
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Graphical Abstract

mCIMT improves motor function of the affected limb after TBI through functional remodeling
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studied rehabilitation intervention for patients (Langhorne et al., 2011). It is 
believed that the therapeutic effects of CIMT involve two main mechanisms: 
(1) nonuse behavioral mechanisms involved in overcoming learning 
(Wittenberg and Schaechter, 2009), and (2) neurological mechanisms involved 
in promoting changes in neuroplasticity (Schaechter et al., 2002; Kononen et 
al., 2012). A longitudinal follow-up trial demonstrated that mCIMT improved 
motor function and the effects were maintained for 1 to 2 years (Wolf et al., 
2006, 2008). Several clinical and basic studies have found that CIMT improves 
upper limb motor dysfunction (Barzel et al., 2015; Hu et al., 2021).

Advanced neuroimaging has been used to capture brain morphometry, 
microstructure, biochemical and metabolic abnormalities after TBI (Smith 
et al., 2019; Wiegand et al., 2021), including T1/T2-weighted magnetic 
resonance imaging (MRI) (Smith et al., 2019), diffusion MRI (Dailey et al., 
2018), magnetic resonance spectroscopy (Veeramuthu et al., 2018) and 
positron emission tomography (Graham and Sharp, 2019). To date, the 
dominant neuroimaging findings in human TBI are changes in volumetric 
measurements and cortical thickness (Santhanam et al., 2019), white 
matter microstructure (Rodriguez-Grande et al., 2018), neurochemical 
concentrations (Lin et al., 2012), and brain metabolism (Ellingson et al., 2019). 
Furthermore, animal studies have shown that architectural alterations in TBI 
may be attributed to neuronal and synaptic deficits (Fidan et al., 2018), and 
diffusion and anomalous metabolism possibly result from neuroinflammation 
and axonal damage (San Martin Molina et al., 2020). Post-injury neuronal 
restructuring and plasticity starts in the early stages, lasts for weeks or even 
years, and involves brain areas far from the affected region. Amplitude of 
low frequency fluctuation (ALFF) is the square root of the power spectrum 
between 0.01 and 0.08 Hz in the resting-state functional MRI (rsfMRI) signal. 
There is an association between ALFF of different brain regions, which is 
thought to reflect the density of regional spontaneous brain activity. ALFF can 
be used to indirectly to measure changes in neurons not only temporally, but 
also spatially.

There are different theories of restoration after brain injury: one is the 
compensatory theory, and the other is the interhemispheric competition 
theory, which is the most widely used in clinical practice. The interhemispheric 
competition theory suggests that once one hemisphere is affected, the balance 
of interconnection and restraint between the two hemispheres is disrupted 
and the healthy hemisphere becomes overactivated, which limits the 
functional recovery of the affected hemisphere (Kerr, 2021). Neuromodulation 
is a rehabilitation method widely carried out in clinical practice and animal 
experiments (Hilderley et al., 2019), and it has been confirmed in previous 
studies that it promotes neuroplasticity (Gao et al., 2020b). Numerous studies 
of non-invasive brain stimulation based on this theory have demonstrated 
facilitation of motor recovery, but there are also studies with limited or even 
opposing results. A critical new model, the bimodal balance–recovery model, 
was proposed for personalized training (Di Pino et al., 2014). This model links 
interhemispheric balance and functional recovery to the structural reserve 
preserved by the lesion. According to this theory, when the injury area is 
small, compensation of the injured hemisphere is important, and inhibition 
of the injured hemisphere by the healthy hemisphere is appropriately 
suppressed. When the injury area is large, then the injured hemisphere 
depends on the compensation of the healthy hemisphere.

The heterogeneity of human brain injury makes it difficult to obtain good 
longitudinal follow-up data. At present, it is difficult to collect rsfMRI for 
patients with brain injury in the early phase, so it is difficult to study changes 
in patients over time (Van Horn et al., 2017; Jolly et al., 2021). Animal 
experiments not only allow for imaging acquisition before injury, early post-
injury and post-CIMT treatment, but also allow for investigation of the 
pathophysiological changes after TBI. In our study, in contrast to previous 
small-sample clinical trials and animal experiments with cerebral ischemia 
models, we adopted the control cortical impact (CCI) model, which can more 
precisely simulate the corresponding motor cortex injury of the upper limb. 
We hypothesized that CIMT can improve functional outcomes in rats with 
TBI possibly through functional plasticity, by inhibiting the motor cortex of 
the unaffected hemisphere to reduce the abnormal inhibition of the affected 
hemisphere, or to stimulate the motor cortex of the affected hemisphere, 
leading to improved behavioral performance in rats.
 
Methods   
Animals
Forty-five specific pathogen free Sprague-Dawley rats (female, weighing 250 
to 300 g, 8–10 weeks old) were provided by SLAC Laboratory Animal Co., Ltd. 
in Shanghai, China (license number: SCXK (Hu) 2017-0005). All animals were 
housed with three to four rats per cage at a regulated temperature (23°C) 
with a 12-hour light/dark cycle and ad libitum access to water. Rats were 
randomly allocated using the random number table method to either the 
sham group (Sham; n = 15), CCI group (CCI; n = 15), or mCIMT group (mCIMT; 
n = 15). The study protocol met animal ethical standards and was granted 
approval by the Animal Ethics Committee of Tongji University Hospital, China 
on October 13, 2020 (approval No. 2020-DW-002). This study was reported in 
accordance with the Animal Research: Reporting of In Vivo Experiments 2.0 
guidelines (Percie du Sert et al., 2020).

CCI model
The CCI model was established as previously described (Shultz et al., 
2017). Anesthesia was induced by 4% isoflurane (RWD Life Science Co., 
Ltd, Shenzhen, China) inhalation and maintained with 2.5% isoflurane via 

a mask placed over the mouth. Rectal temperature was measured and 
maintained at 36.5–37.5°C with a heating pad. The animal was placed in a rat 
stereotaxic apparatus fixed with ear and incisor bars (RWD Life Science Co., 
Ltd, Shenzhen, China). A 5.0-mm circular craniectomy was performed using 
a drill in the left parietal cortex (from the bregma: 0.5 to 4.5 mm anterior-
posterior, 0 to 5 mm medial-lateral) according to the Rat Brain in Stereotaxic 
Coordinates (Paxinos and Watson, 1998) without any damage. After the 
craniectomy, the CCI device with a 5.0-mm planar impactor tip (YHCI99, 
Wuhan Yihong Technology Co., Ltd., Wuhan, Hubei Province, China) was 
placed in the center of the craniectomy site. Moderate injury was induced 
at a speed of 4 m/s, a dwell time of 150 ms, and a deformation depth of 2.8 
mm. The sham group received the same procedure except for the impact. The 
animal was placed in a heated chamber until the effect of anesthesia wore off 
and was then returned to its cage. Rats were acclimated to the environment 
and pretrained (i.e. grasped) for 2 weeks. Preoperative and postoperative (3 
and 28 days) cylinder rearing tests and MRI acquisitions were performed. One 
week after CCI, rats in the mCIMT group were treated with mCIMT (Figure 1).

MRI
Behavioral test

Pre-training mCIMT

CCI

–2 wk –3 d 0 d 3 d 1 wk 2 wk 3 wk 4 wk

Figure 1 ｜ Experimental design.
CCI: Control cortical impact; mCIMT: modified constraint-induced movement therapy.

mCIMT
The mCIMT training started 1 week after surgery and was usually performed 
at the same time each day. Rats were stabilized with a moderate elastic 
plaster, lined with cotton to prevent direct contact with the skin, on the 
healthy side forelimb (left) for 8 hours per day for 3 weeks. The injured side 
forelimb (right) was forced to grasp food for training for 1 hour. The rat was 
placed in a 30 cm × 35 cm rectangular box made of acrylic plates, with a small 
window 15 cm high and 1 cm wide on the side of the box and a small shelf 
outside the window. Peanut rice cut into small pellets was placed on the shelf. 
A successful test was one in which the rat grasped, fetched and took the small 
pellet to its mouth. A failed test was one in which the pellet was not captured, 
failed to be captured, or dropped. After training, the rats were given enough 
food for one day to continue grasping food with the affected hand, and no 
food was given outside of training/restraint. Rats in the other groups moved 
freely in the cage without any restraint.

Cylinder rearing test
The cylinder rearing test (Emerick and Kartje, 2004) was used to assess 
forelimb asymmetry at baseline, and at 3 days and 28 days after CCI. The 
rat was placed in a glass resin cylinder (25 cm × 30 cm) with two mirrors on 
either side, and was allowed to rear and place their forepaws on the cylinder 
wall for 5 minutes. A video camera recorded the rat standing and moving, 
and analyzed the number of times the forelimb walls made contact and slid. 
The sliding score of the right forelimb was determined using the following 
formula: (right forelimb sliding times/right forelimb total touches) × 100%.

MRI acquisition
Brain fMRI scans were conducted on the three groups of rats with a Bruker 
11.7 T MRI system (Bruker Medizintechnik, Karlsruhe, Germany) at baseline, 
and at 3 and 28 days after CCI surgery. After anesthesia was induced by 4% 
isoflurane, the rat was fastened to the scanner and its body temperature 
was maintained at 37.5°C by a heating pad with a water bath. Continuous 
anesthesia was maintained with 1–2.5% isoflurane with ventilator support and 
respiratory monitoring. For the imaging, an interleaved single EPI sequence 
was used with the following parameters: flip angle, 90°; slice thickness, 0.3 
mm; repetition time, 3000 ms; echo time, 8.538 ms; mean value, 1; field of 
view, 27 × 27 mm2 with 90 × 90.

MRI data preprocessing
Data preprocessing was carried out using the Statistical Parametric Mapping 
12 (SPM 12) toolbox (http://www.fil.ion.ucl.ac.uk/spm/), which is based on 
the MATLAB 2013b platform (MathWorks, Natick, MA, USA). Rats with head 
movement greater than 0.2 mm or head rotation greater than 0.2° in either 
direction were excluded. Firstly, the first 10 time points were removed and the 
images were augmented by up to 10 × 10 × 10 times to match the size of the 
human brain without the need for interpolation, which allowed for developing 
processing algorithms that were initially designed for human data. Secondly, 
non-brain tissue was manually removed before further preprocessing. Slice 
timing procedures were used to correct the fMRI images to remove timing 
bias from the slice acquisition. A rigid body transformation was used to 
spatially realign the images to correct for voxel misalignment that was caused 
by head motion. Normalization of the standard space was realized using a 
standard brain template with a voxel size of 2.06 × 2.06 × 2 for the normalized 
images (Schwarz et al., 2006). Images were subsequently smoothed by full-
width half-maximum quadruplication to voxel size 4.12 × 4.12 × 4. Additional 
preprocessing included regression, detrending and filtering (0.01–0.08 Hz) of 
interfering signals to reduce the effects of low frequency linear drift and high 
frequency physiological breathing and noise.
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Mean ALFF analyses
Following data preprocessing, REST (Beijing Normal University, http://www.
restfmri.net) was used to calculate the ALFF data (Song et al., 2011). The time 
series of each voxel was converted to the frequency domain using the fast 
Fourier transform. The power spectrum in the frequency band of each voxel 
was obtained. Given that the power at a given frequency is proportional to 
the square of the amplitude of that frequency component, the square root 
of the power spectrum was obtained for each frequency. Then the average 
square root (ALFF value) of the power at different frequency bands was 
calculated (Yang et al., 2007). Finally, the ALFF values for each animal were 
converted to mean ALFF (mALFF) by dividing the ALFF of each voxel by the 
global average ALFF for further comparisons between groups. 

Statistical analysis
No statistical methods were used to predetermine the sample sizes; however, 
our sample sizes were similar to those reported in a previous publication 
(Zheng et al., 2020). Behavioral analyses were performed blind to whether CCI 
modeling and mCIMT treatment were performed, whereas MRI examinations 
and analyses were not performed blind to experimental conditions. To 
longitudinally observe the mALFF differences between the three groups, 
we performed a two-sample t-test in SPM12 software implemented in 
MATLAB 2013b (MathWorks, Sherborn, MA, USA) for individual mALFF 
maps at different times for each pair of the three groups with a mask, which 
corresponds to a corrected P < 0.005. To investigate the relationship between 
the mALFF and upper limb motor function performance, we selected brain 
regions with significant changes in mALFF values at 3 days after injury as a 
mask. The mALFF signal values were extracted from the three groups at 3 
and 28 days postoperatively. Pearson correlation coefficients between mALFF 
values and right forelimb glide scores were calculated using GraphPad Prism 
7 (GraphPad, San Diego, CA, USA, www.graphpad.com) and the threshold for 
significance was set at P < 0.05.

Results
CCI group and sham group differences in mALFF maps on day 3 after 
surgery 
Figure 2 shows a two sample t-test analysis between the CCI group and Sham 
group mALFF maps. After CCI surgery, the most significant mALFF decrease 
in the CCI group was found in the left motor cortex, and decreases were also 
seen in the left somatosensory cortex, left cortex insular, and right motor 
cortex. An increase in mALFF in the CCI group was observed in the right 
corpus callosum. See Table 1 for a list of these regions. 
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Figure 2 ｜ mALFF maps in rats between the CCI group and sham group 3 days after 
surgery. 
The warm tone represents areas where the mALFF values of the CCI group were higher 
than those of the sham group, and the cold tone represents areas where mALFF values 
of the CCI group were lower than those of the sham group. The numbers in the graph 
represent the Z-axis coordinates along the anterior-posterior axis, referencing the 
stereotaxic rat brain magnetic resonance imaging template, with which the coordinates 
of Paxinos and Watson (1998) have been aligned. The statistical threshold was set at P 
< 0.005. Notably, we show the results of a two-sample t-test in the mask showing the 
sensorimotor correlation network. CCI: Control cortical impact; mALFF: mean amplitude 
of low frequency fluctuation.

Table 1 ｜Brain regions showing mALFF differences between the CCI and sham groups 
3 days after surgery

Brain regions
No. of 
voxels

Peak 
t-value

MNI coordinates (mm)

x y z

CCI > Sham R_Corpus_Collosum 25 5.034 44 17 13
CCI < Sham L_Cortex_Motor 4086 –27.681 –17 40 –55

L_Cortex_Somatosensory 294 –3.396 –34 28 –59
L_Cortex_Insular 294 –4.848 –57 –18 –31
R_Cortex_Motor 87 –4.156 18 34 –57

A two-sample t-test was used to identify significant voxels. The P value was set to 0.005 
and the corresponding t-value was then determined by the P value. x, y, z: coordinates of 
the position of the primary peak in MNI space. CCI: Control cortical impact; L: left; MNI: 
Montreal Neurological Institute; R: right.
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Figure 3 ｜ mALFF maps of the mCIMT group between 3 days and 28 days after 
surgery. 
The warm tone represents areas where mALFF values at 28 days were higher than those 
at 3 days, and the cold tone represents areas where mALFF values at 28 days were lower 
than those at 3 days. The numbers in the figure are the coordinates of the Z-axis in 
standard space. The statistical threshold was set at P < 0.005. Of note, we showed the 
two‐sample t‐tests results within a mask showing sensorimotor-related networks. CCI: 
Control cortical impact; mALFF: mean amplitude of low frequency fluctuation.

Table 2 ｜ Brain regions showing mALFF differences of mCIMT group between 3 days 
and 28 days after surgery

Brain regions
No. of 
voxels

Peak 
t-value 

MNI coordinates (mm)

x y z

28 d > 3 d L_Cortex_Motor 4063 8.786 –23 34 –63
L_Cortex_Medial_
Prefrontal

4063 7.114 –3 15 –71

L_Hippocampus_Postero_
Dorsal

241 5.195 –19 22 –1

L_Corpus_Collosum 241 4.024 –36 13 19
R_Cortex_Motor 56 4.91 12 30 –13
R_Cortex_Somatosensory 86 4.581 24 38 –41
R_Corpus_Collosum 21 4.434 32 5 –71
L_Cortex_Frontal_
Association

64 4.174 –34 16 –95

28 d < 3 d L_Corpus_Collosum 40 –4.646 –63 –24 –1

A two-sample t-test was used to identify significant voxels. The P value was set to 0.005 
and the corresponding t-value was then determined by the P value. x, y, z: coordinates 
of the position of the primary peak in MNI space. L: Left; mALFF: mean amplitude of low 
frequency fluctuation; mCIMT: modified constraint-induced movement therapy; MNI: 
Montreal Neurological Institute; R: right.

mALFF maps between the mCIMT group and CCI group on day 28 after 
surgery
Figure 4 shows a two sample t-test analysis between the mCIMT group 
and CCI group mALFF maps 28 days after surgery. Compared with the 
mALFF values of the CCI group, the mALFF values of the mCIMT group were 
increased in the left corpus callosum, left somatosensory cortex, right cortex 

mALFF maps of the mCIMT group between day 3 and day 28 after surgery
Figure 3 shows a two sample t-test analysis of the mCIMT group mALFF maps 
between the 3rd day and 28th day after surgery. On day 28, the mALFF signals 
of the left motor cortex, left medial prefrontal cortex, left postero dorsal 
hippocampus, left corpus callosum, right motor cortex, right somatosensory 
cortex, right corpus callosum, and left frontal association cortex were 
significantly increased compared with those on day 3. See Table 2 for a list of 
these regions.
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medial prefrontal, right motor cortex, left postero dorsal hippocampus, 
left motor cortex, right corpus callosum, and right somatosensory cortex. 
Conversely, mALFF values in the left somatosensory cortex, right antero dorsal 
hippocampus, right somatosensory cortex, and right corpus callosum were 
decreased in the mCIMT group compared with the CCI group. See Table 3 for 
a list of these regions. 

–71

–59

–13

–67

–31

–5 +17

–63

–19
L_Hippocampus_Postero_Dorsal

–2.924

3.527

Figure 4 ｜ mALFF maps between the mCIMT group and CCI group 28 days after 
surgery. 
The warm tone represents areas where mALFF values of the mCIMT group were higher 
than those of the CCI group, and the cold tone represents areas where mALFF values of 
the mCIMT group were lower than those of the CCI group. The numbers in the figure 
are the coordinates of the Z-axis in standard space. The statistical threshold was set 
at P < 0.05. Of note, we showed the two‐sample t‐tests results within a mask showing 
sensorimotor-related networks. CCI: Control cortical impact; mALFF: mean amplitude of 
low frequency fluctuation; mCIMT: modified constraint-induced movement therapy.

Table 3 ｜ Brain regions showing mALFF differences between the CCI group and 
mCIMT group 28 days after surgery

Brain regions
No. of 
voxels

Peak 
t-value

MNI coordinates (mm)

x y z

mCIMT > CCI L_Corpus_Collosum 454 3.527 –38 1 –71
L_Cortex_Somatosensory 286 2.424 –40 20 –63

R_Cortex_Medial_
Prefrontal

219 3.515 9 –7 –71

R_Cortex_Motor 219 2.799 16 22 –65
L_Hippocampus_Postero_
Dorsal

111 3.246 –54 5 17

L_Cortex_Motor 167 2.882 –30 38 –59
R_Corpus_Collosum 104 2.514 24 13 –67
R_Cortex_Somatosensory 55 2.339 44 3 –65

mCIMT < CCI L_Cortex_Somatosensory 57 –2.924 –21 44 –11
R_Hippocampus_Antero_
Dorsal

106 –2.901 18 7 –13

R_Cortex_Somatosensory 162 –2.766 63 –1 –31

R_Corpus_Collosum 70 –2.065 57 1 –5

A two-sample t-test was used to identify significant voxels. The P value was set to 0.05 
and the corresponding t-value was then determined by the P value. x, y, z: coordinates 
of the position of the primary peak in MNI space. CCI: Control cortical impact; L: left; 
mALFF: mean amplitude of low frequency fluctuation; mCIMT: modified constraint-
induced movement therapy; MNI: Montreal Neurological Institute; R: right.

Figure 5 ｜ Pearson correlation between the mALFF values and sliding score of the 
right forelimb. 
The analysis indicated a negative correlation between the mALFF and right upper limb 
motor function performance (r = –0.725, P < 0.001). The black dots represent the sliding 
score of the right forelimb for all rats in all three groups at the two time points of 3 and 
28 days postoperatively. mALFF: Mean amplitude of low frequency fluctuation.
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Negative correlation between mALFF values and sliding score of the right 
forelimb
Figure 5 shows the correlation between mALFF values and sliding scores of 
the right forelimb in all three groups. We selected the negative activation area 
of the difference between the CCI group and the Sham group in the mALFF 
map on day 3 as a mask, and extracted mALFF signals of the three groups on 
days 3 and 28. The mALFF value of this cluster was negatively correlated with 
the motor performance of the right upper limb (r = −0.725, P < 0.0001). On 
day 28, the means ± standard deviation for the sham, CCI, and mCIMT groups 
were 0.075 ± 0.039, 0.178 ± 0.062, and 0.044 ± 0.155, respectively, which 
suggested improved behavior in the mCIMT group compared with the CCI 
group.

Discussion
mCIMT has shown beneficial effects in improving motor control and function 
of the upper limb after TBI, but the exact mechanism remains unclear 
(Abdullahi et al., 2020). The current consensus is that improved function is 
associated with changes in synaptic plasticity and cortical recombination. 
Our study has confirmed that after CCI surgery, in addition to the decrease in 
the mALFF signal value in the motor cortex of the affected hemisphere, the 
motor cortex of the contralateral hemisphere also showed a transient signal 
decrease. This may be due to a decreased connection between the left and 
right hemispheres by the corpus callosum (Vahdat et al., 2021). In the mCIMT 
group, mALFF signals of the left motor cortex, left medial prefrontal cortex, 
left postero dorsal hippocampus, left corpus callosum, right motor cortex, 
right somatosensory cortex, right corpus callosum, and left frontal association 
cortex were significantly increased on day 28 compared with those on day 
3. We consider that this increase may be related to spontaneous recovery 
(Thengone et al., 2016) after injury or the efficacy of mCIMT intervention, 
and that the activated area in the right hemisphere may be a compensatory 
effect of the healthy hemisphere. To distinguish between spontaneous 
recovery and mCIMT treatment, the mCIMT group was compared with the 
CCI group on day 28; the mALFF signal values of left corpus callosum, left 
somatosensory cortex, right cortex medial prefrontal, right motor cortex, left 
postero dorsal hippocampus, left motor cortex, right corpus callosum, and 
right somatosensory cortex were increased in the mCIMT group. These results 
suggest that mCIMT may improve motor function by activating neuronal 
plasticity in both the affected hemisphere and the healthy hemisphere. 
However, this evidence is not convincing enough because the P-value was 
set at 0.05. Nevertheless, this finding is still informative for understanding 
recovery. Because the CCI model used in this study is moderately severe, its 
plasticity is limited. mCIMT can promote recovery of motor function through 
cortical plasticity, but for severe structural damage, based on the bimodal 
balance–recovery model, it seems to be consistent with the observed mALFF 
results. Future studies with a range of injury severity should be performed to 
verify the conclusions. 

Although CIMT has been shown to promote motor function recovery after 
stroke or trauma in clinical and animal research, its repair mechanisms are 
still being explored (Cimolin et al., 2012; Kwakkel et al., 2015; Nesin et al., 
2019). A study in five participants with developmental disregard suggested 
that contralateral cortical activity was important for improvement of the 
affected hand movement (Sutcliffe et al., 2009). A study of ALFF in 20 patients 
with chronic and diffuse trauma reported that increased frontal functional 
activity at rest was associated with better overall cognitive performance 
(Palacios et al., 2013). The integrity of the corticospinal tract has been 
shown to correlate with functional improvement after injury (Rocca et al., 
2013b). A single-photon emission computerized tomography study reported 
that CIMT increased the perfusion of motor areas in patients with chronic 
stroke (Könönen et al., 2005). Diffusion tensor imaging and rsfMRI offer 
promising and objective markers to predict clinical outcomes following 
CIMT in congenital children (Rocca et al., 2013a). A series of research 
studies suggested that these positive effects occur via the upregulation of 
postsynaptic membrane α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic 
acid receptor expression (Hu et al., 2021). They also reported that mCIMT 
alters synaptic plasticity of the contralateral hippocampus in a middle cerebral 
artery occlusion rat model (Gao et al., 2020a). In another study, mCIMT 
not only promoted angiogenesis and neurogenesis after cerebral ischemia/
reperfusion, but also promoted the expression of neurotrophic factors 
(Zhao et al., 2013). In contrast, an experimental stroke study reported that 
granulocyte-colony stimulating factor enhanced recovery, whereas CIMT had 
no effect on recovery (Diederich et al., 2012). The varied findings could be 
explained by a number of reasons, including limited sample sizes, different 
injury levels of the models, and timing of intervention. In addition, these 
studies did not systematically study the time-dependent dynamic remodeling 
of cortical sensorimotor networks.

The innovation of this study is that we not only evaluated the effects of CIMT 
on motor function after TBI through mALFF signals, but we also observed 
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the longitudinal changes before and after the injury and treatment. The 
CCI animal model allows for accurate control of the impact location, which 
is more conducive to exploring repair mechanisms. In addition, further 
molecular biological and pathological tissue staining should be performed to 
verify the rsfMRI results. Finally, using the current theoretical guidance and 
results, future studies should conduct neuromodulation in rats to provide a 
clinical paradigm for the combination of mCIMT and neuromodulation (Grefkes 
and Fink, 2011; Hartwigsen and Volz, 2021).

Our study has some limitations. We focused only on the mALFF, but not on 
the functional connectivity between different brain regions and the changes 
between different brain networks. In future studies, we will analyze the 
functional connections between brain regions, and the connections between 
brain networks, and combine this with neural regulation to investigate the 
regulation of functional connectivity and its role in motor function recovery. 
Additionally, neuroinflammation is an important driver of secondary injury 
after TBI, but we did not assess neuroinflammatory factors. We will analyze 
these in future experiments.

There are some common issues of rehabilitation interventions that we need 
to consider. First, there is no scale gradient from mild to severe brain injury 
in injury models. In ischemic models with small area injury, where the theory 
of interhemispheric competition dominates, early mCIMT may be beneficial. 
However, for moderate to severe injury, according to the bimodal balance-
recovery model, the compensatory effect of the healthy brain hemisphere 
may have a bigger effect than suppressing its excitability. Second, in terms of 
the timing of intervention, premature forced movement of the affected upper 
limbs may lead to faulty compensation patterns rather than recovery (Jones, 
2017), which is detrimental to motor function recovery. mCIMT interventions 
that are too late may miss the optimal timing for rehabilitation. Therefore, in 
future experiments, the injury area and the timing of intervention should be 
taken into account.

Conclusions
These preliminary findings suggest that after brain injury, brain function 
changed dynamically, and motor function improvements produced by mCIMT 
were accompanied by brain plasticity reorganization, which may promote 
recovery. mALFF can be used as a sensitive indicator to assess dynamic 
changes in brain plasticity and thus provides guidance for further treatment. 
Further histological and multimodal neuroimaging studies are needed to 
confirm these results. Nevertheless, animal studies and neuroimaging in TBI 
may lead to the identification of target biomarkers and the development of 
more targeted clinical neuromodulation techniques.
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