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Abstract
Background
Individuals with a clinically complete spinal cord injury are unable to stand independently without external assistance. Studies have shown the combination of spinal cord epidural stimulation (scES) targeted for standing with activity-based recovery training (ABRT) can promote independence of standing in individuals with spinal cord injury. This cohort study aimed to assess the effects of stand-ABRT with scES in individuals with cervical chronic spinal cord injury. We evaluated the ability of these individuals to stand independently from physical assistance across multiple sessions.

Methods
Thirty individuals participated in this study, all unable to stand independently at the start of the intervention. Individuals were participating in a randomized clinical trial and received stand-ABRT in addition to targeted cardiovascular scES or voluntary scES. During the standing intervention, participants were asked to stand 2 h a day, 5 days a week for 80 sessions (Groups 1 and 2) or 160 sessions (Groups 3 and 4).

Results
A total of 3,524 training days were considered for analysis. Group 1 had 507 days, group 2 with 578 days, and 1152 and 1269 days for groups 3 and 4 respectively. 71% of sessions reached the two-hour standing goal. All individuals achieved outcomes of lower limb independent extension with spinal cord epidural stimulation, with a wide range throughout a training day. Sixteen participants achieved unassisted hip extension while maintaining unassisted bilateral knee and trunk extension. Participants receiving initial voluntary scES training performed better in unassisted bilateral knee and trunk extension than those receiving initial cardiovascular scES. The lower-limb standing activation pattern changes were consistent with the greater standing independence observed by all groups.

Conclusions
Individuals with chronic cervical spinal cord injury were able to achieve various levels of extension without manual assistance during standing with balance assist following stand-ABRT with scES. These results provide evidence that scES modulates network excitability of the injured spinal cord to allow for the integration of afferent and supraspinal descending input to promote standing in individuals with spinal cord injury.

Trial registration
The study was registered on Clinical Trials.gov (NCT03364660) prior to subject enrollment.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12984-025-01636-6.
Keywords
Cervical spinal cord injuryEpidural spinal stimulationStandingIndependenceRehabilitation
Background
Spinal cord injury (SCI) can result in paralysis and autonomic dysregulation among other consequences. In general, individuals with a severe cervical SCI cannot stand independently without external assistance. The loss in mechanical loading due to paralysis has secondary consequences such as rapid loss of skeletal muscle [1, 2]. In turn, this loss of muscle has been linked to an increase in intramuscular fat which predisposes individuals to an increase risk of type-2 diabetes and cardiovascular disease [3, 4]. Functional electrical stimulation and neuromuscular electrical stimulation of the lower extremities have been used to mitigate the reduction in skeletal muscle and improve overall health [5]. Similarly, interventions focused on exercise and loading are critical for overall health in individuals with SCI [6–8]. In particular standing has been identified by individuals with SCI to maintain or improve health [7].
Activity-based recovery training (ABRT) reinforces spinal circuits through the activation of sensory and motor pathways and can improve performance of practiced tasks [9, 10]. The importance of weight-bearing training has been supported over the years with many studies focused on improving locomotion following SCI [9, 11, 12]. However, there is a lack of focus on standing interventions for individuals with motor complete paralysis. Standing ability is typically synonymous with balance as quantified through scales such as the Berg Balance Scale, which assesses static and dynamic balance elements [13–15]. Two recent systematic reviews evaluated the effectiveness of various training interventions on improving balance in individuals with incomplete SCI, revealing either marginal or no improvements with interventions such as locomotor training, robotic training and functional electrical stimulation [16, 17]. This phenomenon can be explained by the lack of specificity of the interventions received by the study population. The need to study and quantify the benefits of standing interventions has long been recognized [18], however there is a lack of reports on the effectiveness of standing interventions for recovery of full weight-bearing standing in motor complete populations.
Lumbosacral spinal cord epidural stimulation (scES) has been a successful intervention for recovery of function in individuals with SCI [19]. Proof of principles studies have shown the combination of stimulation targeted for standing (Stand-scES) with ABRT promote independence of standing with balance assist in the SCI population [20–22]. Prior studies have shown that the spinal circuitry can interpret sensory information related to loading to promote effective lower-extremity extension patterns in the presence of Stand-scES [20, 21, 23]. This study expands on previous reports of standing ability by identifying the progression of unassisted standing in individuals with cervical chronic SCI throughout a Stand-ABRT intervention with Stand-scES. In addition, we quantify EMG changes before and after intervention. We hypothesized that individuals with severe cervical SCI would improve on their ability to stand as determined by time with unassisted bilateral knee extension throughout a Stand-ABRT intervention.

Methods
Clinical characteristics of study participants
We enrolled 30 individuals with chronic cervical SCI. The average age was 36.8 ± 10.4 years with an average time since injury of 11.8 ± 9.2 years. Sixteen were classified as AIS-A, and 13 were female (Table 1). All participants were unable to stand physically unassisted at the start of the intervention. All individuals were participating in a randomized trial to evaluate the efficacy of cardiovascular targeted scES (CV-scES) on blood pressure regulation. The standing intervention was added to assess the effect of weight-bearing on the primary outcome related to cardiovascular regulation. In the current paper we only report standing related outcomes during the standing intervention, however all participants were concurrently receiving an additional modality of stimulation (see Training Intervention section). All individuals provided written informed consent approved by the University of Louisville’s Institutional Review Board. The study was registered in clinical trials.gov before participant enrollment (NCT03364660). Participants were recruited from 2019 to 2022. All participants were implanted with a 16-electrode array (5-6-5 Specify; Medtronic, Minneapolis, MN, USA) placed between spinal segments L1-S1 and an Intellis™ neurostimulator (Medtronic, Minneapolis, MN, USA ) as previously described [24]. Neurophysilogical monitoring during the surgical implantation was used to guide the placement of the electrode array [24].
Table 1Clinical characteristics


	Pub ID
	Age (yrs)
	TSI (yrs)
	Gender
	Level
	AIS
	LEMS
	Group
	First Intervention

	A96
	27
	3.0
	Female
	C4
	A
	0
	1
	CV-scES

	A105
	34
	10.0
	Male
	C4
	A
	0
	1
	CV-scES

	B47
	43
	8.2
	Male
	C4
	B
	0
	1
	CV-scES

	A102
	29
	4.4
	Female
	C4
	A
	0
	1
	CV-scES

	B42
	59
	7.5
	Male
	C4
	B
	0
	1
	CV-scES

	A97
	39
	15.4
	Male
	C4
	A
	0
	1
	CV-scES

	C193
	41
	8.9
	Female
	C4
	C
	1
	1
	CV-scES

	C237
	42
	25.1
	Female
	C4
	C
	1
	1
	CV-scES

	A82
	37
	7.4
	Male
	C4
	A
	0
	2
	Vol-scES

	A110
	22
	5.8
	Female
	C5
	A
	0
	2
	Vol-scES

	B52
	51
	8.0
	Female
	C6
	B
	0
	2
	Vol-scES

	A127
	41
	13.1
	Female
	C4
	A
	0
	2
	Vol-scES

	A133
	35
	13.1
	Male
	C5
	A
	0
	2
	Vol-scES

	B40
	36
	4.7
	Male
	C4
	B
	0
	2
	Vol-scES

	C192
	42
	28.3
	Female
	C4
	B
	0
	2
	Vol-scES

	A101
	31
	2.4
	Male
	C3
	A
	0
	3
	CV-scES + Stand-scES

	B41
	27
	8.6
	Male
	C8
	B
	0
	3
	CV-scES + Stand-scES

	A123
	29
	7.8
	Male
	C4
	A
	0
	3
	CV-scES + Stand-scES

	B45
	35
	9.1
	Male
	C7
	B
	0
	3
	CV-scES + Stand-scES

	B38
	22
	3.3
	Male
	C4
	B
	0
	3
	CV-scES + Stand-scES

	A64
	56
	38.6
	Male
	C4
	A
	0
	3
	CV-scES + Stand-scES

	A119
	26
	11.5
	Female
	C5
	A
	0
	3
	CV-scES + Stand-scES

	A232
	42
	24.0
	Female
	C4
	A
	0
	3
	CV-scES + Stand-scES

	A99
	20
	2.8
	Male
	C4
	A
	0
	4
	Vol-scES + Stand-scES

	B24
	26
	6.7
	Male
	C6
	B
	0
	4
	Vol-scES + Stand-scES

	A100
	52
	16.6
	Male
	C4
	A
	0
	4
	Vol-scES + Stand-scES

	B194
	38
	18.2
	Female
	C5
	B
	0
	4
	Vol-scES + Stand-scES

	A128
	39
	8.7
	Male
	C4
	A
	0
	4
	Vol-scES + Stand-scES

	B213
	25
	5.4
	Female
	C4
	B
	0
	4
	Vol-scES + Stand-scES

	B212
	48
	29.7
	Female
	C4
	B
	0
	4
	Vol-scES + Stand-scES


PubID: Publication ID; TSI: Time since injury; Level: Neurological Level of Injury; AIS: American Spinal Injury Association Impairment Scale; LEMS: Lowe extremity motor score; CV-scES: c targeted cardiovascular spinal cord epidural stimulation; Vol-scES: targeted voluntary movement spinal cord epidural stimulation; Stand-scES: targeted standing spinal cord epidural stimulation




Stimulation configurations
Before the start of interventions, participants were mapped for all possible interventions (CV-scES, Vol-scES and Stand-scES) as previously described [24]. Stimulation parameters were task-specific and participant specific. More explicitly, for standing, we used electromyography (EMG) of the lower extremities and trunk to evaluate motor activation during scES. We adjusted stimulation parameters to modulate extensors during weight-bearing and achieve unassisted ankle, knee and hip extension during standing. As previously described, cathodes and anodes were selected to promote lower limb extension, amplitude and frequency were subsequently adjusted to sufficiently activate extensors without generating a bursting pattern [24]. At the conclusion of all mapping sessions, participants were randomized into a study group (Fig. 1).
Stand-scES parameters were adjusted throughout the standing intervention for each participant. These adjustments were performed to promote the greatest level of unassisted standing as possible. First and last stimulation parameters for all participants are presented in the supplementary materials (Additional file 1).

Training interventions
As part of the randomized study design, all groups received at least one intervention that included Stand-ABRT in combination with scES targeted for standing. Following the implantation of the neurostimulator, participants were randomized to one of four study groups (Fig. 1). All groups received targeted cardiovascular scES (CV-scES) or voluntary movement scES (Vol-scES) as part of their daily training. Groups 1 and 2 performed CV-scES or Vol-scES, respectively, for 80 sessions (Intervention 1) with no Stand-ABRT. During intervention 2, these groups continued their CV-scES or Vol-scES and had an additional 2-hours of Stand-ABRT. Groups 3 and 4 performed the same combination of CV-scES or Vol-scES plus the additional 2-hours of Stand-ABRT for both interventions 1 and 2. Stand-ABRT always occurred with Stand-scES in the laboratory, for either 80 visits (n = 15: Groups 1 and 2) or 160 visits (n = 15: Groups 3 and 4).
[image: ]
Fig. 1Randomized clinical trial design. Following implantation individuals were randomized into one of four groups. Group 1 received CV-scES for 80 sessions followed by 80 sessions of CV-scES and Stand-ABRT with Stand-scES. Group 2 received Vol-scES for 80 sessions followed by 80 sessions of Vol-scES and Stand-ABRT with Stand-scES. Group 3 received CV-scES and Stand-ABRT with Stand-scES for 80 sessions and repeated the same intervention for an additional 80 sessions. Group 4 received Vol-scES and Stand-ABRT with Stand-scES for 80 sessions and repeated the same intervention for an additional 80 sessions


During the stand ABRT intervention phase, participants were asked to stand with Stand-scES for 2-hours each day, 5 days a week, with the least amount of manual assistance as possible. Participants were allowed to take sitting breaks as necessary. Sitting time was not counted towards their 2-hour target. Two to four research staff trained in activity-based interventions provided assistance-as-needed to maintain the joint/body segment in proper kinematics and posture. Participants achieved standing independence when no external assistance was required to maintain the joint in proper kinematic position with good standing posture. In all cases, bouts of independence still required close monitoring by research staff ready to provide assist as needed. We used a custom LabVIEW program (National Instruments, Austin TX USA) to record assistance levels and duration for each joint (hip, knees and ankles) during all Stand-ABRT sessions (Additional File 2, Fig. S1). In addition, we monitored levels of assistance for the trunk as well as upper extremity self-assist modality. The research staff assigned to the ABRT session verbalized ‘independence’ at a specific joint when no assistance was required, and ‘back on’ when assistance was again required. Another team member would record these changes in assistance levels in the custom program. Stand-ABRT sessions could occur on a body weight support (BWS) system (n = 6), a custom standing frame (n = 19), or a fixed walker (n = 5). The custom standing frame has been previously described and did not constrain the participant’s lower extremities or trunk, allowing 100% weight-bearing [21]. The participant could use the frame structure for upper extremity support and balance assist. The fixed walker provided less support compared to the standing frame. The fixed walker consisted of fixing a standard walker to a base to prevent tipping. Participants who began training on a BWS or a standing frame could be transitioned to a different device during the ABRT intervention period.

Experimental sessions
Standing activation pattern with Stand-scES was assessed during a dedicated experimental session per time point, that is at pre-intervention (prior to randomization), post-intervention 1 and post-intervention 2. In these assessments, the goal for the participant was to stand for 30 min with the least amount of external assistance provided manually by trainers. Seated resting periods occurred when requested by the individual. Standing activation pattern was assessed for the longest standing bout performed with the least amount of external assistance, which needed to be achieved for a minimum duration of 1 min in order to be considered for this analysis. All assessments were performed in a standing frame or BWS for those unable to stand overground. Force plates (Kistler, Holding AG, Winterthur, Switzerland) and EMG data were collected at 2000 Hz by a hard-wired AD board and custom-written acquisition software (LabView, National Instruments, Austin, TX). Force data were low-pass filtered (10 Hz) and EMG data band-pass filtered (10–500 Hz). EMG was collected bilaterally from the gluteus maximus, rectus femoris, vastus lateralis, medial hamstrings, tibialis anterior, medial gastrocnemius, and soleus. Time- and frequency-domain EMG were averaged across all muscles within each participant and time point and considered for analysis [22, 25]. In particular, EMG pattern variability (EMG CV) was quantified by assessing the coefficient of variation of the EMG linear envelope [21]. EMG total power was normalized by the maximum value detected within each participant across time points, and continuous Wavelet Transform was applied to calculate EMG median frequency (EMG MDF) and its standard deviation (EMG MDF SD) [25]. Previous analysis of a large standing dataset from our group showed that the proposed EMG parameters, averaged across key lower limb muscles, were significantly different between knee-assisted and knee-independent standing, with independent extension favored by higher EMG total power as well as lower EMG CV, EMG MDF and EMG MDF SD [25]. Finally, the coefficient of variation of the vertical ground reaction force (GRF CV) was also considered for analysis. No EMG data is reported for participant C237.

Outcome measures
We used a custom Matlab program (MathWorks, Carlsbad, CA, USA) to automatically calculate the total time (in seconds) for multiple combinations of independence variables (Table 2).
Table 2Extracted variables for analysis


	Joints/Segments
	Extracted combinations

	Knee
	independent left knee
	independent right knee
	independent bilateral knees

	Trunk
	independent trunk
	 	 
	Knees and Trunk
	independent left knee with independent trunk
	independent right knee with independent trunk
	independent bilateral knees with independent trunk

	Knees, Hip and Trunk
	independent bilateral knees with independent hips and trunk.
	 	 



The following EMG outcomes were extracted for analysis EMG CV, EMG MDF, EMG MDF SD, GRF CV. All EMG outcomes were compared at the Pre-Intervention, Post Intervention 1 and Post Intervention 2 time points.

Statistical analysis
Total standing time was calculated based on weight-bearing minutes for each participant across all training days. An intent-to-treat approach was used for data analysis, a training occurrence was included in the analysis if the day contained weight-bearing minutes. One participant in group 4, withdrew after completion of the first intervention. Two participants in group 1 withdrew after 25 and 26 sessions respectively, their data for all available sessions up until withdrawal was included in the analysis.
Standing outcomes were summarized with median ± median absolute deviation (MAD) since more than half were not normally distributed per the Shapiro-Wilk test. MAD represents the median distance from any value to the median. Within-group changes were evaluated with signed Rank test and between-groups differences of changes were evaluated with the Wilcoxon Rank Sum test.
To quantify the comparisons estimates, a non-parametric equivalence to Cohen’s d [26] effect size (ES) was calculated as median divided by MAD (ES = median/MAD). Sawilowsky’s extension to Cohen’s criteria was used to classify the obtained effect sizes as trivial (< 0.01), very small (0.01–0.2), small (0.2–0.49), medium (0.5–0.79), large (0.8–1.19), very large (1.2–1.99), and huge (> 2.0). The threshold of 0.5, found to be the minimally important difference in health-related quality of life was used for meaningfulness [27, 28].
To quantify group comparisons, standing activation pattern values were evaluated with mixed linear models with random intercept included per participant to account for individual variability, group, timepoint (Pre/Post1/Post2 or Pre/Post), as well as their interaction were included as factors in those models. Least square means, and standard error from the models were used to represent the data. Different comparisons, change over time, difference between groups at specific timepoints, and difference of changes (interaction) were performed through linear contrasts built on the interaction term.
For all tests and models, the significance level was set to 0.05. All tests were 2-sided. The statistical analysis was performed in SAS 9.4.


Results
A total of 3,524 training days were considered for analysis. 70% of these training days reached the 2-hour weight-bearing goal, while 93% surpassed 1-hour standing. There was no difference in the number of sessions that did not reach two hours, when comparing the initial 80 training sessions to the second 80 sessions, for those in groups 3 and 4. Reasons that individuals did not reach the 2-hour standing target included: fatigue, orthostatic hypotension, bladder or bowel accidents, or logistical reasons such as participant’s late arrival to the laboratory (Fig. 2). Fatigue was the primary reason reported in 40% of the occurrences (Fig. 2A). Participants running out of time during their assigned training block was reported in 16.5% of the occurrences. This was typically due to multiple requests for long rest periods during the session. Other logistical reasons (1.3%) were due to participants’ late arrival resulting in the inability to complete the session within their allotted time block. Individual data distribution for all available sessions is presented in Fig. 2B.
No serious adverse events took place during the intervention period. A summary of the adverse events experienced while participants were in an active Stand-ABRT intervention are presented in the supplementary materials (Additional File 3). A total of 66 related and unrelated adverse events were reported.
[image: ]
Fig. 2Incidence of inability to reach two-hour weight-bearing target. (A) Reported or measured rationale for ending the standing session prior to 2-hr target. (B) Box Plots including individual data for sessions that did not reach the 2-hr target


Stand-scES parameters were adjusted throughout the Stand-ABRT intervention to respond to plasticity and promote better standing ability. Within a training session, amplitude could be adjusted, typically within a range of 0.1 to 0.5 mA, most typically taking place later in the session due to loss of extension as a result of muscle fatigue. Configuration changes adjusting cathodes or anodes were performed less frequently. Participants in group 1 had on average 3.4 configurations (+/- 1.8), similarly participants in group 2 had on average 3.1 configurations (+/- 1.7). Those in groups 3 and 4 had larger number of configurations 5.9 +/-2.9 and 5.5 +/- 3.0 respectively. The larger number of used configurations can be suggested to be the result of two training interventions as opposed to a single standing intervention.
Trunk independence
Twenty-seven of 30 individuals reached some ability to maintain appropriate trunk posture without external assistance. Three individuals performed all sessions in the body-weight-support, requiring weight-support to maintain their trunk in proper posture. Across all participants, the median trunk independence was 63.8% of stand-time for the initial 80 training days, and 94% of stand-time for the second set of 80 training days (Fig. 3A). An important observation revealed that trunk independence duration does not depend on neurological level of injury (Fig. 3B). A correlation of r = 0.35 was found between level of injury and median trunk independence. Participants with injury levels C4-C8 were able to achieve a median of 120-minutes of trunk independence across all sessions. Trunk independence duration tended to be consistent across sessions, particularly on those individuals that were able to achieve full trunk independence early in the intervention (Fig. 3C). Participants that received an additional 80 sessions (Groups 3 and 4) showed similar trends with higher median values (Fig. 3D). Trunk independence was a factor affecting the decision for assistive device progression, as a result 17 participants progressed to a less assistive device, including two participants that progressed from the body-weight-support system to a fixed walker.
[image: ]
Fig. 3Trunk Independence Levels during Standing. (A) Percent of total Standing time across all sessions with trunk independence for the first and second standing intervention. Box plots are mean +/- 1 standard deviation, lines represent 95% confidence interval. Median line is red. (B) Radial graph showing relationship between neurological level of injury and median trunk independence minutes across sessions. Inter-circles are 20 min intervals from 0–120 min. (C) Color map (left) shows the trunk independence time during each training session (rows) across participants (columns) for the two-hour intervention during their initial standing intervention (80 sessions). Top row indicates the first session. Box plot (right) representing trunk independence time for each participant. Median is represented in red. (D) Color map (left) shows the trunk independence time during each training session (rows) across participants (columns) for the two-hour intervention during their second standing intervention (Groups 3 and 4). Top row indicates the first session of the second standing intervention. Box plot (right) representing trunk independence time for each participant. Median is represented in red



Knee independence
All 30 individuals were able to achieve outcomes of lower limb unassisted extension, ranging from 10 min of unassisted single knee to 118 min of unassisted bilateral knees within a training day. Seventeen of 30 participants had at least 50% of their total stand-time across all sessions with one or both knees independent during the first 80 training days, including seven participants that were able to maintain knee independence for over 80% of total stand-time (Fig. 4A). Additionally, 11 of 14 participants that completed a second set of 80 training days (Groups 3 and 4) had at least 50% of their total stand-time with one or both knees independent (Fig. 4B).
[image: ]
Fig. 4Lower-extremity Independence Levels during Standing. (A) Percent of total Standing time across all sessions with left knee (gray), right knee (blue) or bilateral (pink) independence. Each line is a participant during their initial standing intervention (80 sessions). (B) Percent of total Standing time across all sessions with left knee (gray), right knee (blue) or bilateral (pink) independence. Each line is a participant during their second standing intervention (Groups 3 and 4). (C) EMG features in time and frequency domains collected during standing pre and post intervention. EMG features values were averaged among participants and among all assessed muscles. Values are expressed as median + mean absolute deviation. Differences were tested by Wilcoxon test * p < 0.05. (D) EMG features in time and frequency domains collected during standing post intervention 1 and post intervention 2 for groups 3 and 4. EMG features values were averaged among participants and among all assessed muscles. Values are expressed as median + mean absolute deviation. (E) Color map (top) shows the bilateral independence time during each training session (rows) across participants (columns) for the two-hour intervention during their initial standing intervention (80 sessions). Top row indicates the first session. Box plot (bottom) representing bilateral independence time for each participant. Median is represented in red. (F) Color map (top) shows the bilateral independence time during each training session (rows) across participants (columns) for the two-hour intervention during their second standing intervention (Groups 3 and 4). Top row indicates the first session of the second standing intervention. Box plot (bottom) representing bilateral independence time for each participant. Median is represented in red


Improvements in knees independence during the first 80 stand training days (Fig. 4A and C) were associated with lower EMG CV, 0.35 + 0.22 vs. 0.28 + 0.14; (p = 0.048) observed after Stand-ABRT (Fig. 4C). Conversely, no trends were observed when comparing standing activation patterns generated after 80 and after 160 stand training days by the subgroup of participants (Groups 3 and 4) that underwent the second 80 sessions of Stand-ABRT (Fig. 4D).
The progression of acquiring bilateral knee independence varied across participants. Some individuals were able to reach bilateral independence for two-hours as early as session 20 (Fig. 4E). However, all participants demonstrated substantial variability in the number of independent minutes per session. Three individuals from groups 3 and 4 had reduced variability during intervention 2 (Fig. 4F). There was a tendency towards greater variability (MAD +/- 28.5 to 39.4 min) in the middle range (45–90 min of unassisted bilateral knees), while those that had lower independent times were consistently low (MAD +/- 8.0–0.0 min). Figure 5 shows two representative standing patterns collected from the same research participant prior to any training (left, Pre-Intervention) and after stand training with Stand-scES and CV-scES (right, Post-Intervention 1). The activation pattern generated Pre-Intervention was not effective to achieve independent standing, and consisted in the alternation between EMG bursts and negligible activity (i.e. similar to a rhythmic pattern) of lower limb muscles. After stand training with Stand-scES and CV-scES, the same participant demonstrated an overall continuous (i.e. non-rhythmic) EMG pattern with lower level of activation of primary lower limb muscles which resulted in the ability to achieve bilateral independent extension. When assessing overall knee independence and comparing it to independence of knees and trunk, time with combined knee and trunk independence was lower during the initial 80 sessions of Stand-ABRT (see Additional File 2, Fig. S2 and Additional File 4). During the second intervention of Stand-ABRT (Groups 3 and 4), most participants could account for all their knee independence time with trunk independence. Only 5 participants had unassisted knee extension that was present during trunk assistance (see Additional Files 2, Fig. S2).
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Fig. 5Representative standing activation patterns pre and post intervention. EMG collected from participant A123 (left lower limb) prior to any intervention (Pre-Intervention) and after 80 sessions of stand training with epidural stimulation (Stand-scES) combined with epidural stimulation for cardiovascular function (Group 3; Post-Intervention 1). The participant required manual assistance at both knees Pre-Intervention, while independent knees extension was achieved Post-Intervention 1. Trunk and hips were manually assisted for all standing bouts reported. The two representative activation patterns per time point were collected within the longest standing bout considered for analysis, 4 min apart at Pre-Intervention and 8 min apart at Post-Intervention 1. Baseline EMG collected during sitting without scES is also shown (to the left of standing panels). Note the more variable EMG and vertical ground reaction force (Force) pattern at Pre-intervention when manual assistance at the knees was required. GL, gluteus maximus; MH, medial hamstring; RF: rectus femoris; VL, vastus lateralis; TA, tibialis anterior; SOL, soleus



Full standing independence
Seventeen participants achieved hip independence while maintaining bilateral knee and trunk independence (Fig. 6A). An additional movie shows this in more detail (see Additional File 5). This fully independent standing ranged from less than a minute (n = 2) to 107 h throughout all ABRT sessions. Figure 6B shows the maximum total unassisted time achieved in a single session for those that demonstrated the ability to stand without manual assistance. Individuals in group 1 achieved the lowest levels of full independence, while individuals in groups 2 and 3 had sessions with the greatest independence (Fig. 6B and C). The participant achieving the greatest level of independence had episodes of full independence in 82% of her sessions with a range of 22 s to 137 min with a median of 103 min and MAD +/-14.85 (Fig. 5C; A110).
[image: ]
Fig. 6Standing without manual assistance. (A) Photograph of individual (B41) standing with independent trunk, hips and bilateral knees using a walker for balance assist. (B) Maximum independent minutes standing with independent trunk, hips and bilateral knees during single session. Each data point is a participant (n = 16). Individuals above the 40-minute line are shown in plot C (n = 8). (C) Box plot showing session time standing with independent trunk, hips and bilateral knees for individual participants. Group 2 (Vol-scES): blue dashed, Group 3 (CV-scES + Stand-scES): red fill, Group 4 (Vol-scES + Stand-scES): blue fill. Box plots are mean +/- 1 standard deviation, lines represent 95% confidence interval



Standing ability and activation pattern - group comparisons
Standing activation pattern generated prior to any intervention was not statistically different across the four groups, with the sole exception of EMG MDF between groups 2 and 3 (p = 0.039). When comparing lower extremity standing independence across groups there is a very large effect size of 1.35 (p = 0.47) for greater bilateral knee independence in those participants that first received Vol-scES during intervention 1 (Group 2) as compared to those participants using CV-scES (Group 1) (Fig. 7A). The larger standing independence shown by group 2 was associated with activation pattern adaptations consisting of lower EMG CV (p = 0.023) and lower EMG MDF SD (p = 0.028). Conversely, no standing activation pattern trends were observed in group 1 (Fig. 7A). The group that received an initial 80 sessions of CV-scES alone (Group 1) had lower bilateral knee independence when compared to the group receiving CV-scES + Stand-scES (Group 3) (Fig. 7B). This difference was quantified with a large effect size (Cohen’s d = 1.01; p = 0.31).
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Fig. 7Group comparisons of knee independence during standing. (A) Top: left, right and bilateral knee independence comparison for Group 1 (CV) and Group 2 (Voluntary). Bottom: EMG features in time and frequency domains collected during standing post intervention 1 vs. post intervention 2. Values were averaged among participants and among all assessed muscles. Values are expressed as median + MAD. (B) Top: left, right and bilateral knee independence comparison for Group 1 (CV) and Group 3 (CV-Stand). The graph compared the initial 80 sessions of standing (intervention 2 for group 1; and intervention 1 for group 3). Bottom: EMG features in time and frequency domains collected during standing pre vs. post intervention 1 for Group 3 and post intervention 1 vs. post intervention 2 for Group (1) (C) Top: left, right and bilateral knee independence comparison for Group 2 (Voluntary) and Group 4 (Voluntary-Stand). The graph compared the initial 80 sessions of standing (intervention 2 for group 2; and intervention 1 for group 4). Bottom: EMG features in time and frequency domains collected during standing pre vs. post intervention 1 for Group 4 and post intervention 1 vs. post intervention 2 for Group (2) Differences assessed by Wilcoxon test * p < 0.05. (D) Top: left, right and bilateral knee independence comparison between intervention 1 and intervention 2 for Group 3 (CV-stand). Bottom: EMG features in time and frequency domains collected during standing pre vs. post intervention 1 vs. post intervention 2. (E) Top: left, right and bilateral knee independence comparison between intervention 1 and intervention 2 for Group 4 (Voluntary-stand). Bottom: EMG features in time and frequency domains collected during standing pre vs. post intervention 1 vs. post intervention 2. (F) Box plot comparing trunk independence across groups and interventions. Box plots are mean +/- 1 standard deviation, lines represent 95% confidence interval


In contrast, group 2 that received 80 sessions of Vol-scES prior to standing performed better for bilateral independence when compared to group 4 (Vol-scES + Stand-scES) (Fig. 7C). However, this difference (p = 0.60) had a mediun effect size (Cohen’s d:0.74). Groups 3 and 4 both improved their ability to stand with independent bilateral knees during intervention 2 when compared to the initial 80 sessions (Fig. 7D and E). Effect sizes for total bilateral independence time change between intervention 2 vs. intervention 1 were large for groups 3 and 4 (p = 0.22, Cohen’s d:0.81 and p = 0.03, d = 0.87 respectively). No standing activation pattern trends were observed between intervention 2 and intervention 1 in these two groups, except for the larger EMG CV (p = 0.008) shown by group 4 (Fig. 7E). Trunk independence time was greater in the voluntary groups (Groups 2 and 4) when compared to the CV groups (Groups 1 and 3) (Fig. 7F). The effect size difference between groups 1 and 2 was 0.72 (p = 0.85). Similarly to knee independence, the group that received 80 sessions of Vol-scES prior to Stand-ABRT (Group 2), had higher trunk independence values than group 4 at their initial 80 sessions of Stand-ABRT (p = 0.16)(Fig. 7F).


Discussion
This study describes the progression of standing ability with Stand-scES during an ABRT protocol with scES for individuals with severe cervical SCI. Two hours of standing was achieved by 97% of participants by the conclusion of the intervention period. With task-specific tonic continuous stimulation, all participants could stand with at least a single leg unassisted, and 26 could demonstrate episodes of unassisted bilateral knee extension. Remarkably, 16 participants achieved episodes of simultaneous unassisted hip, knee and trunk extension while using upper extremity for balance assistance.
The ability to complete a two-hour intervention varied greatly by participant. The most often provided reason for ending the session early was fatigue. Lack of adequate physical activity before trial enrollment could explain how fatigue influenced an individual’s ability to complete a two-hour standing intervention [29–31]. A total of 10 participants had sessions end early as a result of fatigue during the first intervention. While 7 participants had sessions end early during the second intervention as a result of fatigue. One participant (B213) never achieved 2 h throughout both her interventions (Group 4). While another participant (A232) did not achieve 2 h during the first intervention but was able to reach 2 h in 91% of her sessions in the second intervention (Group 3). Group 4 had the greatest report of fatigue resulting in days with less than 2 h, 116 days reported by 5 out of 8 participants (mean: 23.2 +/- 33.1 days). Group 2 had the lowest number of reported days, 14, all reported by one participant (C192). Group 1 and 3 had two participants each with means of 32.5+/-38.9 days and 41.4+/-55.9 days respectively. We explored potential links between the number of sessions not meeting the 2-hour duration as a result of fatigue and factors such as age and time since injury. Pearson correlation r values were 0.24 and − 0.08 for age and time since injury respectively. A slightly stronger correlation was found between reported fatigue days and stimulation amplitude (Pearson’s r = 0.42). Although we did not actively explore how each individual defined fatigue and cannot therefore discard a component of neuromuscular fatigue, we presume that neuromuscular fatigue could be linked to loss of extension resulting in assisted standing rather than early termination of the session. An association could be argued with stimulation intensity driving higher muscle contractions and increasing the overall sense of feeling tired. However, in general, a trend was not found between shorter sessions resulting from fatigue occurring earlier in the intervention period. Although cardiovascular dysregulation is typical in this population [32–34], the ability to interleave stimulation cohorts that assisted in maintaining blood pressure stable during standing greatly reduced the incidences of hypotension during standing [24]. The low percentage of sessions that had to end prematurely due to hypotension (0.5% of total standing sessions) could be attributed to the capability of scES to regulate blood pressure while also targeting appropriate extensor activation as was previously shown by Aslan et al. [35].
Participants ranged in injury level from C3-C8, demonstrating various levels of trunk control at study enrollment. Median independent trunk time across 80 sessions of Stand-ABRT was 63.8% (IQR: 37.8–96.7), the time of trunk independence varied among participants as shown in Fig. 3. A uniqueness of this study was the broad characteristics of the enrolled group. Nonetheless, participants across all neurological levels could achieve standing without trunk assistance. This provides initial evidence that Stand-scES has the potential to access lower-extremity as well as trunk motor pools. The combination of scES and Stand ABRT provides sufficient excitation below the level of injury to promote increased neuromuscular activation at all levels of trunk and legs. There is prior evidence of improvements in trunk stability in the presence of scES during sitting, suggesting greater activation of trunk musculature providing postural control [36, 37]. Those participants not achieving trunk independence were never able to transition from the BWS to an overground setting. Of note is the need for upper extremities balance assistance while standing. We instructed participants to minimize weight transferred through the arms. However, this was only a measured outcome during the experimental assessments and intervention. Trunk perturbations were not part of the intervention, however, as previously demonstrated, motor activity increases in response to perturbations when hands are not used for balance support [38]. The same study also showed that trunk displacement increased by 116% when supported by hands-on. Using upper extremities for balance assist allows individuals to feel safer reaching and challenging trunk posture while standing. Some participants could stand without trunk support and upper extremity balance assist; however, they required hip assistance to maintain balance. An additional movie shows this in more detail (see Additional File 6). Control of posture and upright standing requires neuromechanical contributions [39, 40]. Within the context of the kinetic chain, biomechanical changes at one joint affect other joints. It has been demonstrated that trunk stabilization is a critical response to platform tilts, emphasizing the importance of proper trunk alignment during standing. Further neuromuscular control is required to maintain the center of pressure within the base of support, activating various multi-directional muscle synergies [41]. The ability to stand with unassisted trunk and knees in the presence of scES suggests an improvement in spinal postural control contributing to the integration of sensory feedback and supraspinal control to effectively activate postural musculature.
Given the lack of outcome measures available to assess standing ability in individuals with clinically motor complete SCI, we focused our analysis on the quantification of unassisted extension at the knee and hip joints, which was measured as a time variable. The ability to maintain unassisted extension is due to the appropriate activation of lower extremity muscles. Our results suggest that an ABRT intervention with task-specific scES promotes motor activation leading to the ability to maintain knee extension during full weight-bearing standing. Full weight-bearing standing with balance assist while using neuromodulation has been reported in prior studies [20, 21, 42–44], suggesting that the human spinal circuitry has the potential to integrate sensory information to generate appropriate motor patterns necessary to maintain standing. The altered excitability of the spinal circuits induced by scES promotes the modulation of motor output in response to the integrated efferent signals. Therefore, in its most effective cases, scES fosters some level of voluntary control over extension during the standing bouts, this is shown detail in the supplementary video (see Additional File 7). Stimulation parameters including location, frequency and amplitude are crucial drivers for spinal circuitry modulation and the generation of motor output [45, 46]. It has been shown that different stimulation frequencies at the same site of stimulation can elicit various motor patterns, providing convincing evidence for task specific scES parameters [20, 24, 46].The standing activation pattern trends generally associated with the larger standing independence improvements in this study are consistent with previous findings while comparing independent and assisted standing in a population of motor complete SCI individuals implanted with scES [25], suggesting that a lower limb activation pattern that is overall more continuous (rather than variable) can promote better standing ability in this population. The variability in stimulation paradigms received among groups, combined with the variability in standing performance and the potential for differences experienced during assessments compared to training days hinder the interpretation of the EMG outcome data. It is important to note that during EMG assessments participants stood with a different standing frame as compared to the stand training sessions in addition to EMG and motion capture instrumentation, in some instances these factors resulted in altered performance. Our current study demonstrates the progression of how improved standing ability was achieved following a standardized ABRT intervention using neuromodulation. Significant variability was observed in the ability to maintain bilateral knee extension; however, some individuals could reach two hours of unassisted knee extension for a large portion of the intervention (Fig. 4).
The study design offered an opportunity to perform group comparisons to investigate the effect of multi-modal stimulation combining Stand-scES with autonomic (CV-scES) or motor (Vol-scES) training. The comparison of groups 1 and 2 offer some insight on pretraining autonomic regulation and motor recovery as precursors to standing. Those that trained with Vol-scES, focused on intentional movement of legs and trunk in supine and sitting positions (Group 2), showed improved standing performance over those that trained with CV-scES (Group 1). The ability to integrate supraspinal control with scES to generate intentional movements translated to arguably increased control over extension during standing. On the other hand, The CV-scES parameters are focused on preventing muscle activation and promoted the regulation of blood pressure through the activation of sympathetic vasomotor efferents [47]. Although as shown by group 3, asynchronous training with CV-scES and Stand-scES supports positive outcomes relative to standing ability. However, pre-training with CV-scES does not boost standing performance, suggesting specificity of motor activation is required for improved performance.
One limitation of the study is that the original randomized clinical trial was designed to evaluate efficacy of targeted scES for cardiovascular function and not to assess standing ability in individuals with cervical SCI. The low number of participants in each group limited the statistical comparison of standing ability or standing muscle activation patterns across groups. Further work is needed to quantify the interaction between multiple targeted stimulation paradigms on motor recovery in individuals with SCI. Additional work is also required to determine how training duration and frequency affect recovery. Similarly, a study specifically designed to prospectively evaluate recovery of unassisted standing in individuals with motor complete spinal cord injury could help elucidate some of the factors characterizing low-performers compared to high-performers.

Conclusions
Our study shows the potential of Stand-ABRT combined with task specific scES to promote the ability of individuals with chronic cervical SCI to recover unassisted full-weight bearing standing. Although 28 of 30 individuals were classified as motor complete, the intervention focusing on neuroplasticity principles maximizing load and sensory cues, paired with scES was able to promote the integration of sensory signals to maximize recovery in most participants. These results provide evidence that Stand-scES modulates network excitability of the injured spinal cord to allow for the integration of afferent and supraspinal descending input to promote standing in individuals with SCI. Asynchronous training with CV-scES or Vol-scES does not prevent recovery of standing in individuals with SCI.
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Abbreviations
	SCI
	Spinal cord injury

	scES
	Spinal cord epidural stimulation

	ABRT
	Activity-based recovery training

	CV-scES
	Cardiovascular scES

	Vol-scES
	Voluntary movement scES

	EMG
	Electromyography

	BWS
	Body weight support

	EMG CV
	EMG pattern variability

	EMG MDF
	EMG median frequency

	EMG MDF SD
	EMG median frequency standard deviation

	GRF CV
	Coefficient of variation of the vertical ground reaction force

	MAD
	Median absolute deviation

	ES
	Effect size
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