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Primary motor hand area corticospinal excitability indicates overall functional recovery after spinal cord injury
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Background: After spinal cord injury (SCI), the excitability of the primary motor cortex (M1) lower extremity area decreases or disappears. A recent study reported that the M1 hand area of the SCI patient encodes the activity information of both the upper and lower extremities. However, the characteristics of the M1 hand area corticospinal excitability (CSE) changes after SCI and its correlation with extremities motor function are still unknown.

Methods: A retrospective study was conducted on the data of 347 SCI patients and 80 healthy controls on motor evoked potentials (MEP, reflection of CSE), extremity motor function, and activities of daily living (ADL) ability. Correlation analysis and multiple linear regression analysis were conducted to analyze the relationship between the degree of MEP hemispheric conversion and extremity motor function/ADL ability.

Results: The CSE of the dominant hemisphere M1 hand area decreased in SCI patients. In 0–6 m, AIS A grade, or non-cervical injury SCI patients, the degree of M1 hand area MEP hemispheric conversion was positively correlated with total motor score, lower extremity motor score (LEMS), and ADL ability. Multiple linear regression analysis further confirmed the contribution of MEP hemispheric conversion degree in ADL changes as an independent factor.

Conclusion: The closer the degree of M1 hand area MEP hemispheric conversion is to that of healthy controls, the better the extremity motor function/ADL ability patients achieve. Based on the law of this phenomenon, targeted intervention to regulate the excitability of bilateral M1 hand areas might be a novel strategy for SCI overall functional recovery.
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 Graphical abstract.



1. Introduction

Spinal cord injury (SCI) can occur often in young adults, and the improvement of clinical first aid has resulted in more surviving patients who unfortunately suffer from severe motor dysfunction (MD) of the extremity below the injured neurological level (1, 2).

Voluntary movement of the extremity is dominated mainly by the primary motor cortex (M1). Although the site of injury in SCI is in the spinal cord, significant structural remodeling and electrophysiological changes can also occur in the M1 area, manifesting as a decrease or disappearance of excitability in the M1 lower extremity (LE) area (3, 4). Unfortunately, the efficacy of intervention strategy toward M1 LE area was only moderate. Previous research found that, even after 4-week of repeated transcranial magnetic stimulation (rTMS) treatment toward the LE area, the gait function of SCI patients did not significantly improve when compared with a sham stimulation group (5). A possible reason for this may be due to the M1 LE area’s deep location, small area, and the limited efficacy of the current figure-8, circular, and even double-cone rTMS coils (6). Thus, there is still no recommendation for MD after SCI in the latest rTMS guideline published in 2020 (7).

Interestingly, a recent study reported that the hand area of the central anterior gyrus (the location of the M1 area in the traditional sense, which the author explained as the premotor area in the article) of an SCI patient encoded the activity information of both the upper extremity (UE) and LE, and the movement coding of the UE and LE were highly correlated (8). The above study suggested that the M1 hand area may also encode LE activity in SCI patients. The M1 hand area is large and shallow, which is accepted as relatively excellent stimulation area in clinic. Thus, targeted regulation on the excitability of the M1 hand area of SCI patients may be able to effectively promote the recovery of UE and LE movement. Some researches have unexpectedly observed that M1 hand area rTMS treatment may restore LE motor function. Belci et al. (9) and Gunduz et al. (10) revealed that high frequency rTMS stimulation on the left M1 hand area in patients with incomplete SCI, resulted in significant improvement of overall motor function. However, the underlying mechanism is largely unknown. In view of these facts, changes in the excitability of the bilateral M1 hand area and its correlation with extremities motor function after SCI are urgently required to improve the therapeutic effect of rTMS-targeted stimulation.

Motor evoked potentials (MEP) elicited by TMS is the preferable quantification toward the excitability of elements controlling motor output, including the M1 area and corticospinal tract (CST), providing the evaluation of corticospinal excitability (11). A research found that the prognostic accuracy of MEP appears much higher than that of clinical examination for stoke patients, indicating the predictive function of MEP (12). Sheng W et al. demonstrated that the increased muscle co-contraction was associated with the CST excitability impairment assessed by MEP in stroke survivors, and improvement in CST may contribute to the recovery of muscle discoordination (13).

Therefore, we herein set out to observe the MEP changes of bilateral M1 hand area after SCI and its correlation with extremities motor function and ADL ability with the ultimate goal of providing novel targets and ideas for improving the effect of clinical rTMS treatment in SCI.



2. Methods


2.1. Study design

This cross-sectional retrospective study included neurophysiologic and motor functional data of SCI patients and healthy controls from January 2017 to August 2022 that were collected at the inpatient unit of the Department of Rehabilitation Medicine in Xijing Hospital.

This study was approved by the Ethics Review committee of the Xijing Hospital (No. KY20222073-C-1). Informed consent is exempted due to the characteristics of retrospective study.



2.2. Participants

SCI patient inclusion criteria: a. age ≥ 18 years old, right hand dominant (Edinburgh Handedness Inventory); b. has been diagnosed with SCI; c. no cognitive impairment (Mini-Mental State Examination≥24 scores) (14); d. disease course≤36 months (from SCI to clinical assessment and MEP measurement, patient has tided over the spinal shock). Exclusion criteria: a. UE fracture with peripheral nerve injury; b. severe coagulation disorder, severe cardiac insufficiency, or uncontrollable hypertension; c. other serious systemic diseases such as tumor; d. those taking any drug that may affect the MEP recording within 1 week, including baclofen, diazepam, and other drugs (15); e. absolute contraindication for TMS examination, such as ferromagnetic metal or microprocessor implants in the head (plates, shrapnel, or cochlear implants) (16); f. refuse M1 hand area MEP measurement.

Healthy control inclusion criteria: age ≥ 18 years old, right hand dominant. Exclusion criteria included the above situations that are not available for MEP recording.



2.3. Electrophysiological recordings

MEPs were recorded from the abductor pollicis brevis muscle (17) through surface Ag-AgCl electrodes (10 mm diameters) placed at the belly-tendon montage using TMS equipment (MEP-9404C, Japan). A single pulse TMS was delivered to the hotspot under 80% of the maximum stimulator output (18). MEPs were recorded for a 5 s interval.



2.4. Hemispheric CSE evaluation of bilateral M1 hand areas

Referring to the previously reported methods evaluating the hemispheric CSE changes, we then evaluated the hemispheric CSE conversion degree of the bilateral M1 hand areas and calculated the conversion degree as ln (dominant/non-dominant hemisphere M1 hand area MEP amplitude) (19). A value of 0 indicated that excitability of the dominant hemisphere (DH) was equal to that of the non-dominant hemisphere (NDH) [ln (1)=0], while >0 indicated that excitability of the DH was higher than that of the NDH [ln (>1) > 0], and < 0 indicated that the excitability of the DH was lower than that of the NDH [ln (<1) < 0].



2.5. Clinical assessment


2.5.1. Motor score

MS mainly evaluates the muscle strength of key muscles innervated by different spinal nerves (20). The total MS is 100 which consists of UEMS and LEMS, with 50 points each.



2.5.2. Modified Ashworth scale

MAS was used to measure the muscle tone (21). The classification standard includes grades 0–4 (0, 1, 1+, 2, 3, 4), that are transferred into scores from 0 to 5 in analysis.



2.5.3. Modified Barthel index

MBI (22) is the most commonly used scale for evaluating overall ADL ability, which includes 10 items. The total score is 100.



2.5.4. Spinal cord independence measure

SCIM was used to evaluate the prognosis and ADL ability of SCI patients (23). The total score is 100. There are 17 items in total, of which item 12 (SCIM12) (24) is of great significance for the evaluation of indoor mobility function of SCI patients. The total score for SCIM12 is 8.




2.6. Statistical analysis


2.6.1. Descriptive statistics

Measurement or enumeration data are presented as the mean ± SEM (standard error of the mean) or number (%) [N (%)]. The t-test, Chi-squared test, or Fisher’s exact test were utilized for data comparison. *p < 0.05 was considered significantly different.



2.6.2. MEP and hemispheric conversion degree

All data were analyzed by normality test before analysis. On the basis of Kolmogorov–Smirnov test, the data of MEP amplitude was not normally distributed, therefore, the MEP amplitudes of patients and controls were analyzed by non-parametric test (25). The MEP latency and central motor conduction time (CMCT) were analyzed with t-test of independent samples. The hemispheric conversion degree[ln (DH/NDH ratio)] was compared with one-way ANOVA with the factor of disease course (control, 0–6 m, 6–36 m). *p < 0.05 was considered significantly different.



2.6.3. Correlation analysis and multiple linear regression analysis

Correlation analysis of the M1 hand area MEP amplitude and motor function/ADL ability were investigated for evaluating the effects of disease course, American Spinal Injury Association impairment scale (AIS), and neurological level of injury (NLI). Pearson correlations between different phases/groups were calculated after normality test.

Univariate and multivariate linear regression analyses were conducted to validate the influence of M1 hand area MEP hemispheric conversion degree as the independent factor. MBI and SCIM were set as the linear regression analysis outcomes. The univariate analysis conducted the inclusion criteria as p < 0.10.

*p < 0.05 was considered significantly different.





3. Results


3.1. Basic characteristics of SCI patients and healthy controls

Data from 347 SCI patients and 80 healthy controls were collected. Twenty-seven SCI patients were excluded due to the inclusion criteria, and 139 patients refused M1 hand area MEP measurement or were not testable for M1 hand area MEP measurement due to the exclusion criteria. The final included 181 patients were divided into three groups: (a) M1 hand area MEP could not be measured (abolished MEP, aMEP, n = 62) (26), (b) unilateral M1 hand area MEP could be measured (unilateral MEP, uniMEP, n = 17), and (c) bilateral M1 hand area MEP could be measured (bilateral MEP, biMEP, n = 102) (Figure 1). Meanwhile, nine healthy controls were excluded due to the exclusion criteria, and data from 71 right-handed healthy controls were analyzed. The basic characteristics of untested M1 hand area MEP and tested M1 hand area MEP SCI patients are shown in Table 1. The basic characteristics of the aMEP, uniMEP, and biMEP SCI groups are shown in Table 2. The basic characteristics of the healthy controls included age in years (39.1 ± 1.2) and gender [male N (%): 54 (76.1%)], with no significant difference compared with the biMEP SCI patients. Motor function/ADL ability among the tested M1 hand area MEP subgroups were further compared. Results indicated that the measurability of M1 hand area MEP was in parallel with motor function and ADL ability, biMEP patients had higher extremity motor function/ADL scores (Figure 2).
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FIGURE 1
 Flow chart of this study. The data of 347 SCI patients were collected from 2017 and 2022 in the inpatient unit of the Department of Rehabilitation Medicine of Xijing Hospital. Twenty-seven SCI patients were excluded because they failed to meet the inclusion criteria, and 139 patients refused M1 hand area MEP measurement or were not testable for M1 hand area MEP measurement due to the exclusion criteria. The included 181 patients were divided into three groups which included: a) M1 hand area MEP could not be measured (abolished MEP, aMEP, 62 patients), b) unilateral M1 hand area MEP could be measured (unilateral MEP, uniMEP, 17 patients), c) bilateral M1 hand area MEP could be measured (bilateral MEP, biMEP, 102 patients). Meanwhile, nine healthy controls were excluded due to the exclusion criteria, and the data of 71 right-handed healthy controls were analyzed in comparison with the biMEP group.




TABLE 1 Basic characteristics of untested MEP and tested MEP SCI patients.
[image: Table1]



TABLE 2 Basic characteristics of tested M1 hand area MEP SCI subgroups patients.
[image: Table2]
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FIGURE 2
 Comparison of extremity motor function and ADL ability in the tested M1 hand area MEP subgroup. (A) Comparison of motor score in the tested M1 hand area MEP subgroup. The total MS, UEMS, and LEMS showed an upward trend from aMEP, uniMEP, to biMEP, sequentially. (B) Comparison of SCIM12 and MAS in the tested M1 hand area MEP subgroup. Results of SCIM12 showed an upward trend from aMEP, uniMEP, to biMEP, sequentially. MAS showed a downward trend from aMEP, uniMEP, to biMEP, sequentially. (C) Comparison of MBI and SCIM in tested M1 hand area MEP subgroup. Results indicated that MBI and SCIM showed an upward trend from aMEP, uniMEP to biMEP, sequentially. *p<0.05, **p<0.01. ADL: activities of daily living; aMEP: abolished MEP group; uniMEP: unilateral MEP group; biMEP: bilateral MEP group; MEP: motor evoked potentials; UEMS: upper extremity motor score; LEMS: lower extremity motor score; M1 hand area MEP: upper extremity MEP; SCIM: spinal cord independence measure; MBI: modified Barthel index; MAS: modified Ashworth scale.




3.2. The CSE of the DH M1 hand area decreased in SCI patients

To observe the CSE changes in the bilateral M1 hand areas after SCI, the bilateral M1 hand area MEP were compared between biMEP patients and healthy controls. Results showed that the DH M1 hand area MEP amplitude was significantly larger than the NDH M1 hand area MEP amplitude in healthy controls (p < 0.01), whereas in SCI patients, the opposite phenomenon appeared, and the NDH M1 hand area MEP amplitude was larger than the DH M1 hand area MEP amplitude. Moreover, the bilateral M1 hand area MEP amplitude in healthy controls were larger than those measured in SCI patients (DH: p < 0.01; NDH: p < 0.05; Figure 3A). Furthermore, the M1 hand area MEP latency results showed that the bilateral latency of SCI patients were more delayed than those of healthy controls (p < 0.01; Figure 3B). No significant difference was found in the M1 hand area MEP CMCT results (Figure 3C).

[image: Figure 3]

FIGURE 3
 M1 hand area MEP comparison of biMEP SCI patients and healthy controls. (A) Comparison of M1 hand area MEP amplitude of biMEP SCI patients and healthy controls. In healthy controls, the DH M1 hand area MEP amplitude was larger than the NDH M1 hand area MEP amplitude. In SCI patients, the opposite phenomenon appeared, in which the NDH M1 hand area MEP amplitude was larger than the DH M1 hand area MEP amplitude. Moreover, the bilateral M1 hand area MEP amplitude in healthy controls was larger than that of SCI patients. (B) Comparison of M1 hand area MEP latency of biMEP SCI patients and healthy controls. SCI patients were more delayed than healthy controls in bilateral M1 hand area MEP latency. (C) Comparison of M1 hand area MEP CMCT of biMEP SCI patients and healthy controls. No significant difference was found in M1 hand area MEP CMCT. (D) The degree of hemispheric CSE conversion was calculated as the ln (dominant / non-dominant hemisphere M1 hand area MEP amplitude). The ln(DH/NDH ratio) was 0.41±0.1 in the controls, but -0.06±0.1 in the SCI patients. The CSE of the DH M1 area decreased in SCI patients compared to the control group. (E) The degree of hemispheric CSE conversion in SCI patients with diseases courses in the range of 0-6 m and 6-36 m. The ln(DH/NDH ratio) were -0.05 ± 0.1 and -0.07 ± 0.2 in 0-6 m and 6-36 m groups, respectively, indicating a decreased CSE of the DH M1 area in SCI patients. *p<0.05, **p<0.01. MEP: motor evoked potentials; DH: dominant hemisphere; NDH: non-dominant hemisphere; CMCT: central motor conduction time; M1 hand area MEP: upper extremity MEP; CST: corticospinal tract; CSE: corticospinal excitability.


Considering that the larger M1 hand area MEP amplitude was observed on the DH side of the control, while in SCI, the larger amplitude was observed on the NDH side. The appearance of this opposite trend, led us to analyze the M1 hand area MEP amplitude hemispheric differences, the results from which showed that the ln (DH/NDH ratio) was 0.41 ± 0.1 in the controls, but −0.06 ± 0.1 in the SCI patients. Furthermore, in SCI patients the CSE of the DH M1 hand area decreased and was lower than that of the NDH, as compared with controls (Figure 3D). Based on the finding of previous studies that the majority of motor recovery and AIS conversion occurred within the first 6 months after SCI (20, 27, 28), we divided patients into a 0–6 m and 6–36 m group to further analyze the effects of disease course. SCI patients with a disease course of 0–6 m and 6–36 m had an ln (DH/NDH ratio) of −0.05 ± 0.1 and − 0.07 ± 0.2, respectively, both of which were lower than that of the controls (0–6 m vs. controls: p < 0.01, 6–36 m vs. controls: p < 0.05; Figure 3E).

Collectively, these results indicated that, in healthy controls, the CSE of the DH M1 area was greater than that of the NDH, whereas in SCI patients, the opposite phenomenon, named hemispheric CSE conversion, was observed in which the CSE of the DH M1 hand area was significantly decreased.



3.3. Hemispheric CSE conversion was correlated with motor function and ADL ability in the different SCI subgroups

The correlation of hemispheric CSE conversion with motor function/ADL ability was further analyzed in the different SCI subgroups.


3.3.1. Disease course

In the 0–6 m group, the results showed a significant positive correlation of the ln (DH/NDH ratio) with total MS (r = 0.353, p < 0.01), MBI (r = 0.324, p < 0.01), and SCIM (r = 0.286, p < 0.05; Figure 4A). When further analysis was applied to the UEMS and LEMS, results showed a significant positive correlation of the ln (DH/NDH ratio) with UEMS (r = 0.329, p < 0.05). Interestingly, the ln (DH/NDH ratio) was also significantly positively correlated with LEMS (r = 0.250, p < 0.05), indicating the relevance of M1 hand area MEP and LE motor function (Supplementary Figures S1A,C). SCIM12 (r = 0.144, p = 0.2289) and MAS (r = −0.048, p = 0.6833) showed no significant correlation with the ln (DH/NDH ratio) (Supplementary Figures S1E,G).
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FIGURE 4
 Correlation of the hemispheric CSE conversion degree with total MS and ADL ability in SCI subgroup patients. (A) Correlation of the hemispheric CSE conversion degree with total MS and ADL ability in the 0-6 m group. There was a significant positive correlation with the ln(DH/NDH ratio) and total MS (r=0.353), MBI (r=0.324), as well as SCIM (r=0.286). (B) Correlation of the hemispheric CSE conversion degree with total MS and ADL ability in the 6-36 m group. There was a negative correlation with the ln(DH/NDH ratio) and total MS (r=-0.115), MBI (r=-0.283), as well as SCIM (r=-0.351), but with no significance. (C) Correlation of the hemispheric CSE conversion degree with total MS and ADL ability in the AIS A group. In total MS, we observed that the ln(DH/NDH ratio) had a positive correlation that almost reached significance (r=0.262). There was a significant positive correlation with the ln(DH/NDH ratio) and MBI (r=0.364) and SCIM (r=0.325). (D) Correlation of the hemispheric CSE conversion degree with total MS and ADL ability in the AIS Non-A group. In total MS, we observed that the ln(DH/NDH ratio) had a positive correlation trend with no significance (r=0.305), and no correlation with MBI (r=0.084) or SCIM (r=0.020). (E) Correlation of the hemispheric CSE conversion degree with total MS and ADL ability in the cervical injury group. The ln(DH/NDH ratio) had no correlation with total MS (r=0.193), MBI (r=0.236), or SCIM (r=0.183). (F) Correlation of the hemispheric CSE conversion degree with total MS and ADL ability in the non-cervical injury group. The ln(DH/NDH ratio) was positively correlated with total MS (r=0.285), MBI (r=0.358), and SCIM (r=0.348). *p<0.05, **p<0.01. ADL: activities of daily living; DH: dominant hemisphere; NDH: non-dominant hemisphere; SCIM: spinal cord independence measure; MBI: modified Barthel index; MS: motor score; AIS: American Spinal Injury Association (ASIA) impairment scale; CSE: corticospinal excitability.


In the 6–36 m group, results showed the opposite trend, but with no significance. The ln (DH/NDH ratio) was negatively correlated with total MS (r = −0.115, p = 0.6283), MBI (r = −0.283, p = 0.2267), and SCIM (r = −0.351, p = 0.1409; Figure 4B). A similar tendency was observed in the results of SCIM12 (r = −0.351, p = 0.1409) (Supplementary Figure S1F). No significant correlation was found between the ln (DH/NDH ratio) and UEMS (r = −0.060, p = 0.8014), LEMS (r = −0.119, p = 0.6171), or MAS (r = −0.122, p = 0.5899) (Supplementary Figures S1B,D,H).



3.3.2. AIS grade

To assess the effect of degree of spinal cord injury in hemispheric CSE conversion, the AIS A group and the AIS Non-A (including AIS B/C/D) group were further analyzed.

In the AIS A group, the ln (DH/NDH ratio) was significantly positively correlated with MBI (r = 0.364, p < 0.01) and SCIM (r = 0.325, p < 0.05), and was positively correlated with total MS, almost reaching significance (r = 0.262, p = 0.0660; Figure 4C). The ln (DH/NDH ratio) was also significantly positively correlated with LEMS (r = 0.298, p < 0.05; Supplementary Figure S2C). There was no significant correlation of UEMS (r = 0.187, p = 0.1934), SCIM12 (r = 0.122, p = 0.3932), or MAS (r = −0.132, p = 0.3457) with ln (DH/NDH ratio; Supplementary Figures S2A,E,G).

In the AIS Non-A group, the results showed only a marginal positive correlation of the ln (DH/NDH ratio) with total MS (r = 0.305, p = 0.0523; Figure 4D). The ln (DH/NDH ratio) had no correlation with MBI (r = 0.084, p = 0.5963) or SCIM (r = 0.020, p = 0.9017; Figure 4D), and further analysis indicated there was no correlation of ln (DH/NDH ratio) with UEMS (r = 0.142, p = 0.3707), LEMS (r = 0.272, p = 0.0816), SCIM12 (r = 0.064, p = 0.7026), or MAS (r = 0.138, p = 0.3654; Supplementary Figures S2B,D,F,H).



3.3.3. NLI

Considering that the lesion of cervical spinal injury might interfere with the measurement of the M1 hand area MEP amplitude stability, SCI patients were divided into a cervical injury and a non-cervical injury (including T/L/S) group for further analysis.

In the cervical injury group, no correlation was found between the ln (DH/NDH ratio) and total MS (r = 0.193, p = 0.2733), MBI (r = 0.236, p = 0.1718), or SCIM (r = 0.183, p = 0.2856; Figure 4E). Moreover, there was no correlation of the ln (DH/NDH ratio) with UEMS (r = 0.039, p = 0.8284), LEMS (r = 0.231, p = 0.1896), SCIM12 (r = 0.172, p = 0.3376), or MAS (r = −0.036, p = 0.8308; Supplementary Figures S3A,C,E,G).

In the non-cervical injury group, the results showed a significant positive correlation between the ln (DH/NDH ratio) and total MS (r = 0.285, p < 0.05), MBI (r = 0.358, p < 0.01) as well as SCIM (r = 0.348, p < 0.01; Figure 4F). Further analysis of the total MS indicated that the ln (DH/NDH ratio) was also significantly positively correlated with LEMS (r = 0.286, p < 0.05; Supplementary Figure S3D). The SCIM12 result (r = 0.241, p = 0.0796) showed a similar tendency (Supplementary Figure S3F), whereas, the ln (DH/NDH ratio) had no correlation with UEMS (r = 0.013, p = 0.9218) or MAS (r = 0.024, p = 0.8531) (Supplementary Figures S3B,H).




3.4. Hemispheric CSE conversion contributed to changes in ADL ability

To adjusting the possible confounding factors, we utilized MBI and SCIM as the analysis outcomes and conducted a univariate and multivariate linear regression analysis.

For MBI, the results of the univariate analysis showed that the degree of hemispheric CSE conversion, NLI, AIS grade, and education all contributed to outcomes (p < 0.10). When conducting the multivariate analysis based on these variables subsequently, the results showed that the degree of hemispheric CSE conversion (unstandardized β = 6.067, p = 0.023) and AIS grade (D vs. A: unstandardized β = 21.483, p < 0.001) contributed significantly to outcomes (Table 3).



TABLE 3 Linear regression analysis with MBI and SCIM.
[image: Table3]

For SCIM, the results of the univariate analysis showed that the degree of hemispheric CSE conversion, NLI, and AIS grade contributed to outcomes (p < 0.10). When conducting the multivariate analysis based on these variables subsequently, the results showed that the degree of hemispheric CSE conversion (unstandardized β = 5.597, p = 0.020) and AIS grade (D vs. A: unstandardized β = 22.404, p < 0.001) contributed significantly to outcomes (Table 3).

In conclusion, the above results confirmed that the degree of hemispheric CSE conversion is an independent factor for assessing changes in ADL ability.



3.5. Hemispheric CSE conversion conformed more with 0–6 m, AIS-A grade, and non-cervical injury SCI patients

SCI patients with 0–6 m, AIS-A grade, and non-cervical injury were selected as the targeted patient group for further analysis. The results of correlation analysis of total MS (r = 0.327, p = 0.06), LEMS (r = 0.306, p = 0.0883), and SCIM12 (r = 0.317, p = 0.0772) showed a positive correlation with the ln (DH/NDH ratio), almost reaching significance (Figures 5A,C,F). Meanwhile, the results of MBI (r = 0.443, p < 0.05) and SCIM (r = 0.405, p < 0.05) showed a significant positive correlation with the ln (DH/NDH ratio; Figures 5D,E). The correlation coefficient has increased compared with the above subgroup analysis results. Despite this, the ln (DH/NDH ratio) had no correlation with UEMS (r = 0.153, p = 0.4031; Figure 5B).
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FIGURE 5
 Correlation of the degree of hemispheric CSE conversion with extremity motor function and ADL ability in 0-6 m, AIS-A, and non-cervical injury SCI patients. (A-C) The ln(DH/NDH ratio) was positively correlated with total MS (r=0.327) and LEMS (r=0.306), but had no correlation with UEMS (r=0.153). (D) There was a significant positive correlation with the ln(DH/NDH ratio) and MBI (r=0.443). (E,F) There was a significant positive correlation with the ln(DH/NDH ratio) and SCIM (r=0.405), and a positive correlation with SCIM12 (r=0.317). *p<0.05. ADL: activities of daily living; SCI: spinal cord injury; ADL: activities of daily living; MEP: motor evoked potentials; DH: dominant hemisphere; NDH: non-dominant hemisphere; SCIM: spinal cord independence measure; MBI: modified Barthel index; AIS: American Spinal Injury Association (ASIA) impairment scale; CSE: corticospinal excitability.


Univariate analysis with MBI showed that the degree of hemispheric CSE conversion and education contributed to outcomes (p < 0.10). Multivariate analysis based on these variables showed that the degree of hemispheric CSE conversion (unstandardized β = 7.482, p = 0.014) contributed to outcomes significantly (Table 4). Univariate analysis with SCIM showed that only the degree of hemispheric CSE conversion (unstandardized β = 7.495, p = 0.015) contributed to outcomes significantly (Table 4). Unstandardized β values have also increased 1.078 (MBI, univariate analysis), 1.415 (MBI, multivariate analysis), and 1.857 (SCIM, univariate analysis), compared with the above subgroup analysis results.



TABLE 4 Linear regression analysis with MBI and SCIM (0–6 m, AIS A grade, and non-cervial injury SCI patients).
[image: Table4]

We can thus conclude that, in targeted SCI patients, the degree of hemispheric CSE conversion was more positively correlated with extremities motor function/ADL ability, suggesting that hemispheric CSE conversion conformed more with targeted SCI patients.




4. Discussion

Our research has suggested that SCI patients exhibit decreased CSE of the DH M1 hand area. Focusing on the bilateral M1 hand area MEP amplitude, we found that M1 hand area MEP hemispheric CSE conversion was correlated with ADL ability and extremity motor function, especially LE motor function, in SCI patients. Multiple linear regression analysis also confirmed that the degree of M1 hand area MEP hemispheric CSE conversion contributed to changes in ADL ability as an independent factor following confounding adjustment. A positive correlation between the degree of hemispheric CSE conversion and extremity motor function/ADL ability could be found in the 0–6 m, AIS-A grade, and non-cervical injury SCI patients, which indicated that the closer the degree of M1 hand area MEP hemispheric conversion is to that of the healthy controls, the better the overall functional recovery patients can achieve.


4.1. Bilateral M1 hand area MEP reflects the CSE changes underlining SCI

Focusing on bilateral M1 hand area MEP between SCI patients and controls, we found that the bilateral M1 hand area MEP latency of SCI patients was more delayed than that of controls, accordant with other reports, which found that a 2–8 ms delay in the MEP latency when comparing SCI patients and controls (29, 30). For MEP CMCT, no significant change was found. As the vital metric for evaluating the integrity of the hemisphere CST (31), our results indicated that the nerve conduction pathways of SCI patients were essentially normal. From this perspective, the MEP differences between patients and controls could be attributed more to the M1 area and CST functional changes.

For MEP amplitude, first, our results showed that the bilateral M1 hand area MEP amplitude in the controls was larger than that of patients, and even in SCI patients with LE MD, the amplitude of M1 hand area MEP was greatly reduced. The MEP amplitude provides insight toward sensitivity to parameter changes for each muscle group (32) and reveals the connection between CST transmission and motor behavior. In this view, MEP amplitude is an excellent means to evaluate motor recovery. Second, the bilateral MEP amplitude comparison showed an opposite phenomenon between patients and controls. The right-hand controls exhibited the larger M1 hand area MEP amplitude of the DH over that of the NDH, revealing the hemispheric asymmetry phenomenon. This hemispheric asymmetry has been widely reported from functional (33) to structural (34) aspects. In humans, hemispheric differences were found in the motor system and electrophysiological assessment (35). Ridding MC et al. confirmed a low-level short-interval intracortical inhibition (SICI) in the DH, indicating the high excitability of the DH (35). The MEP results of the controls in our report reflected the high CSE of the DH M1 hand area, in agreement with the research detailed above.

Contrastingly, an opposite phenomenon was found in SCI patients, showing a larger M1 hand area MEP amplitude of the NDH than that of the DH. In CNS diseases, Mundorf et al. summarized that alterations in hemispheric asymmetry are widespread across almost all disorders (34). In this view, the MEP hemispheric conversion of SCI patients suggested that the bilateral M1 hand area and the CST might have undergone functional changes. Several studies have demonstrated this phenomenon, including that of Freund et al., which revealed the reduced fractional anisotropy in the CST of the left M1 hand-knob area in SCI patients compared with healthy controls using diffusion-tensor imaging metrics (36). Therefore, our M1 hand area MEP hemispheric conversion results most likely revealed a decreased CSE of the bilateral M1 hand area in SCI patients, and was decreased to a greater degree in the DH side.



4.2. The degree of hemispheric CSE conversion might serve as a potential indicator of overall functional recovery

The changes in motor function were analyzed from the aspects of MS and SCIM12. The analysis of the total MS showed the same trend with ADL ability in the subgroup divided by disease course, AIS grade, and NLI. When analyzing UEMS and LEMS separately, we found the relevance of LEMS and M1 hand area MEP, in other words, the degree of M1 hand area MEP hemispheric CSE conversion could inform on the changes in LE motor function. The results of SCIM12 further confirmed the relevance of M1 hand area MEP and LE motor function, as SCIM12 evaluates SCI patient indoor mobility function (24). The results of SCIM12 showed a similar tendency with LEMS, that the degree of M1 hand area MEP hemispheric CSE conversion was positively correlated with SCIM12 in 0–6 m, AIS A grade, non-cervical injury patients. Previous research in Cell revealed that the M1 hand area of SCI patients encodes the activity information of both the UE and LE, and that the movement coding of the UE and LE are highly correlated (8). In this view, the present research supports the opinion that the M1 hand area and LE motor function are highly correlated. The evaluation of the degree of M1 hand area MEP hemispheric CSE conversion may assess changes in extremity motor function, especially LE motor function.

Apart from motor function, we further observed changes in ADL ability. We analyzed two ADL assessment scales for mutual verification. The results suggested that the analysis of MBI and SCIM had good consistency.

Interestingly, our findings showed a totally different correlation tendency in SCI subgroup patients. First, in the patients with a disease course of 0–6 m, the degree of hemispheric CSE conversion was positively correlated with ADL ability. However, the opposite trend was found in 6–36 m patients, where the degree of hemispheric CSE conversion was negatively correlated with ADL ability, indicating that corticospinal plasticity might begin to fulfill an important role with the extension of disease course. Several studies have demonstrated CST or cortical reorganization following SCI. Oudega and Perez reported that electrophysiological studies have provided evidence for corticospinal reorganization, which may contribute to functional recovery after SCI (37). Urbin et al. also summarized the occurrence of significant reorganization of motor maps after SCI (4). These studies have revealed the large capacity for cortical or CST plasticity that can be reflected in the MEP changes after SCI (11). From this perspective, cortical or CST plasticity might begin to fulfill a leading role during the first 6 months of the disease course, which may be suitable timing for SCI patient therapeutic intervention (20). Steeves et al. demonstrated a typical rapid recovery pattern in motor scores before 6 months, but that slows down from 6 months to 1 year (27). Waters et al. also revealed that the rate of motor recovery rapidly declined in the first 6 months and then approached a plateau (28). Fawcett et al. summarized that the most rapid motor recovery improvement occurs within the first 6 months after SCI, and neurological recovery will also incline to a stable baseline after 6 months (38). Accordingly, our results strongly suggested that 6 months was the demarcation point of recovery, but that the exact mechanism still requires further exploration.

Second, in the patients with AIS A grade, the degree of hemispheric CSE conversion was significantly positively correlated with ADL ability, while no correlation was observed in AIS non-A patients. We speculated that more pronounced and complicated cortical or CST changes are present in incomplete SCI (AIS non-A grade), so as to induce changes that differ from the above results that “the closer the degree of M1 hand area hemispheric CSE conversion is to healthy controls, the better ADL ability patients get.” Similar to our results, Wirth et al. saw no relationship between MEP amplitudes and recovery of ambulation and muscle strength in incomplete SCI patients. The author explained that this phenomenon might be attributed to the plastic changes in spinal neural circuits and preserved motor units (39).

Third, in the patients with different NLI, results indicated that patients in the non-cervical injury group had a significantly positive correlation with degree of hemispheric CSE conversion and ADL ability, while a positive correlation without significance was found in the cervical injury group. This finding may due to the influence of cervical injury on the UE CST pathway.



4.3. Regulating bilateral M1 hand areas excitability may be a novel strategy for SCI rehabilitation

Multivariate linear regression analysis suggested that the degree of hemispheric CSE conversion and AIS grade contributed to ADL changes. Apart from the degree of hemispheric CSE conversion, our linear regression analysis of AIS grade was in agreement with previous research that AIS D grade patients showed higher ADL ability than AIS A grade patients (40). Meanwhile, it is worth noting that analysis of the level of neurological injury showed no significant differences. This is probably due to the circumstance that M1 hand area MEP cannot be measured in some cervical injury SCI patients who were included in an aMEP or uniMEP group, and the remaining cervical injury SCI patients in the biMEP group with only mild symptoms were included in the linear regression analysis (only biMEP group patients could calculate degree of MEP hemispheric conversion).

In the analysis of targeted patients (0–6 m, AIS A grade, and non-cervical injury), our results revealed that the degree of hemispheric CSE conversion was positively correlated with ADL ability, total MS, and LEMS. The correlation coefficient increased compared with the above subgroup analysis results performed separately. Linear regression analysis showed that degree of hemispheric CSE conversion affected outcomes significantly, and that the unstandardized β increased at the same time. From this aspect, the targeted SCI patients conformed more with the law that “the closer the degree of M1 hand area MEP hemispheric CSE conversion is to that of healthy controls, the better the extremity motor function/ADL ability a patient will get.” In this view, targeted regulation to the M1 hand area excitability might improve the motor function and ADL ability in SCI patients. Our study may provide the instructive guidance for standardized therapeutic intervention in the future, that is, to enhance the NDH M1 hand area excitability but attenuate the DH M1 hand area excitability, so as to regulate the degree of hemispheric CSE conversion in the SCI patient closer to that of normal status.

Our research does have some limitations. Although the total number of included patients reached 320, only one-third of patients had complete, analyzable, bilateral M1 hand area MEP data. Therefore, the number of patients (including paraplegia and conus injury patients) still needs to be expanded continuously to verify the degree of hemispheric CSE conversion. Additionally, our research is a retrospective study, a cohort study is urgently needed to observe the relationship between hemispheric CSE conversion and extremity motor function/ADL ability. Based on the law of this phenomenon in SCI patients, targeted intervention like rTMS on the M1 hand area should also be conducted subsequently through a randomized controlled trial. In this study, we utilized MEP to evaluate hemispheric excitability conversion in SCI patients, which reflected the excitability changes of both the CST and M1 area. In terms of intracortical excitability changes, multi-level brain measurements, including motor map (41) based on Brodmann area, paired-pulse TMS, and functional near-infrared spectroscopy (42) should also be considered.

In conclusion, our study has revealed that the CSE of the DH M1 hand area decreased in SCI patients. Furthermore, the M1 hand area MEP hemispheric CSE conversion was independently correlated with the extremity motor function/ADL ability of SCI patients, which might serve as a potential indicator for overall functional recovery. In the targeted SCI patients, the closer the degree of the M1 hand area MEP hemispheric CSE conversion was to that of healthy controls, the better the extremity motor function/ADL ability patients achieve. Based on this phenomenon, targeted intervention to regulate the excitability of bilateral M1 hand areas to normal status might be a novel strategy for the overall functional recovery of SCI patients. Besides, the CSE conversion may serve as a potential indicator for the evaluation of functional prognosis with the ultimate goal to improve the quality of life in SCI patients.
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