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Epidural Spinal Cord Stimulation of Lumbosacral Networks Modulates Arterial Blood Pressure in Individuals With Spinal Cord Injury-Induced Cardiovascular Deficits
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Disruption of motor and autonomic pathways induced by spinal cord injury (SCI) often leads to persistent low arterial blood pressure and orthostatic intolerance. Spinal cord epidural stimulation (scES) has been shown to enable independent standing and voluntary movement in individuals with clinically motor complete SCI. In this study, we addressed whether scES configured to activate motor lumbosacral networks can also modulate arterial blood pressure by assessing continuous, beat-by-beat blood pressure and lower extremity electromyography during supine and standing in seven individuals with C5-T4 SCI. In three research participants with arterial hypotension, orthostatic intolerance, and low levels of circulating catecholamines (group 1), scES applied while supine and standing resulted in increased arterial blood pressure. In four research participants without evidence of arterial hypotension or orthostatic intolerance and normative circulating catecholamines (group 2), scES did not induce significant increases in arterial blood pressure. During scES, there were no significant differences in electromyographic (EMG) activity between group 1 and group 2. In group 1, during standing assisted by scES, blood pressure was maintained at 119/72 ± 7/14 mmHg (mean ± SD) compared with 70/45 ± 5/7 mmHg without scES. In group 2 there were no arterial blood pressure changes during standing with or without scES. These findings demonstrate that scES configured to facilitate motor function can acutely increase arterial blood pressure in individuals with SCI-induced cardiovascular deficits.
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INTRODUCTION

Spinal cord injury (SCI) can be catastrophic with significant health and financial implications for patients, their families, and society (Ma et al., 2014). In addition to motor and sensory impairment, SCI is commonly associated with cardiovascular dysfunction, one of the leading causes of death in the SCI population (Chopra et al., 2016; Wecht and Bauman, 2017). Impairment to the sympathetic pathways can result in poor cardiovascular regulation, leading to persistent resting and orthostatic hypotension (Furlan et al., 2003). Persons with SCI often report symptoms of orthostatic intolerance during and/or right after the therapeutic interventions (Illman et al., 2000). These impairments are severe enough to delay hospital discharge, restrict an individual's participation in rehabilitation, and delay the achievement of functional goals (Blackmer, 1997; Claydon et al., 2006). Additionally, individuals with SCI report symptoms of blood pressure dysregulation cause them to avoid social situations and limits their independence (Carlozzi et al., 2013).

Current management approaches for systemic and orthostatic hypotension in SCI include pharmacological and non-pharmacological options (Krassioukov et al., 2009). Pharmacological interventions have limitations (e.g., presence of sustained hypertension and potential to exacerbate episodes of autonomic dysreflexia) (Teasell et al., 2000; Nieshoff et al., 2004; Freeman, 2008; Wecht et al., 2010), while non-pharmacological treatments and therapeutic interventions have demonstrated little success at ameliorating systemic hypotension in the long-term despite hemodynamic changes that may occur acutely (Faghri and Yount, 2002; Gillis et al., 2008; Mills et al., 2015). Essentially, those with chronic SCI have few options to maintain adequate systemic blood pressure which severely limits application of other therapies (Blackmer, 1997; Illman et al., 2000; Carlozzi et al., 2013).

We have previously demonstrated that spinal cord epidural stimulation (scES) at the lumbosacral level enabled four individuals with chronic, motor complete SCI to stand and generate voluntary movement in their lower limbs (Harkema et al., 2011; Angeli et al., 2014; Rejc et al., 2015, 2017a). This finding indicates scES can activate motor networks below the level of injury. Additionally, it has been shown that electrical stimulation of lower limb muscles can increase blood pressure and heart rate in an upright position and in response to orthostatic stress in individuals with complete SCI (Elokda et al., 2000; Sampson et al., 2000; Faghri and Yount, 2002; Jacobs et al., 2003; Chao and Cheing, 2005). Epidural stimulation of the lumbosacral spinal cord can increase peripheral blood flow and blood pressure in neurally intact individuals (Huber et al., 2000; Yamasaki et al., 2006) and maintain normative blood pressures in individuals with motor complete SCI (Harkema et al., 2018). This study investigates acute cardiovascular effects of scES utilized specifically to facilitate motor activity in persons with SCI without extensive locomotor training. We hypothesized that scES used to facilitate motor activity would also modulate cardiovascular function in persons with SCI.

MATERIALS AND METHODS

Research Participants

Seven males, 26.7 ± 4.1 years of age, with chronic C5-T4 SCI participated in this study from 2009 to 2015. According to the International Standards for the Neurological Classification of Spinal Cord Injury (ISNCSCI), the neurological level and completeness of the spinal cord lesion were determined using the American Spinal Cord Injury Association Impairment Scale (AIS) (Kirshblum et al., 2011). Individuals B07, B13, and B23 (neurological levels of injury from C5 to T2) demonstrated impaired sensory and no motor function below the level of injury (AIS B). Individuals A45, A53, A59, and A60 were classified as AIS A, demonstrated neither sensory nor motor function below the neurological lesion at T4 (Table 1). Inclusion criteria: (1) stable medical condition without cardiopulmonary disease or dysautonomia that would contraindicate standing or stepping with BWST; (2) no painful musculoskeletal dysfunction, unhealed fracture, contracture, pressure sore, or urinary tract infection that might interfere with stand or step training; (3) no clinically significant depression or ongoing drug abuse; (4) no current anti-spasticity medication regimen; (5) non-progressive SCI above T10; (6) must not have received botox injections in the prior 6 months; (7) be unable to stand and step independently overground; (8) unable to voluntarily move individual joints of the legs; (9) no descending volitional control of movement below the lesion detected by neurophysiological testing; (10) segmental reflexes remain functional below the lesion; (11) at least 1-year post injury; and (12) must be at least 18 years of age. All procedures and assessments were carried out after informed consent was obtained as approved by the University of Louisville (KY, USA) and the University of California, Los Angeles (CA, USA) Institutional Review Boards in accordance with the Declaration of Helsinki.


Table 1. Characteristics of Spinal Cord Injured (SCI) Participants.
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Surgical Implantation of Electrode Array and Stimulator

In all participants, an epidural spinal cord stimulator unit (RestoreADVANCED, Medtronic, Minneapolis, MN, USA) in combination with a 16-electrode array (Specify 5-6-5, Medtronic, Minneapolis, MN, USA) were implanted at the T11-L1 vertebral levels over the spinal cord segments L1-S1 as previously described (Harkema et al., 2011; Angeli et al., 2014). The stimulator and electrode array were used to deliver electrical stimulation to the lumbosacral enlargement of the spinal cord during selected assessments. A graphical representation and placement of the electrode array relative to spinal cord segments and peripheral nervous system (somatic and autonomic) are illustrated in Figure 1.


[image: image]

FIGURE 1. Depiction of scES 16-electrode array (A) relative to spinal cord segments L1 to S2 (B), and corresponding muscles (C; IL, Iliopsoas; MH, Medial Hamstrings, AD, Adductor Magnus; VL, Vastus Lateralis; GL, Gluteus Maximus; TA, Tibialis Anterior; SL, Soleus; MG, Medial Gastrocnemius). Shaded areas (B,C) represent localization of spinal sympathetic preganglionic neurons (SPNs) at T12-L2 levels.



Data Acquisition

Orthostatic Stress Test

All participants were assessed for orthostatic tolerance prior to scES implantation. All studies were performed in the morning in a quiet, temperature controlled (~22°C) laboratory. Participants were instructed to avoid caffeine, alcohol, and high-fat foods for 12 h prior to their examination. Beat-to-beat blood pressure from a finger cuff (Portapres Model-2, Finapres Medical System, Amsterdam, Netherlands), calibrated to brachial blood pressure measurements (Dinamap V100 BP, General Electric Healthcare, Dallas, TX) (Bos et al., 1996), and a single lead electrocardiogram (ECG, lead II; ML132, ADInstruments) were acquired at 1,000 Hz using ML880 PowerLab 16/30 system. Serum catecholamines were obtained from a blood sample drawn from a butterfly catheter inserted into an antecubital vein prior to the test. Participants began the study in the supine position for 15 min, after which they were moved rapidly to a seated position for an additional 15 min. Blood was drawn in the supine position just prior to the sitting transition (within 3 min), and at approximately minutes 3 and 10 of the sitting position in order to measure resting serum catecholamines levels during acute and prolonged phases of the orthostatic stress test.

Hemodynamic and Motor Activity in Response to scES

Beat-by-beat blood pressure, ECG, and electromyography (EMG) were recorded continuously, as previously described, while the individual was supine or standing over ground (Rejc et al., 2015); supine and standing experiments were not performed on the same day. EMG signals were recorded bilaterally using MA300 EMG System (Motion Lab Systems, Baton Rouge, LA) with bipolar surface electrodes placed longitudinally on the medial hamstrings, adductor magnus, vastus lateralis, gluteus maximus, tibialis anterior, soleus, and medial gastrocnemius muscles. Inter-electrode distance was fixed at 17 mm, center-to-center. EMG from iliopsoas muscles was recorded with fine-wire electrodes. To detect stimulation artifact, two surface electrodes were placed symmetrically over the paraspinal muscles, lateral to the electrode array incision. EMG data were collected at 2,000 Hz using a custom acquisition software (National Instruments, Austin, TX). EMG signals were differentially amplified with a band-pass filter of 10 Hz−2 kHz (−3 dB). Supine experiments assessed EMG and cardiovascular response to rostral and caudal configuration of the electrode array. Stimulation was maintained at a constant frequency of 2 Hz, while amplitude increased from 0 to 10 V, or the maximum voltage tolerated by the individual. Voltage was increased by 0.1 V intervals until all muscles (listed previously) showed a motor evoked response, and then increased by 0.5 V intervals thereafter. In standing experiments, voltage, frequency, and configuration of the electrode array were unique to each participant and optimized for over-ground standing. Data were obtained from 3 min of continuous blood pressure recordings after the individual had completed the transition from sit to stand, and the voltage had reached the level to sustain stable standing.

Data Analysis

Blood pressure and heart rate analyses were performed off line using Matlab (The MathWorks) software. The locations of the R waves in the ECG were identified to construct beat-to-beat heart rate and RR interval time series. The maximum and minimum values of blood pressure between two RR intervals were computed as beat-by-beat sampled systolic and diastolic blood pressure. Group hemodynamic variables (mean ± SD) during orthostatic stress test were calculated for 1-min intervals in the sitting position. Values obtained in the seated position were compared with the last 5 min of supine by calculating the difference. Data recorded during the initial 15 s of the sitting position were excluded from analysis because of movement artifacts. In supine experiments, means of blood pressure and heart rate data were calculated for periods during each 1 V increment; data are reported as percentage-change from baseline to normalize hemodynamic response to stimulation between participants. During standing experiments, blood pressure and heart rate were obtained continuously. Blood pressure and heart rate were averaged during sitting and standing during 3 consecutive minutes.

EMG amplitude of motor evoked responses to rostral and caudal scES was quantified by peak to peak amplitude (Rejc et al., 2015). The mean of five peak to peak amplitudes at each stimulation intensity, ranging from 0.1 V to 10 V, were used to quantify EMG activity by intensity. Group EMG activity (mean ± SD) at each stimulation intensity were used for between-group comparisons. All analyses were performed with customized software in MATLAB (Mathworks, Natick, MA, USA).

Statistical Analysis

We fit generalized additive models to examine if there were significant differences between participants in cardiovascular response to the orthostatic stress test. The models of cardiovascular parameters (systolic and diastolic blood pressure and heart rate) included factors accounting for group and time (the primary covariate). The models of EMG activity investigated differences in EMG activity between groups during the supine experiment. Stimulation voltage was the primary covariate, with factors accounting for configuration (rostral vs. caudal) and group (i.e., cardiovascular response to the orthostatic stress test) with an interaction between them. Smoothing spline functions were included in each model, defined as functions of the primary covariate (time for the orthostatic stress test models, stimulation voltage for the EMG activity models). We used a two-way, repeated measures ANOVA to test for significant between-group differences in blood pressure with and without scES, and catecholamines at rest and in response to orthostatic stress. For each model, an interaction between group and position was included. The models were fit using the open-source R software environment (R: A language and environment for statistical computing, R Foundation for Statistical Computing, Vienna, Austria). Significance was set to α < 0.05.

RESULTS

Orthostatic Stress Test and Blood Catecholamines

According to the outcomes obtained during the orthostatic stress test, participants were divided into two groups (Table 1). Compared with group 2, participants in group 1 experienced a significant change in systolic blood pressure (p < 0.001), diastolic blood pressure (p < 0.001), and heart rate (p < 0.01) during the orthostatic stress test (Figure 2) compared with baseline; participants in group 1 had significantly (p = 0.02) lower circulating catecholamines (Figure 3), when compared with group 2, which were within normal ranges (Yamanouchi et al., 1998). Individuals in group 2 demonstrated no evidence of orthostatic intolerance (Figure 2 and Table 2). During orthostatic stress, catecholamines did not increase significantly compared with supine levels in either group (Figure 3).
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FIGURE 2. Time course of change in (A) systolic blood pressure (SBP), (B) diastolic blood pressure (DBP) and (C) heart rate (HR) in response to orthostatic stress test performed without scES. Group 1 (n = 3) SBP (p < 0.001), DBP (p < 0.001), and HR (p < 0.01) changed significantly compared with baseline; group 2 (n = 4) demonstrated no significant changes to SBP, DBP, or HR from baseline. Data are represented as mean ± SD.
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FIGURE 3. Plasma norepinephrine levels in supine position, and during minutes 3 and 10 of orthostatic stress. Norepinephrine levels were significantly lower (p = 0.02) in Group 1 (n = 3) compared with Group 2 (n = 4) throughout the orthostatic stress test. Data are represented as mean ± SD.




Table 2. Blood pressure and heart rate in sitting position without scES and during standing with and without scES.
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Blood Pressure and EMG Responses to scES in the Supine Position

Individuals in group 1 demonstrated increases in systolic blood pressure, diastolic blood pressure, and heart rate in response to increases in voltage of rostral and caudal scES configurations (Figure 4A). In contrast, individuals in group 2 demonstrated no increase in blood pressure regardless of stimulation voltages or polarity (Figure 4B); heart rate increased only in A60. During supine stimulation, all participants presented similar increases in EMG activity of leg muscles (Figures 5A,B; p > 0.05): regardless of configuration of the electrode array, each muscle demonstrated a gradual increase in EMG activity with increasing stimulator voltage (Figures 5A,B).
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FIGURE 4. Effect of rostral (0–5–11–/4+10+15+) and caudal (4–10–15–/0+5+11+) scES at 2 Hz on supine blood pressure and heart rate. Illustrated from group 1 (A; n = 3) and group 2 (B; n = 4) are mean percent-change in systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate (HR) from baseline (open triangles: rostral; black triangles: caudal stimulations) concurrent with increases in stimulator voltage. Supine voltage increased from 0 V to 10 V by 0.1 V and 0.5 V intervals. Electrode configuration and color map are presented on the right side of the figure; black boxes are cathode, red boxes are anode, and white boxes are inactive electrodes.
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FIGURE 5. Effect of scES at 2 Hz with (A) rostral (0–5–11–/4+10+15+) and (B) caudal (4–10–15–/0+5+11+), stimulation configurations on muscle activity. Illustrated is mean electromyography (EMG) of leg muscles (SOL, Soleus; TA, Tibialis Anterior; MG, Medial Gastrocnemius; VL, Vastus Lateralis; RF, Rectus Femoris; MH, Medial Hamstrings; GL, Gluteus Maximus; IL, Iliopsoas) from group 1 (gold circle; n = 3) and group 2 (green triangle, n = 4) as simulator voltage increased from 0 V to 10 V by 0.1 V and 0.5 V intervals. There were no significant differences in EMG activity between groups during rostral and caudal scES configurations. Data are represented as mean ± SD.



Blood Pressure Responses During Standing With and Without scES

Similar to the orthostatic stress test, individuals in group 1 experienced profound drops in arterial blood pressure upon standing (Table 2). These participants reported feeling dizzy or fatigued such that they could not continue standing. When the stimulator was on, the drop in blood pressure and orthostatic symptoms were ameliorated (Table 2). Participants in group 2 did not experience a drop in arterial blood pressure upon standing, and application of scES did not increase their blood pressure further (Table 2). Figure 6 illustrates representative blood pressure recordings from group 2 (A59) and group 1 (B23) during standing without scES (Figures 6A,B) and with scES (Figure 6C). Representative of group 2, A59 was able to maintain his blood pressure while standing. However, B23, representative of group 1, demonstrated a blood pressure decrease to 64/54 mmHg while standing, compared with 112/75 mmHg while sitting. With application of scES, B23 stood upright with minimal assistance from trainers and maintained his blood pressure at a mean of 112/80 mmHg (Figure 6).
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FIGURE 6. Continuous blood pressure and heart rate recordings from A59 (A) and B23 (B,C) in sitting and standing positions while participant was sitting and standing without scES (A,B) and using scES (C). Top and bottom black lines indicate systolic and diastolic blood pressure; red line indicates heart rate. The stimulator intensity and electrode configuration are given on the right side; black boxes are cathode, red boxes are anode, and white boxes are inactive electrodes. The stimulation frequency was 15 Hz. Note that: subject A59 did not experience a drop in blood pressure upon standing (A), while subject B23 experienced such drop (B), and this decrease in blood pressure was abolished in the presence of the stimulation.



DISCUSSION

We demonstrated that lumbosacral scES configured to facilitate lower limb motor activity can modulate blood pressure in SCI individuals with detectable cardiovascular deficits. Increase in scES voltage increased EMG activity of leg muscles in all participants, but modulation of arterial blood pressure was observed only in participants with cardiovascular dysregulation. When used to facilitate standing, scES prevented a significant drop in blood pressure in participants with cardiovascular dysregulation, but had no effect on blood pressure regulation in participants that demonstrated no cardiovascular deficits.

Reduction in sympathetic drive below the level of SCI and cardiovascular deconditioning from inactivity are two potential major contributors to of cardiovascular dysfunction after SCI (Wecht and Bauman, 2017; Draghici and Taylor, 2018). Descending sympathetic pathways provide tonic control to sympathetic preganglionic neurons located in the spinal cord, which synapse on postganglionic neurons that emerge from levels T1 to T5 to modulate heart rate, from T5 to T11 to modulate catecholamine release, and from T1 to L2 to maintain vasomotor tone; the degree of sympathetic impairment thus correlates strongly with resting blood pressure and plasma catecholamine levels after SCI (Furlan et al., 2003). Level of injury of participants B07, B13, and B23, i.e., T2 or higher, corresponds to the loss of the majority of sympathetic outflow to the heart, blood vessels, and adrenal medulla, confirmed by decreased circulating catecholamines and blood pressure instability while upright (Figures 2, 3, 6). The inability to maintain blood pressure during orthostatic stress in group 1 could be attributed to a lack of sympathetic modulation as well as a deconditioned baroreflex, thereby limiting heart rate response (Wecht et al., 2006; Draghici and Taylor, 2018). Level of injury of the remaining participants was T4; this may result in the preservation of some cardiac sympathetic control, and some modulation of medullary control and vasomotor tone. Normally, increased venous return, such as from skeletal muscle contraction, has little effect on arterial blood pressure because changes in stroke volume are rapidly compensated by heart rate (Stead and Warren, 1947; Triedman and Saul, 1994). Differences in spinal sympathetic outflow and baroreflex response between groups could possibly be why scES increases blood pressure while supine in group 1 but not group 2 (Figure 4). Participants with better preserved autonomic control would have more regulatory mechanisms available to compensate for neuromuscular blood redistribution in response to scES, thus buffering the increased venous return into the circulation with minimal changes to blood pressure. On the other hand, alleviation of orthostatic hypotension in group 1 suggests scES may have a beneficial effect during weight bearing motor activity at higher frequencies since blood pressure remains within normal ranges and orthostatic hypotension is mitigated (Figure 6). This is consistent with our recent findings that acutely stimulating the lumbosacral spinal cord with configurations targeted to elevate blood pressure without muscle activation can ameliorate hypotension in individuals with SCI (Harkema et al., 2018).

In the present study, participants in both groups demonstrated similar increases in EMG activity of leg muscles in response to increasing scES voltage when evaluating both rostral and caudal configurations of the electrode array. We have found previously that configuration of the electrode array is a crucial determinant of individual muscle activation. When effects of scES were examined on both cardiovascular outcomes and EMG activity of leg muscles, we found that blood pressure increased only in those individuals who had cardiovascular deficits. Increased EMG activity combined with increased blood pressure suggests activation of the skeletal muscle pump and increased venous return (Miller et al., 2005). The increase while supine was varied: blood pressure did not change when voltage was below 4 V in B13 and B23, and below 5 V in B07 but increased up to 90% above initial supine values as voltage increased (Figure 4A). There was no further increase in blood pressure after 6 V in B07 and B23. The dramatically increased blood pressure during supine stimulation may be a result of increasing strength of muscle contractions (Miller et al., 2005), no redistribution of blood volume to the lower extremities from gravity (Freeman et al., 2011), and possible activation of residual sympathetic fibers below the level of injury in response to scES (Stauss et al., 1997).

In animal models, cats demonstrate increased both sympathetic nerve activity and mean blood pressure in response to scES at T12-L1 (Yanagiya et al., 2004), while stimulation of the lumbar sympathetic trunk in rats leads to increased vasoconstriction and increased mean arterial blood pressure (Gillespie and Muir, 1967; Stauss et al., 1997). Our findings taken in the context of animal studies suggest that blood pressure increase subsequent to scES may not be only neuromuscular in nature, i.e., increased venous return from skeletal muscle contraction. While we did not attempt to selectively locate and activate sympathetic lumbar networks with scES, nor did we measure diameter of the vessels in the lower limbs, it is still possible that scES was activating spinal networks responsible for modulation of cardiovascular function. Due to proximity of the implant, the electrical current could activate caudal sympathetic circuits of the spinal cord (T12-L2, Figure 1) or neighboring interneurons, exciting spinal sympathetic circuits to elevate arterial blood pressure. Interestingly, however, there were no significant changes in blood pressure when comparing rostral with caudal stimulation configurations. Due to proximity of the rostral electrodes to sympathetic preganglionic neurons, we hypothesized rostral stimulation configurations would generate greater increases in blood pressure due to proximity of sympathetic vasomotor neurons. It is possible the wide-field configuration of the electrode array led to non-specific increases in overall excitability of the spinal cord, which makes it difficult to contrast blood pressure changes driven by sympathetic activation with those from lower limb muscle contraction. However, blood pressure modulation can occur without muscle activation (Harkema et al., 2018) suggesting activation of autonomic networks as a contributing factor. To better understand cardiovascular effects of rostral and caudal stimulation configurations, and selective activation of sympathetic networks, more studies comparing responses by configuration will be needed.

In other studies, in individuals with peripheral vascular disease, scES is used to minimize pain and increase blood flow to diseased limbs with minimal changes to blood pressure (Huber et al., 2000). scES at the lower thoracic and lumbar levels causes vasodilation and increased blood flow to the lower limbs (Tallis et al., 1983; Jacobs et al., 1988), possibly from inhibition of nociceptive afferents (Jacobs et al., 1988) or modulation of autonomic activity (i.e., sympathetic inhibition) (Huber et al., 2000). Contrary to this, in persons implanted at T5-T6 for treatment of neuropathic pain, there were no significant changes to blood pressure with and without stimulation. However, Schultz and colleagues found that scES significantly increased blood pressure during a cold pressor test (a test used to investigate sympathetic nervous system activity) compared with a cold pressor test alone (Schultz et al., 2007). However, the same cold pressor test and stimulation at the levels of T1-T2 generated no such response. The differences between our results and other studies could be the etiology of the diseases themselves: peripheral vascular disease results from increased sympathetic activity originating in the spinal cord, while neuropathic pain is thought to result, in part, from nociceptive afferents increasing sympathetic nervous system activity (Huber et al., 2000; Campbell and Meyer, 2006). Application of scES is thus modulating an overactive sympathetic nervous system in these diseases, whereas in SCI, scES increases excitability of motor and autonomic networks that are largely silent.

Our contrasting results emphasize not only the complexity of the spinal cord, but the complexity of scES itself. We have found previously that stimulation parameters are crucial determinants of the extent to which scES modulates spinal circuits and restores function (Harkema et al., 2011; Angeli et al., 2014; Rejc et al., 2015, 2017a,b). In this study, scES parameters (electrode configuration, voltage, and frequency) were selected specifically to elicit motor activity. Because the electrode was configured to facilitate neuromuscular activity, it seems cardiovascular effects of scES reported herein are upon a combination of neuromuscular-induced changes in venous return and excitation of local sympathetic efferents. It is therefore possible different scES parameters could be used to specifically activate autonomic structures and lead to more precise modulation of cardiovascular outcomes. In addition, autonomic effects should be considered when deciding on scES for motor activity especially in those with cardiovascular deficits.

CONCLUSION

Lumbosacral scES configured to facilitate motor function can acutely increase arterial blood pressure in individuals with SCI who suffer cardiovascular dysregulation without extensive training. This effect could be used to mitigate orthostatic intolerance and maintain blood pressure while standing. Also, importantly, in those with SCI with normal blood pressure scES does not elicit hypertension while using stimulation for improving motor behavior. The observation that epidural stimulation intended to facilitate motor activity also has the potential to modulate blood pressure opens a new avenue of research to better understand how to manage unstable blood pressure while pursuing physical rehabilitation in the SCI population.

Limitations and Future Directions

In order to develop scES as a therapeutic option for treatment of systemic and orthostatic hypotension, greater understanding of the mechanism behind its effects will be necessary. This will require more detailed investigation of the mechanisms of cardiovascular dysfunction associated with SCI using an appropriate sample size. This study was limited to seven individuals and should be repeated in a larger number of individuals with varied levels and severity of injury. Additionally, individuals were grouped by cardiovascular outcomes, and differences in function due to injury may add variability but were not accounted for. Analyses of mechanisms, including the role of motor activity, autonomic network activation, and hormone changes in larger cohorts designed specifically to understand effects of stimulation on cardiovascular function are warranted. Effects of scES on the respiratory system, related to motor activity and cardiovascular deficits, also should be understood. Further, assessment of different configurations (anode and cathode selection, frequency, amplitude, and pulse width) on cardiovascular outcomes are needed. Better understanding the mechanism of action may lead to development of scES into a therapeutic strategy for management of unstable blood pressure in persons with SCI.

AUTHOR CONTRIBUTIONS

The concept and design of this study were developed by SH, AK, CA, SA, and YC. SA, BL, MP, CA, AO, AK, and SH were involved in data acquisition, analysis, and interpretation. The manuscript draft written by SA, BL, MP, AO, and SH was critically revised by all authors.

ACKNOWLEDGMENTS

We are indebted to our research participants for their courage, dedication, motivation, and perseverance that made these research findings possible. We also gratefully acknowledge Rebekah Morton, Paul Criscola, Matthew Green, and our training staff for their support of the research volunteers; Maxwell Boakye, MD and Jonathan Hodes, MD for surgical procedures; Douglas Stevens, MD, Darryl Kaelin MD, and Yukishia Austin for medical oversight; Andrea Willhite, Christie Ferreira, Samina Mesbah, Dengzhi Wang, and our research staff for their contribution to the data collection and analysis; and Doug Lorenz, PhD for statistical assistance. This work was supported by: The Leona M. and Harry B. Helmsley Charitable Trust, US National Institutes of Health, NIBIB, under the award number R01EB00qIGMS P30 GM103507, Christopher and Dana Reeve Foundation, Kessler Foundation, Kentucky Spinal Cord Injury Research Center, University of Louisville Foundation, and Medtronic Plc.

ABBREVIATIONS

AIS, American spinal injury Impairment Scale; ECG, electrocardiogram; EMG, electromyography; scES, Spinal Cord Epidural Stimulation; SCI, Spinal Cord Injury.

REFERENCES

 Angeli, C. A., Edgerton, V. R., Gerasimenko, Y. P., and Harkema, S. J. (2014). Altering spinal cord excitability enables voluntary movements after chronic complete paralysis in humans. Brain 137, 1394–1409. doi: 10.1093/brain/awu038

 Blackmer, J. (1997). Orthostatic hypotension in spinal cord injured patients. J. Spinal Cord Med. 20, 212–217. doi: 10.1080/10790268.1997.11719471

 Bos, W. J. W., Van Goudoever, J., Van Montfrans, G. A., Van Den Meiracker, A. H., and Wesseling, K. H. (1996). Reconstruction of brachial artery pressure from noninvasive finger pressure measurements. Circulation 94, 1870–1875. doi: 10.1161/01.CIR.94.8.1870

 Campbell, J. N., and Meyer, R. A. (2006). Mechanisms of neuropathic pain. Neuron 52, 77–92. doi: 10.1016/j.neuron.2006.09.021

 Carlozzi, N. E., Fyffe, D., Morin, K. G., Byrne, R., Tulsky, D. S., Victorson, D., et al. (2013). Impact of blood pressure dysregulation on health-related quality of life in persons with spinal cord injury: development of a conceptual model. Arch. Phys. Med. Rehabil. 94, 1721–1730. doi: 10.1016/j.apmr.2013.02.024

 Chao, C. Y., and Cheing, G. L. (2005). The effects of lower-extremity functional electric stimulation on the orthostatic responses of people with tetraplegia. Arch. Phys. Med. Rehabil. 86, 1427–1433. doi: 10.1016/j.apmr.2004.12.033

 Chopra, A. S., Miyatani, M., and Craven, B. C. (2016). Cardiovascular disease risk in individuals with chronic spinal cord injury: Prevalence of untreated risk factors and poor adherence to treatment guidelines. J. Spinal Cord Med. 41, 2–9. doi: 10.1080/10790268.2016.1140390

 Claydon, V. E., Steeves, J. D., and Krassioukov, A. (2006). Orthostatic hypotension following spinal cord injury: understanding clinical pathophysiology. Spinal Cord 44, 341–351. doi: 10.1038/sj.sc.3101855

 Draghici, A. E., and Taylor, J. A. (2018). Baroreflex autonomic control in human spinal cord injury: physiology, measurement, and potential alterations. Auton. Neurosci. 209, 37–42. doi: 10.1016/j.autneu.2017.08.007

 Elokda, A. S., Nielsen, D. H., and Shields, R. K. (2000). Effect of functional neuromuscular stimulation on postural related orthostatic stress in individuals with acute spinal cord injury. J. Rehabil. Res. Dev. 37, 535–542.

 Faghri, P. D., and Yount, J. (2002). Electrically induced and voluntary activation of physiologic muscle pump: a comparison between spinal cord-injured and able-bodied individuals. Clin. Rehabil. 16, 878–885. doi: 10.1191/0269215502cr570oa

 Freeman, R. (2008). Current pharmacologic treatment for orthostatic hypotension. Clin Auton Res 18(Suppl. 1), 14–18. doi: 10.1007/s10286-007-1003-1

 Freeman, R., Wieling, W., Axelrod, F. B., Benditt, D. G., Benarroch, E., Biaggioni, I., et al. (2011). Consensus statement on the definition of orthostatic hypotension, neurally mediated syncope and the postural tachycardia syndrome. Clin. Auton. Res. 21, 69–72. doi: 10.1007/s10286-011-0119-5

 Furlan, J. C., Fehlings, M. G., Shannon, P., Norenberg, M. D., and Krassioukov, A. V. (2003). Descending vasomotor pathways in humans: correlation between axonal preservation and cardiovascular dysfunction after spinal cord injury. J. Neurotrauma 20, 1351–1363. doi: 10.1089/089771503322686148

 Gillespie, J. S., and Muir, T. C. (1967). A method of stimulating the complete sympathetic outflow from the spinal cord to blood vessels in the Pithed Rat. Br. J. Pharmacol. Chemother. 30, 78–87. doi: 10.1111/j.1476-5381.1967.tb02114.x

 Gillis, D. J., Wouda, M., and Hjeltnes, N. (2008). Non-pharmacological management of orthostatic hypotension after spinal cord injury: a critical review of the literature. Spinal Cord 46, 652–659. doi: 10.1038/sc.2008.48

 Harkema, S., Gerasimenko, Y., Hodes, J., Burdick, J., Angeli, C., Chen, Y., et al. (2011). Effect of epidural stimulation of the lumbosacral spinal cord on voluntary movement, standing, and assisted stepping after motor complete paraplegia: a case study. Lancet 377, 1938–1947. doi: 10.1016/S0140-6736(11)60547-3

 Harkema, S. J., Wang, S., Angeli, C. A., Chen, Y., Boayke, M., Ugiliweneza, B., et al. (2018). Normalization of blood pressure with spinal cord epidural stimulation after severe spinal cord injury. Front. Hum. Neurosci. 12:83. doi: 10.3389/fnhum.2018.00083

 Huber, S. J., Vaglienti, R. M., and Huber, J. S. (2000). Spinal cord stimulation in severe, inoperable peripheral vascular disease. Neuromodulation 3, 131–143. doi: 10.1046/j.1525-1403.2000.00131.x

 Illman, A., Stiller, K., and Williams, M. (2000). The prevalence of orthostatic hypotension during physiotherapy treatment in patients with an acute spinal cord injury. Spinal Cord 38, 741–747. doi: 10.1038/sj.sc.3101089

 Jacobs, M. J., Jörning, P. J., Joshi, S. R., Kitslaar, P. J., Slaaf, D. W., and Reneman, R. S. (1988). Epidural spinal cord electrical stimulation improves microvascular blood flow in severe limb ischemia. Ann. Surg. 207, 179–183. doi: 10.1097/00000658-198802000-00011

 Jacobs, P. L., Johnson, B., and Mahoney, E. T. (2003). Physiologic responses to electrically assisted and frame-supported standing in persons with paraplegia\\harkemafs\Publications and Presentations\Manuscripts\RefMan pdf\To be linked. J. Spinal Cord Med. 26, 384–389. doi: 10.1080/10790268.2003.11753710

 Kirshblum, S. C., Burns, S. P., Biering-Sorensen, F., Donovan, W., Graves, D. E., Jha, A., et al. (2011). International standards for neurological classification of spinal cord injury (revised 2011). J. Spinal Cord Med. 34, 535–546. doi: 10.1179/204577211X13207446293695

 Krassioukov, A., Eng, J. J., Warburton, D. E., and Teasell, R. (2009). A systematic review of the management of orthostatic hypotension after spinal cord injury. Arch. Phys. Med. Rehabil. 90, 876–885. doi: 10.1016/j.apmr.2009.01.009

 Ma, V. Y., Chan, L., and Carruthers, K. J. (2014). Incidence, prevalence, costs, and impact on disability of common conditions requiring rehabilitation in the United States: stroke, spinal cord injury, traumatic brain injury, multiple sclerosis, osteoarthritis, rheumatoid arthritis, limb loss, and back pain. Arch. Phys. Med. Rehabil. 95, 986–995 e981. doi: 10.1016/j.apmr.2013.10.032

 Miller, J. D., Pegelow, D. F., Jacques, A. J., and Dempsey, J. A. (2005). Skeletal muscle pump versus respiratory muscle pump: modulation of venous return from the locomotor limb in humans. J. Physiol. 563(Pt 3), 925–943. doi: 10.1113/jphysiol.2004.076422

 Mills, P. B., Fung, C. K., Travlos, A., and Krassioukov, A. (2015). Nonpharmacologic management of orthostatic hypotension: a systematic review. Arch. Phys. Med. Rehabil. 96, 366–375. doi: 10.1016/j.apmr.2014.09.028

 Nieshoff, E. C., Birk, T. J., Birk, C. A., Hinderer, S. R., and Yavuzer, G. (2004). Double-blinded, placebo-controlled trial of midodrine for exercise performance enhancement in tetraplegia: a pilot study. J. Spinal Cord Med. 27, 219–225. doi: 10.1080/10790268.2004.11753752

 Rejc, E., Angeli, C. A., Atkinson, D., and Harkema, S. J. (2017a). Motor recovery after activity-based training with spinal cord epidural stimulation in a chronic motor complete paraplegic. Sci. Rep. 7:13476. doi: 10.1038/s41598-017-14003-w

 Rejc, E., Angeli, C. A., Bryant, N., and Harkema, S. J. (2017b). Effects of stand and step training with epidural stimulation on motor function for standing in chronic complete paraplegics. J. Neurotrauma 34, 1787–1802. doi: 10.1089/neu.2016.4516

 Rejc, E., Angeli, C., and Harkema, S. (2015). Effects of lumbosacral spinal cord epidural stimulation for standing after chronic complete paralysis in humans. PLoS ONE 10:e0133998. doi: 10.1371/journal.pone.0133998

 Sampson, E. E., Burnham, R. S., and Andrews, B. J. (2000). Functional electrical stimulation effect on orthostatic hypotension after spinal cord injury. Arch. Phys. Med. Rehabil. 81, 139–143. doi: 10.1016/S0003-9993(00)90131-X

 Schultz, D. M., Musley, S., Beltrand, P., Christensen, J., Euler, D., and Warman, E. (2007). Acute cardiovascular effects of epidural spinal cord stimulation. Pain Physician 10, 677–685.

 Stauss, H. M., Persson, P. B., Johnson, A. K., and Kregel, K. C. (1997). Frequency-response characteristics of autonomic nervous system function in conscious rats. Am. J. Physiol. 273, H786–H795. doi: 10.1152/ajpheart.1997.273.2.H786

 Stead, E. A. Jr., and Warren, J. V. (1947). Cardiac output in man: an analysis of the mechanisms varying the cardiac output based on recent clinical studies. Arch. Intern. Med. 80, 237–248. doi: 10.1001/archinte.1947.00220140093008

 Tallis, R. C., Illis, L. S., Sedgwick, E. M., Hardwidge, C., and Garfield, J. S. (1983). Spinal cord stimulation in peripheral vascular disease. J. Neurol. Neurosurg. Psychiatr. 46, 478–484. doi: 10.1136/jnnp.46.6.478

 Teasell, R. W., Arnold, J. M., Krassioukov, A., and Delaney, G. A. (2000). Cardiovascular consequences of loss of supraspinal control of the sympathetic nervous system after spinal cord injury. Arch. Phys. Med. Rehabil. 81, 506–516. doi: 10.1053/mr.2000.3848

 Triedman, J. K., and Saul, J. P. (1994). Blood pressure modulation by central venous pressure and respiration. Buffering effects of the heart rate reflexes. Circulation 89, 169–179. doi: 10.1161/01.CIR.89.1.169

 Wecht, J. M., and Bauman, W. A. (2017). Implication of altered autonomic control for orthostatic tolerance in SCI. Auton. Neurosci. 209, 51–58. doi: 10.1016/j.autneu.2017.04.004

 Wecht, J. M., Rosado-Rivera, D., Handrakis, J. P., Radulovic, M., and Bauman, W. A. (2010). Effects of midodrine hydrochloride on blood pressure and cerebral blood flow during orthostasis in persons with chronic tetraplegia. Arch. Phys. Med. Rehabil. 91, 1429–1435. doi: 10.1016/j.apmr.2010.06.017

 Wecht, J. M., Weir, J. P., and Bauman, W. A. (2006). Blunted heart rate response to vagal withdrawal in persons with tetraplegia. Clin. Auton. Res. 16, 378–383. doi: 10.1007/s10286-006-0367-y

 Yamanouchi, Y., Shehadeh, A. A., and Fouad-Tarazi, F. M. (1998). Usefulness of plasma catecholamines during head-up tilt as a measure of sympathetic activation in vasovagal patients. Pacin. Clini. Electro. 21, 1539–1545. doi: 10.1111/j.1540-8159.1998.tb00240.x

 Yamasaki, F., Ushida, T., Yokoyama, T., Ando, M., Yamashita, K., and Sato, T. (2006). Artificial baroreflex: clinical application of a bionic baroreflex system. Circulation 113, 634–639. doi: 10.1161/CIRCULATIONAHA.105.587915

 Yanagiya, Y., Sato, T., Kawada, T., Inagaki, M., Tatewaki, T., Zheng, C., et al. (2004). Bionic epidural stimulation restores arterial pressure regulation during orthostasis. J. Appl. Physiol. 97, 984–990. doi: 10.1152/japplphysiol.00162.2004

Conflict of Interest Statement: MP has the following financial relationships to disclose: (1) Listed faculty for University of Minnesota Educational Partnership with Medtronic Inc., Minneapolis, MN, (2) Grant/Research support from: Medtronic Inc., Boston Scientific, Advanced Neuromodulation Systems, Inc.,—St. Jude Medical, St. Jude Medical. SH has the following financial relationships to disclose: (1) NeuroRecovery Education and PowerNeuroRecovery.

The other authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Aslan, Legg Ditterline, Park, Angeli, Rejc, Chen, Ovechkin, Krassioukov and Harkema. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-09-00565-g005.gif





OPS/images/fphys-09-00565-g006.gif
v BEMEE





OPS/images/fphys-09-00565-g003.gif





OPS/images/fphys-09-00565-g004.gif





OPS/images/fphys-09-00565-t001.jpg
Participant

Group 1 B23
B13
B07
Group2  AGO
A59
AS3
A5

34
35
28
27
23
23
20

fem)

188
180
185
188
185
178
183

Postinjury Height Weight
(Year)

(ko)

73

28889

Neuro  AlS
level  grade

s B 12/11
7 B 2420
T B 26/25
™A 25/25
™ A 26/25
A 26/25
T A 25/25

C5-T1 (LUR) L2-S1 (UR)

00
00

00
00
00
00
00

AIS score

Sensory

Light touch

16/15
22/22
22/22
22/22
22/22
22/22
22/22

13/15

26/24

28/24
22
1”1
22
200

Pinprick

12112
18/18
18/18
22/20
22122
22122
22/22

C2-T4(L/R) T5-S5(L/R) C2-T4(L/R) T5-S5 (L/R)

00
1011
1011

o0

”n

o

00

Neuro Level, Neurological level of injury; AIS, American spinal injury assessment Impairment Scale; L, left; R, right. Allparticipants were males, 29 4 5.2 (Group 1) and 25 2.6 (Group

2) years of age.





OPS/images/fphys-09-00565-t002.jpg
Blood pressure and heart rate without scES Blood pressure and heart rate with scES

Participant Sitting Standing Standing
mmHg  BPM  mmHg BPM mmHg  BPM  Voltage Hz Configuration
Goup1  B28 1275 65 66/54 £ 112/80 84 50 30 7-10-18-//24 4+ 15+
813 9260 80 76/ % 19/55 133 50 16 4-10- 16-1/ 9+
807 10769 90 70/40 116 126/80 184 75 15 4-10-15-//8+ 94 144
Group2  AGO 107/66 54 o462 8 107/65 91 25 25 4-10-14-15-//3+ 12+
AS9 115/62 80 112/65 67 108/64 80 24 25 4-10-//6+ 12+
753 1e7a 76 117779 EY e %2 27 35 4-10-15-//3+ 8+ 14+
A5 12869 93 128/85 81 [EZ 48 25 4-10- 14-1/3+

Note that with SCES “0ff", partcipants in Group 1 demonstrated significant drop in systolic and diastolc blood pressure upon standing (o = 0.008 and p = 0.01, respective). Note also
that systofic and diastolic blood pressure values when ScES was “on” in standing position were not significanty different between groups; partcipants in group 2 demonstrated neither
a drop in blood pressure upon standing nor change in blood pressure when stimulation was applied.





OPS/images/fphys-09-00565-g001.gif





OPS/images/fphys-09-00565-g002.gif





OPS/images/cover.jpg
, frontiers
in Physiology

Epidural Spinal Cord Stimulation of
Lumbosacral Networks Modulates
Arterial Blood Pressure in Individuals
With Spinal Cord Injury-Induced
Cardiovascular Deficits









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





