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The purpose of this study was to compare the acceleration and surface electromyography (EMG) of
the lower extremity and trunk muscles during straight-leg raising (SLR) in patients with incomplete
cervical cord injury according to their levels of walking independence. Twenty-four patients were
measured acceleration and EMG during SLR held for 10 s. Data were analyzed separately for the
dominant and nondominant sides and compared between the nonindependent (NI) and independent
(ID) groups based on their levels of walking independence. Frequency analysis of the EMG showed
that the high-frequency (HF) band of the contralateral biceps femoris (BF) in the ID group and bands
below the medium-frequency (MF) of the BF and the HF and MF bands of the rectus abdominis in the
NI group were significantly higher during dominant and nondominant SLR. During the nondominant
SLR, the low-frequency band of the internal oblique and the MF band of the external oblique were
significantly higher in the NI group. The ID group mobilized muscle fiber type 2 of the BF, whereas the
NI group mobilized type 1 of the BF and types 2 and 1 of the trunk muscles to stabilize the pelvis. This
result was more pronounced during the nondominant SLR.

In Japan, the rate of incomplete cervical cord injury (ICCI) has been recently increasing owing to an aging popu-
lation and changes in injury mechanisms, resulting in an increased rate of falls and stumbles'. Because patients
with ICCT have varying degrees of motor and sensory impairment and improvement, we discuss whether patients
can eventually walk independently in terms of goal setting. Previous studies reported age? and American Spinal
Injury Association (ASIA) lower-extremity motor score (LEMS)** as factors associated with walking indepen-
dently. However, there were cases in clinical practice showing a discrepancy between the improvement in LEMS
and their level of walking independence, suggesting a decline in trunk muscle function. In fact, there are several
studies that have investigated the association between trunk function and walking ability in patients with spinal
cord injuries®’, emphasizing the significance of trunk function for movement performance. Therefore, we believe
that evaluating both limb and trunk motor function is necessary to predict functional prognosis.

We focused on straight-leg raising (SLR) exercise as a combined functional assessment of the lower limb and
trunk muscles. Previous studies measuring surface electromyography (EMG) during SLR in healthy subjects
reported the importance of pelvic girdle stabilization through the activity of the contralateral biceps femoris (BF)
and bilateral trunk muscles, such as the psoas major, internal oblique (I0), and transversus abdominis, to coun-
teract the anterior pelvic tilt associated with hip flexion of the rectus femoris (RF)®-1°. This is because the rectus
femoris, biceps femoris, and trunk muscles are attached to either the iliac, sciatic, pubic, or sacral components
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of the pelvis, and they act to tilt the pelvis anteriorly or posteriorly and contribute to pelvic stabilization!*-”.

Conversely, previous studies comparing EMG during SLR in healthy subjects and patients with chronic pain
reported increased muscle activity in the ipsilateral RE, 10, and external oblique (EO)'®Y, decreased EMG activity
in the contralateral 10, and delayed onset time of EMG activity in the ipsilateral IO%. Thus, these findings may be
more evident when evaluating EMG during SLR in patients with ICCI who have generalized motor dysfunction.

We hypothesized that SLR would be a useful tool for assessing lower extremity and trunk muscle function
in predicting functional prognosis in patients with ICCI. Therefore, this study aims to analyze the acceleration
and muscle activity measured in the lower extremity and trunk during SLR in patients with ICCI and compare
them according to their levels of walking independence upon discharge or transfer from an acute care hospital.

Results

Twenty-four patients were analyzed: 8 in the NI group and 16 in the ID group. One patient from each group had
missing LEMS data, so the remaining 7 in the NI group and 15 in the ID group were compared. In terms of basic
information shown in Table 1, LEMS was significantly higher in the ID group than in the NI group (P =0.00391).
The Spinal Cord Independence Measure (SCIM) score for item 12 (“Mobility Indoors”)*! was significantly higher
in the ID group than NI group at the time of SLR measurement and discharge or transfer from our hospital (both
P <0.001). Other walking indicators are shown in Supplementary Table S1 online.

Acceleration variables (Supplementary Fig. S1 online)

The values for the lower leg were the highest on both sides. The root mean square (RMS) of the X-axis (anter-
oposterior direction) in the lower leg during the nondominant SLR showed a significant interaction (P =0.0299)
and was significantly higher in the NI group than in the ID group only at 5's (P=0.0048).

EMG onset time (Supplementary Table S2 online)

The onset times for the RF and BF were calculated for all trials. The trunk muscles were averaged, except for trials
in which they could not be calculated; patients whose onset times could not be calculated in all three trials per
leg were excluded. Overall, RF and BF were activated before the start of the SLR, and the trunk muscles were
subsequently activated. The onset time of the contralateral IO during the nondominant SLR was significantly
lower in the NI group than in the ID group (P=0.01521).

EMG amplitude (Figs. 1 and 2)
On both sides, all muscles peaked at 3 to 4 s (1 to 2 s starting SLR) and remained between 0.4 and 0.6 thereafter.
The degree of increase from rest was the greatest for RF, followed by BF and ipsilateral IO. IO and EO during
SLR were greater on the ipsilateral side than on the contralateral side.

Contralateral IO during the dominant SLR showed a significant interaction (P =0.0044) and was significantly
higher in the ID group than in the NI group at 5, 6, 8,9, and 11 s (P=0.0297, 0.0272, 0.0337, 0.0150 and 0.0350,
respectively).

Frequency analysis (Figs. 3, 4 and Supplementary Fig. S2 online)

Representative examples of scalograms of all 10 muscles during nondominant SLR are shown in Supplementary
Fig. S2 online. The HF and MF bands were the largest on both sides, ranging from 0.3 to 0.4. The main results
are as follows: For the dominant SLR, the MF and LF bands of BF showed significant interactions (P =0.0094
and <0.001, respectively), and the MF band was a significant between-group main effect (P =0.0498). Both
bands were significantly higher in the NI group than in the ID group (all P <0.05, of which 0.0065 at 8 s in the

NI (n=8) |ID(n=16) | P values
Age (years) 70.9 (13.7) | 65.2(14.1) |0.35768
Gender 7M,1F 13M,3F 1
Height (cm) 162.3 (8.1) | 162.2(8.5) |0.96551
Weight (kg) 654 (11.4) |632(14.1) |0.69198
SLR acquisition since injury (days) 6.5(11.4) |6.2(4.4) 0.95908
SLR measurement since injury (days) 14.6 (7.7) 13.3 (4.6) 0.65131
Independent walking since injury (days) | None 10.1 (4.8) None
Total length of stay (days) 26.8 (16.2) |22.2(6.8) 0.46601
LEMS (from 0 to 50 points) 41.1 (5.9) 48.5 (3.0) 0.00391
SCIM score for “mobility indoors”
Initial evaluation (from 0 to 8 points) 0(0) 4.2 (3.4) None
SLR measurement 0.8 (1.4) 6.7 (2.1) <0.001
Discharge/transfer 1.5(1.6) 7.6 (1.1) <0.001

Table 1. Basic information for each group (M: male, F: female). One patient from each group had missing
LEMS data. Data are shown as mean (standard deviation) except for gender. P values less than 0.05 are
highlighted in bold.
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Figure 1. EMG amplitude RMS during dominant SLR. Contralateral IO was significantly higher in the ID
group at 5, 6, 8,9,and 11 s (all P< 0.05).
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Figure 2. EMG amplitude RMS during nondominant SLR. There were no significant between-group main
effects and interactions.

MEF band and 0.0080 and 0.0058 at 9 and 12 s in the LF band). There was also a significant between-group main
effect for the HF band of ipsilateral rectus abdominis (RA) (P =0.0274), which was significantly higher in the
NI group than in the ID group at 5 to 7 and 9 to 12 s (P=0.03028, 0.01974, 0.01384, 0.02784, 0.02443, 0.03942,
0.04227 and respectively).

For the nondominant SLR, the HF and VLF bands of BF were significant between-group main effects
(P=0.0350 and 0.0385, respectively) and interactions (P <0.001 and 0.0028, respectively). The HF band was
significantly higher in the ID group at almost all times during SLR (all P <0.05, of which 0.0061 at 3 s), and the
VLF band was higher in the NI group only at 3, 4 and 12 s (P=0.0061, 0.0362 and 0.0365, respectively). The
HF and MF bands of contralateral RA showed significant between-group main effects (P=0.0315 and 0.0236,
respectively), and both were significantly higher in the NI group than in the ID group at almost all times during
SLR (all P <0.05, of which 0.0076 at 10 s in the MF band). The LF band of ipsilateral IO showed a significant
interaction (P=0.0120) and was significantly higher in the ID group than in the NI group only at 3 s (P =0.0272).
The MF band of ipsilateral EO showed a significant between-group main effect (P=0.0106) and was higher in
the NI group at almost all times during SLR (all P <0.05, of which 0.0089 at 9 s).
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Figure 3. Power in each frequency band during dominant SLR. The HE, ME, LF and VLF band from top to
bottom row in each muscle. The MF and LF bands of BF were significantly higher in the NI group (all P<0.05,
which of 0.0065 at 8 s in the MF band and 0.0080 and 0.0058 at 9 and 12 s in the LF band). The HF band of
ipsilateral RA was significantly higher in the NI group at 5 to 7 and 9 to 12 s (all P <0.05).

Discussions

In this study, acceleration and EMG from the lower extremity and trunk were measured in patients with ICCI
during SLR and compared according to their levels of walking independence. The results showed almost no group
differences in acceleration, EMG onset, and RMS, and the EMG frequency analysis showed group differences
in BF and some trunk muscles.

Previous studies reported that the percentage of walking independence decreases at age 70 or older?. Although
no group differences were observed in this study, the mean age of the NI group exceeded 70 years old, which may
become more pronounced with an increased sample size. It was also reported that a LEMS of 42 points or higher
is associated with walking independence®. Significant group differences in LEMS were also observed in this study,
with the NI group scoring 41 points on average below the cutoft value. However, there was no difference in the
number of days of SLR acquisition, which may be attributed to the lower difficulty of the exercise, allowing SLR
acquisition even with a lower LEMS. In addition, previous studies that measured the onset and RMS of EMG dur-
ing SLR compared healthy subjects and patients with chronic pain®!®-2. Therefore, the lack of group differences
in acceleration and the onset and RMS of EMG in this study may be attributed to the comparison being made
for the same diseases and that these items change after the recovery phase rather than during the acute phase.

Conversely, when EMG was divided into four frequency bands by frequency analysis, significant group
differences were found in BF and RA on the dominant side and in EO, in addition to these two muscles on the
nondominant side. The HF band mainly reflects muscle fiber type 2 activity, whereas the MF band reflects the
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Figure 4. Power in each frequency band during nondominant SLR. The HE MF, LF and VLF band from top
to bottom row in each muscle. The HF band of BF was significantly higher in the ID group at almost all times
during SLR (all P <0.05, which of 0.0061 at 3 s), and the VLF band was higher in the NI group only at 3, 4 and
12 s (P=0.0061, 0.0362 and 0.0365, respectively). The HF and MF bands of contralateral RA were significantly
higher in the NI group at almost all times during SLR (all P <0.05, which of 0.0076 at 10 s in the MF band).
The LF band of ipsilateral IO was significantly higher in the ID group only at 3 s (P=0.0272). The MF band of
ipsilateral EO was higher in the NI group at almost all times during SLR (all P <0.05, which of 0.0089 at 9 s).

mixed activity of types 2 and 1?. In the present study, the ID group had higher HF bands in the BE, whereas the
NI group had higher MF to VLF bands in the BE HF and MF bands in the RA, and MF bands in the EO. This
suggests that the ID group with high lower limb muscle strength mobilized the muscle fiber type 2 of the BF to
stabilize the pelvis during SLR. In contrast, the NI group with low lower limb muscle strength may mobilized
the type 1 of the BF or type 2 and 1 of the trunk muscles. This result was more pronounced in the nondominant
SLR. The nondominant side was the axis leg for kicking the ball; therefore, coordination between the lower limb
and trunk muscles was more important, and differences in walking independence might be more apparent when
the nondominant side was exercised.

The results of this study underscore the significance of assessing muscle activity during exercises that engage
multiple muscle groups, such as SLR, in addition to the conventional evaluation of LEMS during single-joint
exercises for patients with ICCI. In future investigations, enhancing the intensity of SLR may reveal discern-
ible differences in exercise speed and muscle activity. This can be achieved by attaching a weight to the lower
limb on the exercise side, having patients perform SLR at maximum speed and increasing the raising angle to
30° or beyond. In clinical practice, it is imperative to consider that, even if an ICCI patient appears capable of
SLR up to 30° of elevation at first glance, the activation method of the biceps femoris and trunk muscle groups
responsible for stabilizing the pelvis may vary. Currently, detailed muscle activity can only be evaluated through
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electromyography. However, with the anticipated progress in future research, there is potential for the easy
evaluation of muscle activity through visual examination and palpation in a clinical setting. Since SLR can
be conveniently assessed in bed, it provides an opportunity to evaluate the extent of motor impairment and
functional prognosis in patients, even in the acute phase when comprehensive assessment is hindered by rest
limitations and pain.

This study presents several limitations. First, the sample size was small, particularly for the NI group. This
may be because patients are more likely to achieve walking independence if they have sufficient muscle strength
to perform SLR. Second, the level of walking independence was only assessed during discharge or transfer from
our hospital. Therefore, it is necessary to evaluate the long-term prognosis after being discharged from the
recovery hospital. Third, there was inadequate evaluation of muscle performance and strength. For example, the
muscle activity patterns of the trunk and lower extremities prior to the injury were unknown, and some patients
may have had some age-related changes before. Additionally, the muscle strength in the EMG-measured BF and
trunk muscles were not clinically assessed. Fourth, although we considered the dominant and nondominant
sides, some patients had left-right differences in LEMS, and this effect should be considered. Fifth, it cannot be
definitively stated that there was no spinal shock effect at the time of SLR measurement. However, the interval
between injury and measurement ranged from a minimum of 7 days to a maximum of 30 days. Additionally, all
patients exhibited some muscle strength below the injured area, and in most cases, deep tendon reflexes were
present. Based on these observations, we reasonably infer that the patients were likely beyond the spinal shock
phase at the time of measurement. Finally, the large psoas muscle (iliopsoas), which is activated during SLR, was
not evaluated®. Combined with ultrasound imaging, the EMG of the iliopsoas can be measured®, and adding
this would provide additional results.

In conclusion, EMG frequency analysis of the lower limb and trunk muscles during SLR revealed that the ID
group mobilized muscle fiber type 2 of the BE and the NI group mobilized muscle fiber type 1 of the BF and types
2 and 1 of the trunk muscles to stabilize the pelvis. This result was more pronounced during nondominant SLR.

Methods

Ethical approval

All procedures were performed in accordance with the ethical standards of the institutional and national research
committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.
This study was approved by the Medical Ethics Committee of the Japanese Red Cross Kobe Hospital (registry
number: 200). All patients received both verbal and written explanations of the study, and written informed
consent was obtained from each patient.

Patients

A flowchart of this study is shown in Fig. 5. We included patients with ICCI whose ASIA Impairment Scale (AIS)
grades were C or D. The inclusion criteria comprised patients with an AIS grade of C or D at the time of discharge
or transfer from the hospital, those who were capable of independent walking and activities of daily living before
the injury, and those with no discernible cognitive decline. Exclusion criteria encompassed complications such
as lower extremity fractures that impeded measurement or a history of central nervous system disease.

After admission, patients were evaluated by SLR acquisition and the number of days until acquisition on each
side. The criterion was the ability to raise their leg for 30° and hold it for 5 s**. We assessed patient’s LEMS as
the comprehensive muscle strength of both lower extremities, either before or after the measurement. The level
of walking independence upon discharge or transfer from our hospital was assessed on a scale of 0 to 8 points
using item 12 (“Mobility Indoors”) of the SCIM. The nonindependent (NI) group was defined as those with a
score of 3 or less who requires supervision or are unable to walk. The independent (ID) group were those with
a score of 4 or more and can walk independently with or without aid*?.

( iCCI patients with AIS C or D >

Not Acquisition

Excluded

SLR acquisition on both sides

Acquisition (N=24)

SLR measurement

Outcome:
Level of walking independence

NI group ID group
(N=8) (N=16)

Figure 5. Flowchart from patient inclusion to outcome assessment.
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Measurement procedures

Measurements were taken after the patients had undergone SLR on both sides. In the supine position with the
legs straight on the treatment bed, the patients were instructed to raise each leg at 30° at normal speed without
bending the knee and hold it for 10 s for three trials. They were shown the raising angle in advance and practiced
it as needed. Measurements were first performed on the right leg and subsequently on the left leg. A rest period
of at least 1 min was allowed between trials.

Instruments

Three inertial sensors with built-in triaxial acceleration and angular velocity sensors (TSND151, ATR-promo-
tions) were attached to the anterior superior iliac spine (ASIS), midthigh, and midlower leg on the exercise side.
Pairs of disposable Ag/AgCl surface electrodes (SE-EXP-LEC60, Sekisui Kasei) with an interelectrode distance
of 20 mm (center-to-center) were placed on 10 muscles: ipsilateral RE, contralateral BE, bilateral RA, IO, EO, and
lumbar multifidus (LM)?*%”. The skin was properly cleansed with ethanol before electrode placement. Data were
measured synchronously at a sampling rate of 1000 Hz using amplifiers to measure biological signals (AMP-151,
ATR-Promotions) and operated on software (ALTIMA, ATR-Promotions) using a laptop. Raw EMG signals
processed using a bandpass filter with cutoft frequencies of 10 and 500 Hz (CMRR > 90 dB) were amplified and
collected. The measurement setup and instruments are shown in Fig. 6.

Data analysis

The SLR start point was identified from the angular velocity (pitch angle) around the Y-axis (mediolateral direc-
tion) of the inertial sensor attached to the lower leg. Specifically, the slope of the moving average for each sample
was computed, and the point at which one-eighth of the maximum slope was surpassed by 50 consecutive points
was identified. We analyzed the data for 12 s (2 s before and 10 s after the SLR start point).

From the acceleration, the RMS of the amplitude every 50 ms for each axis and the combined acceleration
were calculated using a 1-Hz high-pass filter to remove the gravitational component. From the EMG, the RMS
of the amplitude every 50 ms and the onset time were calculated using a 65-Hz high-pass filter to remove the
electrocardiographic component. The RMS for each muscle was normalized to a maximum value of 1. The onset
time was calculated using the total power, i.e., the sum of the squared amplitudes below 500 Hz extracted by
frequency analysis using continuous wavelet transform (CWT). The onset was defined as 30 consecutive points
from the SLR start point to 2 s later, in which the total power exceeded the resting mean plus three times the
standard deviation, expressed as the difference from the SLR start point. Figure 7 shows an example of the EMG
analysis of the ipsilateral RE.

Next, the CWT was performed on the raw EMG with 20 scales, and the power in the frequency bands was
calculated every 25 Hz. For each frequency band, the average value for 1 s at rest was subtracted and values less
than 0 were replaced with 0. The power was added to calculate the very-low-frequency (VLF; from 0 to 25 Hz),
low-frequency (LF; from 25 to 50 Hz), medium-frequency (MF; from 50 to 100 Hz), and high-frequency bands
(HF; 100 Hz or higher)?>?%-3!. Finally, the power for each time point was normalized to a total power of 1.

We used complex Morlet wavelets as the mother wavelet and set the bandwidth parameter and center fre-
quency to 1 Hz based on a prior study®. These analyses were performed using Python and PyWavelets, i.e. an
open-source wavelet transform module in Python.

Statistical analysis
Statistical analysis was performed separately for the patient’s dominant and nondominant sides. The dominant
leg was determined by the patient’s self-report in response to the question of which leg he used to kick the ball.
Variables, excluding the onset time, were averaged every second, and the average of three trials was used.
Fisher’s exact test was used to compare gender ratios between groups. Regarding the other basic information
and onset time, an unpaired ¢ test or Mann-Whitney U-test was used after checking the normal distribution and
homogeneity of variance of each data point for group comparison. The other acceleration and EMG variables
were analyzed using a split-plot factorial design for linear mixed models, including two factors: between groups

—

¥ = inertial sensor
Sensor attached points s

Figure 6. (a) SLR measurement scene and (b) instruments.
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Figure 7. Example of EMG (top row), scalogram (bottom row) and muscle activity onset of ipsilateral RE. To
enhance the readability of the scalograms, values were transformed using the natural logarithm, and the range of
the color bars was adjusted.

as the noncorrespondence factor and time as the repeated-measures factor. Post-hoc tests were performed when
a significant main effect between the groups or interaction was observed.

Statistical analyses were performed with a two-tailed test using Modified R Commander 4.2.2%%. The level of
statistical significance was set at a P value < 0.05. Descriptive statistics (mean and standard deviation) were used
to summarize the results.

Data availability
The datasets analyzed during the current study are available from the corresponding author on reasonable
request.

Received: 1 September 2023; Accepted: 20 February 2024
Published online: 22 February 2024

References

1. Miyakoshi, N. et al. A nationwide survey on the incidence and characteristics of traumatic spinal cord injury in Japan in 2018.
Spinal Cord 59, 626-634 (2021).

2. Naka, T., Hayashi, T., Sugyo, A., Towatari, F. & Maeda, T. Effect of age at injury on walking ability following incomplete cervical
spinal cord injury: A retrospective cohort study. Spine Surg. Relat. Res. 6, 604-609 (2022).

3. Hasegawa, T. et al. Physical impairment and walking function required for community ambulation in patients with cervical
incomplete spinal cord injury. Spinal Cord 52, 396-399 (2014).

4. Zorner, B, Blanckenhorn, W. U,, Dietz, V., EM-SCI Study Group & Curt A. Clinical algorithm for improved prediction of ambula-
tion and patient stratification after incomplete spinal cord injury. J. Neurotrauma 27, 241-252 (2010).

5. Quinzanos-Fresnedo, J. et al. Prognostic validity of a clinical trunk control test for independence and walking in individuals with
spinal cord injury. J. Spinal Cord Med. 43, 331-338 (2020).

6. Covarrubias-Escudero, E, Rivera-Lillo, G., Torres-Castro, R. & Varas-Diaz, G. Effects of body weight-support treadmill training
on postural sway and gait independence in patients with chronic spinal cord injury. J. Spinal Cord Med. 42, 57-64 (2019).

7. Pérez-Sanpablo, A. I. et al. Validation of inertial measurement units for the assessment of trunk control in subjects with spinal
cord injury. J. Spinal Cord Med. 46, 154-163 (2023).

8. Okubo, Y. et al. Differential activation of psoas major and rectus femoris during active straight leg raise to end range. J. Electromyogr.
Kinesiol. 60, 102588 (2021).

9. Crasto, C., Montes, A. M., Carvalho, P. & Carral, J. C. Abdominal muscle activity and pelvic motion according to active straight
leg raising test results in adults with and without chronic low back pain. Musculoskelet. Sci. Pract. 50, 102245 (2020).

10. Beales, D. J., O’Sullivan, P. B. & Briffa, N. K. The effect of resisted inspiration during an active straight leg raise in pain-free subjects.
J. Electromyogr. Kinesiol. 20, 313-321 (2010).

11. Sahrmann, S. A. Diagnosis and Treatment of Movement Impairment Syndromes 36-37 (Mosby, 2002).

12. Beales, D. J., O’Sullivan, P. B. & Briffa, N. K. Motor control patterns during an active straight leg raise in pain-free subjects. Spine
34, E1-8 (2009).

13. Hu, H. et al. Understanding the active straight leg raise (ASLR): An electromyographic study in healthy subjects. Man. Ther. 17,
531-537 (2012).

14. Sahrmann, S. A. Diagnosis and Treatment of Movement Impairment Syndromes 135-136 (Mosby, 2002).

15. Snijders, C. J., Ribbers, M. T., de Bakker, H. V., Stoeckart, R. & Stam, H. J. EMG recordings of abdominal and back muscles in
various standing postures: Validation of a biomechanical model on sacroiliac joint stability. J. Electromyogr. Kinesiol. 8, 205-214
(1998).

16. Tateuchi, H., Taniguchi, M., Mori, N. & Ichihashi, N. Balance of hip and trunk muscle activity is associated with increased anterior
pelvic tilt during prone hip extension. J. Electromyogr. Kinesiol. 22, 391-397 (2012).

Scientific Reports |

(2024) 14:4363 | https://doi.org/10.1038/s41598-024-55039-z nature portfolio



www.nature.com/scientificreports/

17. Richardson, C. A. et al. The relation between the transversus abdominis muscles, sacroiliac joint mechanics, and low back pain.
Spine 27, 399-405 (2002).

18. Beales, D. J., O’Sullivan, P. B. & Briffa, N. K. Motor control patterns during an active straight leg raise in chronic pelvic girdle pain
subjects. Spine 34, 861-870 (2009).

19. de Groot, M., Pool-Goudzwaard, A. L., Spoor, C. W. & Snijders, C. J. The active straight leg raising test (ASLR) in pregnant women:
Differences in muscle activity and force between patients and healthy subjects. Man. Ther. 13, 68-74 (2008).

20. Sjédahl, J., Gutke, A., Ghaffari, G., Stromberg, T. & Oberg, B. Response of the muscles in the pelvic floor and the lower lateral
abdominal wall during the active straight leg raise in women with and without pelvic girdle pain: An experimental study. Clin.
Biomech. 35, 49-55 (2016).

21. Catz, A. et al. Reliability validity and responsiveness of the spinal cord independence measure 4th version in a multicultural setup.
Arch. Phys. Med. Rehabil. 103, 430-440.e1 (2022).

22. Von Tscharner, V. & Goepfert, B. Estimation of the interplay between groups of fast and slow muscle fibers of the tibialis anterior
and gastrocnemius muscle while running. J. Electromyogr. Kinesiol. 16, 188-197 (2006).

23. Jiroumaru, T., Kurihara, T. & Isaka, T. Establishment of a recording method for surface electromyography in the iliopsoas muscle.
J. Electromyogr. Kinesiol. 24, 445-451 (2014).

24. National Institute of Neurological Disorders and Stroke Web site. https://www.ninds.nih.gov/ (Accessed 19 March 2019).

25. van Middendorp, J. J. et al. A clinical prediction rule for ambulation outcomes after traumatic spinal cord injury: A longitudinal
cohort study. Lancet 377, 1004-1010 (2011).

26. SENIAM Web site. http://www.seniam.org/ (Accessed 19 March 2019).

27. Ng, J. K., Kippers, V. & Richardson, C. A. Muscle fibre orientation of abdominal muscles and suggested surface EMG electrode
positions. Electromyogr. Clin. Neurophysiol. 38, 51-58 (1998).

28. Allison, G. T. & Fujiwara, T. The relationship between EMG median frequency and low frequency band amplitude changes at
different levels of muscle capacity. Clin. Biomech. 17, 464-469 (2002).

29. Koenig, L. et al. Wavelet analyses of electromyographic signals derived from lower extremity muscles while walking or running:
A systematic review. PLoS One 13, €0206549 (2018).

30. Von Tscharner, V., Ullrich, M., Mohr, M., Comaduran Marquez, D. & Nigg, B. M. Beta, gamma band, and high-frequency coher-
ence of EMGs of vasti muscles caused by clustering of motor units. Exp. Brain Res. 236, 3065-3075 (2018).

31. Fidalgo-Herrera, A., Miangolarra-Page, J. & Carratald-Tejada, M. Traces of muscular fatigue in the rectus femoris identified with
surface electromyography and wavelets on normal gait. Physiother. Theory Pract. 38, 211-225 (2022).

32. Graham, R. B., Wachowiak, M. P. & Gurd, B. ]. The assessment of muscular effort, fatigue, and physiological adaptation using EMG
and wavelet analysis. PLoS One 10, e0135069 (2015).

33. Modified R Commander Web site. https://personal.hs.hirosaki-u.ac.jp/pteiki/research/stat/R/ (Accessed 15 March 2023).

Acknowledgements
I would like to thank Kinako Sasaki of the department of rehabilitation at Japanese Red Cross Kobe Hospital for
helping me with the measurements.

Author contributions

Conceived and designed the experiments: T.S., T.M., K.M., H.K. and S.I. Data acquisition: T.S., T.M. and K.M.
Data analysis: T.S., R.Y., Y.U. and S.I. Data interpretation: T.S., R.Y. and S.I. Writing the manuscript: T.S. All
authors have read and agreed to the published version of the manuscript.

Funding
This study was partially supported by a research grant from Hyogo physical therapists association awarded to
T.S. and JST Grant Number JPMJPF2115 awarded to S.I.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-55039-z.

Correspondence and requests for materials should be addressed to T.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:4363 | https://doi.org/10.1038/s41598-024-55039-z nature portfolio


https://www.ninds.nih.gov/
http://www.seniam.org/
https://personal.hs.hirosaki-u.ac.jp/pteiki/research/stat/R/
https://doi.org/10.1038/s41598-024-55039-z
https://doi.org/10.1038/s41598-024-55039-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of the walking independence on lower extremity and trunk muscle activity during straight-leg raising following incomplete cervical cord injury
	Results
	Acceleration variables (Supplementary Fig. S1 online)
	EMG onset time (Supplementary Table S2 online)
	EMG amplitude (Figs. 1 and 2)
	Frequency analysis (Figs. 3, 4 and Supplementary Fig. S2 online)

	Discussions
	Methods
	Ethical approval
	Patients
	Measurement procedures
	Instruments
	Data analysis
	Statistical analysis

	References
	Acknowledgements


