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Improvement of brain perfusion in patients with chronic brain ischemia at epidural spinal cord electrical stimulation
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Objective: Increasing life expectancy and aging of the population is accompanied by a steady increase in the number of elderly patients with chronic cerebral ischemia and age-related cognitive impairment associated with cerebral hypoperfusion and microangiopathy. The aim of this study was to identify long-term changes in cerebral blood flow (CBF) in patients with chronic cerebral ischemia at the epidural electrical stimulation of the spinal cord (SCS).



Materials and methods: Changes in cerebral blood flow were studied according to CT perfusion in 59 patients (aged 55–78 years) with vertebrogenic pain syndromes and chronic cerebral ischemia during epidural electrical stimulation of the spinal cord at the cervical (C3–C5) and lower thoracic (Th9–Th10) levels.



Results: In all patients, on the 5th day of trial SCS, an increase in cerebral blood flow by from 58.6 ± 1.13 ml/100 ml/min to 64.8 ± 1.21 ml/100 ml/min (p < 0.01) with stimulation at the Th9-Th10 level and from 58.8 ± 1.12 ml/100 ml/min to 68.2 ± 1.42 ml/100 ml/min (p < 0, 01) with stimulation at the C3-C5 level. These changes in brain perfusion were preserved during the follow-up examination 1 year after the implantation of chronic SCS system. The greatest increase in CBF was registered in the frontotemporal regions, subcortical structures and white matter of the brain. Changes in cerebral perfusion did not correlate with the degree of reduction in the severity of the accompanying pain syndrome. The change in CBF in the control group (32 patients) in all periods was not statistically significant.



Conclusion: Our results show that SCS is accompanied by a persistent improvement in brain perfusion, which may be potentially useful for developing methods for reducing age-related vascular disorders in the elderly.
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Introduction

The increase in life expectancy and aging of the population is accompanied by a steady increase in the number of elderly patients with chronic cerebral ischemia and age-related cognitive impairment associated with cerebral hypoperfusion and microangiopathy (1–5). The high social significance and prevalence of these disorders determines the relevance of finding new ways to correct these conditions, however, existing pharmacological methods that improve the functional state of the central nervous system (CNS) do not always meet the expectations of both doctors and patients (3, 4). In recent years, various methods of neuromodulation based on epidural electrical stimulation of the spinal cord have been proposed in clinical practice for the correction of peripheral hemodynamic disorders in patients suffering from refractory angina pectoris or peripheral vasculopathy (6–11). Also, in many experimental and clinical studies, a positive effect of electrical stimulation of the spinal cord on the hemodynamic and functional parameters of the brain was noted in certain pathological conditions associated with dysfunction of the vascular bed, such as ischemia, subarachnoid hemorrhage, head trauma and brain tumors (10, 12–16). Most of the conducted clinical and experimental studies devoted to the study of the short-term effect of the upper (at the level of C2–C3 of the cervical spinal cord) electrical stimulation of the spinal cord were performed, as a rule, in acute and severe circulatory disorders, accompanied by critical neurological disorders and the development of a vegetative state, such as stroke, vasospasm, or traumatic brain injury (TBI) (17–21). At the same time, studies of the effect of prolonged electrical stimulation in moderate chronic perfusion disorders of the brain have not been conducted. The purpose of this study was to study long-term changes in local cerebral blood flow in patients with chronic cerebral ischemia on the background of epidural electrical stimulation of the spinal cord.



Materials and methods


Patients

A prospective longitudinal study was conducted with the participation of 91 patients aged 55–78 years (mean age 66.9 ± 0.7 years, 52 men, 39 women) hospitalized in the 5th neurosurgical department (functional neurosurgery) of the Federal Center for Neurosurgery, Tyumen, Russia, in the period from 2015 to 2021. The study was approved by the local ethical committee (No. 2 dated April 21, 2014). Consent was taken from all patients or their representatives, which is included in the standard form upon admission to a medical institution for the necessary diagnostic and therapeutic measures in a neurosurgical hospital in accordance with the legislation of the Russian Federation. Surgical interventions were performed by the same operating team with minimal surgical invasion.

In accordance with the purpose of the study, 3 groups of patients were recruited (Figure 1). Patients of all groups were treated for severe pain syndrome of vertebrogenic origin. Groups were formed in accordance with the inclusion and exclusion criteria (Table 1). The first group included 59 patients who underwent temporary epidural electrical stimulation of the spinal cord with subsequent possible implantation of a system of chronic epidural electrical stimulation. Depending on the location of the implantable epidural electrode, this group was divided into 2 main subgroups. The first clinical subgroup (38 patients, mean age 67.3 ± 1.1 years, 22 men, 16 women) included patients with implantation of an epidural electrode at the Th9–Th10 level. In the second clinical subgroup, the epidural electrode was implanted at the cervical level (C3–C5). This group included 21 patients (mean age 66.7 ± 1.7 years, 12 men, 9 women). The control group included 32 patients (18 men and 14 women, mean age 66.4 ± 1.3 years), who underwent pulsed radiofrequency denervation of the facet joints at the cervical and lumbar levels in order to relieve chronic pain. In all groups, various combinations of non-steroidal anti-inflammatory drugs (NSAIDs) and non-narcotic analgesics were used to relieve pain before surgery. In the postoperative period, drug therapy was not carried out. Temporary electrodes were implanted percutaneously under local anesthesia.
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FIGURE 1
Flow-chart of formation of groups for the study.



TABLE 1 Inclusion and exclusion criteria.
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Technique

The period of test electrical stimulation in patients of the first group, on average, was 7.1 ± 1.2 days. For temporary epidural electrical stimulation, 8-contact trial electrodes (St. Jude Medical Inc., USA) were used. Rechargeable Restore Sensor (Medtronic, USA) and EON Mini (St. Jude Medical Inc., USA) systems were implanted for chronic epidural electrical stimulation. Standard stimulation parameters were set—80 Hz, 500 μs. The stimulation amplitude was selected individually to the level of comfortable paresthesias in the lower or upper extremities, on average from 2.5 to 6 mA (2–5 mV in the case of Medtronic stimulators). Patients were advised to conduct continuous electrical stimulation of the spinal cord for at least 12 h a day. The effectiveness of epidural stimulation of the spinal cord was assessed by reducing the severity of pain and improving the quality of life of patients. To assess the severity of the pain syndrome, a 10-point visual analog pain scale (VAS) was used.

To detect manifestations of microangiopathy in chronic cerebral ischemia, magnetic resonance imaging (MRI) in the T2-WI mode (FLAIR) was used. The study was carried out on a 3 T MR tomograph General Electric Discovery W750. For the purpose of quantitative assessment of the severity of this phenomenon, the Fazekas visual scale (1998) was used: 0—absence of leukoaraiosis; 1—mild leukoaraiosis; 2—moderate confluent leukoaraiosis; 3—severe confluent leukoaraiosis. Changes in cerebral hemodynamics were assessed using the computed tomography (CT) perfusion method on a Canon Aquilion ONE Next Generation tomograph (Canon Medical Systems Europe, Germany). In the first group, the study was carried out with the neurostimulator turned on. Scanning was performed after injection of 40 ml of a non-ionic contrast agent containing 300 mg of iodine per ml (omnipaque), at an injection rate of 8 ml/s; the time of complete infusion with an automatic injector is 5 s. Four seconds after the start of the injection, a 40 s continuous scan was obtained at the selected slice site at 1 s intervals. The results were evaluated both graphically and visually, followed by color mapping of the images. The following parameters were studied: cerebral blood volume (CBV, ml/100 g), cerebral blood flow (CBF, ml/100 g/min) and mean transit time (MTT, s). These parameters were calculated for the cerebral cortex as a whole and separately for the frontal, temporal, parietal, and occipital lobes, as well as the thalamus, basal ganglia, anterior cingulate gyrus, and white matter. Data for the right and left hemispheres, taking into account the symmetry of cerebral blood flow disorders in the examined patients, were averaged. CT perfusion was performed upon admission to the hospital, on the 5th day and at the control examination after 1 year.



Statistical analysis

Statistical analysis and visualization of the study results were performed using MS Office Excel 2021 and Matlab 2019 (MathWorks, Inc., Natick, MA, USA). To assess the statistical significance of the results obtained, the parametric t-student test and the nonparametric U-test—Wilcoxon–Mann–Whitney were used. The results are presented as M ± m, where M is the arithmetic mean and m is the error of the mean. Differences were considered significant at p ≤ 0.05.




Results


CT perfusion data

All patients of the main clinical group on the background of electrical stimulation subjectively described an improvement in well-being, normalization of sleep and a decrease in the level of anxiety and depression, cognitive functions. According to the visual 10-point analog scale, the intensity of pain syndrome on the background of electrical stimulation decreased in subgroup 1 from 6.6 ± 0.19 to 2.5 ± 0.1 (p ≤ 0.01) on day 5 and 1.8 ± 0.2 score after 1 year (p ≤ 0.01). In the second subgroup, the intensity of the pain syndrome decreased from 6.7 ± 0.2 to 2.5 ± 0.2 (p ≤ 0.01) on day 5 and 1.9 ± 0.2 points after 1 year (p ≤ 0.01). In the control group, in all patients, the level of pain syndrome decreased in the postoperative period from 6.4 ± 0.2 to 1.6 ± 0.18 (p ≤ 0.01) on day 5. At the follow-up examination, almost all patients of this group experienced recurrence of pain syndrome, which averaged 4.3 ± 0.3 in the group (p ≤ 0.01 compared with the initial level). An increase in the intensity of the pain syndrome by more than 3 points was observed in 62.5% of patients. The change in local cerebral blood flow in patients of the control group in all periods was not statistically significant. In all patients of the main group, both with stimulation of the lower thoracic and cervical sections of the spinal cord, an improvement in cerebral circulation was noted according to CT perfusion of the brain (Figure 2).
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FIGURE 2
An example of changes in CBF in a 78-year-old patient with chronic cerebral ischemia before implantation of the stimulation system (A), on day 5 (B) and 1 year (C) after implantation of the spinal cord system at the level of Th9–Th10.




Cerebral cortex

In patients of the first and second subgroups, in the first 5 days of stimulation, local cerebral blood flow in the cerebral cortex increased by 10.6% and 15.9% of the initial (preoperative level): from 58.6 ± 1.13 to 64.8 ± 1.21 ml/100 ml/min (p ≤ 0.01 compared to baseline and changes in the control group) and from 58.8 ± 1.12 to 68.2 ± 1.42 ml/100 ml/min (p ≤ 0.01 versus baseline and change in control group, p ≤ 0.01 versus subgroup 1) (Figure 3). The increase in cerebral perfusion in patients of the first and second subgroups in the cerebral cortex was higher than the initial preoperative level by 6.6% and 13.6%. The level of cerebral perfusion in patients during this period was, respectively, 62.5 ± 1.39 ml/100 ml/min (p ≤ 0.01 compared with baseline and changes in the control group) and 66.8 ± 1.22 ml/min. 100 ml/min (p ≤ 0.01 compared to baseline and changes in the control group, p ≤ 0.01 compared to 1 subgroup).
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FIGURE 3
Changes in CBF (ml/100 ml/min) in the cerebral cortex (on average for all departments) in patients with epidural electrode placement at different levels: Th9–Th10, 1 subgroup; C3–C5, 2 subgroups; control, control group.




White matter

In the white matter, brain perfusion increased by 21.6% and 23.4%, respectively: from 22.6 ± 1.26 to 27.5 ± 1.13 ml/100 ml/min (p ≤ 0.01 compared with baseline and changes in the control group) and from 23.1 ± 1.19 to 28.5 ± 1.57 ml/100 ml/min (p ≤ 0.01 in compared with baseline and changes in the control group) (Figure 4). At the control study after 1 year, this trend persisted. Local cerebral blood flow in the white matter remained higher than the initial level by 11.5% (25.2 ± 1.39 ml/100 ml/min, p ≤ 0.01 compared with the initial level and changes in the control group) and 18.2% (27.3 ± 1.12 ml/100 ml/min (p ≤ 0.01 compared to baseline and changes in the control group), respectively.
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FIGURE 4
Changes in CBF (ml/100 ml/min) in the white matter of the brain in patients with epidural electrode placement at different levels: Th9–Th10, subgroup 1; C3–C5, subgroup 2; control, control group.




General data

The maximum increase in cerebral blood flow was observed in the frontal (12%–24%), temporal cortex (11%–18%), cingulate gyrus (15%–17%) and subcortical nuclei (thalamus, basal ganglia—16%–20%). Minimal changes in the parietal and occipital cortex—4%–10% (Table 2). Changes in MTT and CBV in all groups and in individual brain structures were not significant. MTT before surgery and in other periods averaged 8.9 ± 0.18 s in patients of different groups, CBV—3.7 ± 0.15 ml/100 g. Changes in brain perfusion did not correlate with the degree of pain reduction.


TABLE 2 Changes in cerebral blood flow (CBF) (ml/100 ml/min) in different parts of the brain in patients of different groups.
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Discussion

In connection with the development of medicine and improvement in the quality of life in the last 100 years, there has been an increase in the life expectancy of people all over the world, accompanied by a general aging of the population and an increase in the number of “age-related diseases”, including cognitive disorders of various origins (2, 3, 22). From 3% to 20% of people over 65 years of age have severe cognitive impairment in the form of dementia (3, 23). The incidence of milder cognitive impairment in the elderly is even greater, reaching, according to some reports, from 40% to 80% depending on age (24, 25). The leading etiological factors in the development and aggravation of chronic cerebral ischemia are cerebral atherosclerosis, arterial hypertension, and diabetes mellitus (2, 5, 23–25). The increase in the prevalence of cognitive impairments with increasing age of patients indicates their connection with changes in the brain that naturally develop as it ages. These changes include a decrease in the number of neurons (by 0.1%–0.2% for each year after 50 years), their dendrites, synapses, receptors, as well as the loss of glial elements (26). The consequence of this is a decrease in the volume of the brain and its individual parts, a decrease in the level of metabolism and perfusion of the brain. Atrophy primarily affects the frontal lobes (volume decreases by 0.5% per year) and temporal lobes (volume decreases by 0.3% per year), as well as deep regions, which leads to expansion (by 3.2% per year) of the lateral ventricles of the brain (26–28). According to positron emission tomography (PET), the activity of the frontal cortex is the first to decrease with aging (28). Hypoxic changes in the brain, which cause the appearance of neurological disorders and decompensation of a neuropsychic defect in cerebrovascular pathology, are largely determined by the reserve capabilities of central and cerebral hemodynamics (25, 27, 28). Cognitive impairment is often accompanied by emotional and personality changes: irritability, passivity, apathy, symptoms of depression (26). The presence of various concomitant chronic diseases accompanied by pain can exacerbate the picture of cognitive impairment in elderly patients. Existing pharmacological methods for correcting chronic disorders of cerebral perfusion do not always meet the expectations of both doctors and patients or their relatives (29). The presence of side effects of drugs in some cases does not allow their use in patients with concomitant diseases. In addition, most nootropic drugs and neurometabolic stimulants used to improve cognitive status do not have objective evidence of their effectiveness (30). Taking into account the ambiguous action, side and non-selective effects of drugs used in neurology, non-pharmacological approaches to the correction of neuropsychiatric disorders are currently becoming popular. For this purpose, methods of magnetic and electrical stimulation of the central nervous system are widely used. Electrical stimulation of the central and peripheral parts of the nervous system (stimulation of the structures of the autonomic nervous system, epidural electrical stimulation of the spinal cord, electrical stimulation of individual nerves and nerve bundles) has now found wide application and has shown high efficiency in clinical practice for the functional correction of many neurological and neurosurgical diseases, such as Parkinson's disease, essential tremor, epilepsy, spastic and pain syndromes (6, 11, 13, 31). Considering the high frequency of concomitant “age-related” diseases accompanied by chronic pain syndromes, we conducted a study to identify possible positive effects of electrical spinal cord stimulation in elderly patients with chronic cerebral ischemia. We selected a group of patients with verified chronic cerebral ischemia with signs of microangiopathy according to MRI studies (23, 32). In our study, we have shown for the first time the effectiveness of chronic epidural electrical stimulation of the spinal cord in chronic cerebral ischemia. Given that perfusion changes are observed mainly in the frontoparietal cortex, our results may be potentially useful for developing methods for correcting cognitive impairment in patients with various forms of dementia, as well as for reducing age-related vascular disorders in the elderly (15, 27, 28). Mechanisms for improving cerebral blood flow during electrical stimulation of the spinal cord have not been sufficiently studied (17, 18, 21). Most publications discuss the effect of electrical stimulation of the upper cervical spinal cord in the acute period of vascular disorders such as TBI, subarachnoid hemorrhage, stroke, or in patients in a vegetative state (14, 17, 19, 20). It is assumed that the improvement in brain perfusion may be associated with neurodynamic changes and a decrease in the functional activity of the sympathetic nervous system, improved autoregulation of cerebral circulation, as well as the influence of neurohumoral factors and the accumulation of endogenous vasodilator substances in the CNS structures (17–21, 33).



Conclusion

The “functional” cerebral revascularization observed by us in chronic ischemia in the elderly seems promising as a new direction in functional neurosurgery in cerebrovascular diseases.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



Ethics statement

The studies involving human participants were reviewed and approved by The approval was provided by the ethics committee of Federal Center of Neurosurgery (Tyumen, Russia). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

Conceptualization, writing—original draft and project administration: SZ and GS. Writing—review and editing, investigation, resources: AS and AM. Formal analysis and methodology: SM. Data curation: AS. Validation and visualization: GS. Funding acquisition: DH. Supervision: GS. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Scientific Research and Innovation Foundation of the First Affiliated Hospital of Harbin Medical University (Grant number—2021M05).



Acknowledgments

The authors of the article express their deep gratitude to the chief physician of the Federal Center for Neurosurgery (Tyumen, Russia), AS.



Conflict of interest

The 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.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. de A. Boleti A, de O. Cardoso P, Frihling BF, e Silva P, de Moraes LRN, Migliolo L. Adipose tissue, systematic inflammation, and neurodegenerative diseases. Neural Regen Res. (2023) 18:38. doi: 10.4103/1673-5374.343891

2. Hanyu H. Diabetes-related dementia. In: Y Nakabeppu, T Ninomiya, editors. Diabetes mellitus. Advances in experimental medicine and biology. Singapore: Springer Singapore (2019). p. 147–60.

3. Leung C, Wong KC, So WWY, Tse ZCK, Li D, Cao Y, et al. The application of technology to improve cognition in older adults: a review and suggestions for future directions. PsyCh J. (2022) 11:583–99. doi: 10.1002/pchj.565

4. Malik R, Kalra S, Bhatia S, Harrasi AA, Singh G, Mohan S, et al. Overview of therapeutic targets in management of dementia. Biomed Pharmacother. (2022) 152:113168. doi: 10.1016/j.biopha.2022.113168

5. Yang D, Qin R, Chu L, Xu H, Ni L, Ma J, et al. Abnormal cerebrovascular reactivity and functional connectivity caused by white matter hyperintensity contribute to cognitive decline. Front Neurosci. (2022) 16:807585. doi: 10.3389/fnins.2022.807585

6. Caylor J, Reddy R, Yin S, Cui C, Huang M, Huang C, et al. Spinal cord stimulation in chronic pain: evidence and theory for mechanisms of action. Bioelectron Med. (2019) 5:12. doi: 10.1186/s42234-019-0023-1

7. Cucuruz B, Kopp R, Hampe-Hecht H, Andercou O, Schierling W, Pfister K, et al. Treatment of end-stage peripheral artery disease by neuromodulation. Clin Hemorheol Microcirc. (2022) 81:315–24. doi: 10.3233/CH-221436

8. Cyrek AE, Henn N, Meinhardt F, Lainka M, Pacha A, Paul A, et al. Improving limb salvage for chronic limb-threatening ischemia with spinal cord stimulation: a retrospective analysis. Vasc Endovascular Surg. (2021) 55:367–73. doi: 10.1177/1538574420985765

9. Langford B, Hunt C, Lerman A, Mauck WD. Pre-operative assessment of patients undergoing spinal cord stimulation for refractory angina pectoris. Pain Med. (2021) 22:2763–7. doi: 10.1093/pm/pnab105

10. Sufianov AA, Shapkin AG, Sufianova GZ, Elishev VG, Barashin DA, Berdichevskii VB, et al. Functional and metabolic changes in the brain in neuropathic pain syndrome against the background of chronic epidural electrostimulation of the spinal cord. Bull Exp Biol Med. (2014) 157:462–5. doi: 10.1007/s10517-014-2591-0

11. Wang J, Wu X-C, Zhang M-M, Ren J-H, Sun Y, Liu J-Z, et al. Spinal cord stimulation reduces cardiac pain through microglial deactivation in rats with chronic myocardial ischemia. Mol Med Rep. (2021) 24:835. doi: 10.3892/mmr.2021.12475

12. Canna A, Lehto LJ, Wu L, Sang S, Laakso H, Ma J, et al. Brain FMRI during orientation selective epidural spinal cord stimulation. Sci Rep. (2021) 11:5504. doi: 10.1038/s41598-021-84873-8

13. Ter Laan M, van Dijk JM, Staal MJ, Elting JW. Electrical modulation of the sympathetic nervous system in order to augment cerebral blood flow: a protocol for an experimental study. BMJ Open. (2011) 1(1):e000120. doi: 10.1136/bmjopen-2011-000120

14. Lee JY, Huang DL, Keep R, Sagher O. Effect of electrical stimulation of the cervical spinal cord on blood flow following subarachnoid hemorrhage. J Neurosurg. (2008) 109(6):1148–54. doi: 10.3171/JNS.2008.109.12.1148

15. Slavin KV, Vannemreddy P. Cervical spinal cord stimulation for prevention and treatment of cerebral vasospasm after aneurysmal subarachnoid hemorrhage: clinical and radiographic outcomes of a prospective single-center clinical pilot study. Acta Neurochir. (2022). doi: 10.1007/s00701-022-05325-4 [Epub ahead of print]

16. Tang S, Cuellar CA, Song P, Islam R, Huang C, Wen H, et al. Changes in spinal cord hemodynamics reflect modulation of spinal network with different parameters of epidural stimulation. NeuroImage. (2020) 221:117183. doi: 10.1016/j.neuroimage.2020.117183

17. Visocchi M, Della Pepa GM, Esposito G, Tufo T, Zhang W, Li S, et al. Spinal cord stimulation and cerebral hemodynamics: updated mechanism and therapeutic implications. Stereotact Funct Neurosurg. (2011) 89:263–74. doi: 10.1159/000329357

18. Peppucci E, Di Bonaventura R, Esposito V, Zhong J, Iacopino G, Barbagallo G, et al. Update on mechanism and therapeutic implications of spinal cord stimulation and cerebral hemodynamics: a narrative review. In: M Visocchi, HM Mehdorn, Y Katayama, KRH von Wild, editors. Trends in reconstructive neurosurgery. Acta neurochirurgica supplement. Cham: Springer International Publishing (2017). p. 27–36.

19. Schlaeppi J-A, Affentranger L, Bervini D, Z’Graggen WJ, Raabe A, Pollo C. Electrical stimulation for cerebral vasospasm after subarachnoid hemorrhage: a systematic review. Neuromodulation. (2022). doi: 10.1016/j.neurom.2022.01.020 [Epub ahead of print]

20. Powell K, White TG, Nash C, Rebeiz T, Woo HH, Narayan RK, et al. The potential role of neuromodulation in subarachnoid Hemorrhage. Neuromodulation. (2022). doi: 10.1016/j.neurom.2021.12.002 [Epub ahead of print]

21. Wu M, Linderoth B, Foreman RD. Putative mechanisms behind effects of spinal cord stimulation on vascular diseases: a review of experimental studies. Auton Neurosci. (2008) 138:9–23. doi: 10.1016/j.autneu.2007.11.001

22. Connell E, Le Gall G, Pontifex MG, Sami S, Cryan JF, Clarke G, et al. Microbial-derived metabolites as a risk factor of age-related cognitive decline and dementia. Mol Neurodegener. (2022) 17:43. doi: 10.1186/s13024-022-00548-6

23. Kaushik S, Vani K, Chumber S, Anand KS, Dhamija RK. Evaluation of MR visual rating scales in major forms of dementia. J Neurosci Rural Pract. (2021) 12:016–23. doi: 10.1055/s-0040-1716806

24. van den Berg E, Geerlings MI, Biessels GJ, Nederkoorn PJ, Kloppenborg RP. White matter hyperintensities and cognition in mild cognitive impairment and Alzheimer’s disease: a domain-specific meta-analysis. J Alzheimers Dis. (2018) 63:515–27. doi: 10.3233/JAD-170573

25. Labos EL, Guajardo ME, Soderlund Soderlund M, Pagotto V, Sagues X, Seinhart D, et al. Daño vascular y rendimiento cognitivo-funcional en una población con deterioro cognitivo leve. Rev Neurol. (2022) 74:209. doi: 10.33588/rn.7407.2021411

26. Mori K, Ikeda M. Biological basis and psychiatric symptoms in frontotemporal dementia. Psychiatry Clin Neurosci. (2022) 76:351–60. doi: 10.1111/pcn.13375

27. Felix-Morais R, Letra L, Duro D, Santana I. Frontotemporal dementia: neuroanatomical correlates of an atypical presentation. Case Rep. (2014) 2014:bcr2014205089. doi: 10.1136/bcr-2014-205089

28. Raji CA, Benzinger TLS. The value of neuroimaging in dementia diagnosis. Contin Lifelong Learn Neurol. (2022) 28:800–21. doi: 10.1212/CON.0000000000001133

29. Boeve BF, Boxer AL, Kumfor F, Pijnenburg Y, Rohrer JD. Advances and controversies in frontotemporal dementia: diagnosis, biomarkers, and therapeutic considerations. Lancet Neurol. (2022) 21:258–72. doi: 10.1016/S1474-4422(21)00341-0

30. Malík M, Tlustoš P. Nootropics as cognitive enhancers: types, dosage and side effects of smart drugs. Nutrients. (2022) 14:3367. doi: 10.3390/nu14163367

31. Patel H, Halpern CH, Shepherd TM, Timpone VM. Electrical stimulation and monitoring devices of the CNS: An imaging review. J Neuroradiol. (2017) 44(3):175–84. doi: 10.1016/j.neurad.2016.12.005

32. Wan M, Liu H, Liu X, Zhang W, Xiao X, Zhang S, et al. Associations of multiple visual rating scales based on structural magnetic resonance imaging with disease severity and cerebrospinal fluid biomarkers in patients with Alzheimer’s disease. Front Aging Neurosci. (2022) 14:906519. doi: 10.3389/fnagi.2022.906519

33. Gao J, Wu M, Li L, Qin C, Farber JP, Linderoth B, et al. Effects of spinal cord stimulation with “standard clinical” and higher frequencies on peripheral blood flow in rats. Brain Res. (2010) 1313:53–61. doi: 10.1016/j.brainres.2009.11.072



OPS/images/fsurg-09-1026079-t002.jpg
1 Group

(Th9-Th10) (C3-C5) (control)
Before stimulation
Frontal cortex 563 +1.08 56.1+1.16 568+ 1.12
Temporal cortex 584+ 119 588+13 592+126
Parietal cortex 61.5+1.02 62.1+1.25 616+1.3
Occipital cortex 618+ 1.17 61.6+1.18 603+1.1
Cingulate gyrus 556+ 1.16 56.1 +1.06 559 +1.06
Thalamus 60.3 £ 1.09 623+1.22 594 +1.08
Basal ganglia 558+ 1.02 56.1+1.3 56.1+1.14
Cerebral cortex .6+ 1.13 588+1.12 587+1.17
(al parts)
White matter of 226+1.26 231119 234+1.05
the brain
5 Days
Frontal cortex 636+1.13% 699 +1.3* 576+1.11
Temporal cortex 65.2+0.98" 69.8+1.31* 588121
Parietal cortex 662+ 14" 68.3+1.33* 613+132
Occipital cortex 648+ 115 668+147% 599+1.17
Cingulate gyrus 64.1 £1.26* 66.1 +1.62% 56.6+1.14
Thalamus 689102 683136 572+115
Basal ganglia 671094 6511617 565+13
Cerebral cortex 648+121% 682+ 142% 588+1.05
(all parts)
White matter of 2755113 285+157 2435139
the brain
I Year after surgery
Frontal cortex 622+109° 6781310 575+ 111
Temporal cortex 637138 683107 582+121
Parietal cortex 63.5+1.07 66.6+1.2" 62.1+1.32
Occipital cortex 609+ 135 662+129* 608+1.17
Cingulate gyrus 6241134 653+127% 553+1.14
Thalamus 65.5+ 1.13b* 688+ 1.18" 557+1.15
Basanbubie 64.2+1.09" 65.5+1.2* 569+13
raur
Cerebral cortex 625+ 1.39* 66.8 +1.22% 58.7 +1.05
(al parts)
White matter of 252+123* 236+1.39

the brain

*» <0.01 and p <0.05 compared to baseline.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Improvement of brain perfusion in patients with chronic brain ischemia at epidural spinal cord electrical stimulation

		Introduction



		Materials and methods



		Patients



		Technique



		Statistical analysis











		Results



		CT perfusion data



		Cerebral cortex



		White matter



		General data











		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Surgery

Improvement of brain perfusion in patients
with chronic brain ischemia at epidural
spinal cord electrical stimulation







OPS/images/fsurg-09-1026079-g004.jpg
—
. —

- E—
= 13
I

-







OPS/images/fsurg-09-1026079-g003.jpg
€3-c5

The-Th10

UIW/A 00T/ IW 48D






OPS/images/fsurg-09-1026079-g002.jpg
Blood Flow [ CBF]
g1 00tlivair) 1Y





OPS/images/fsurg-09-1026079-g001.jpg
Three groups of patients (n=91)

Third group (n=32, control).

Patients who underwent pulsed
radiofrequency denervation of the facet
joints at the cervical and lumbar levels

in order to relieve chronic pain

syndrome

Two groups of research
patients (n=59)

Second group (n=21).

Patients with implantation of an
epidural electrode at the cervical level
(C3-C5)

First group (n=38).

Patients with implantation of an
epidural electrode at the level of
Th9-Th10






OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Surgery





OPS/images/fsurg-09-1026079-t001.jpg
Inclusion criteria

Exclusion criteria

Signs of chronic cerebral ischemia
(grade 2-3 according to the Fazekas
visual scale), confirmed by the results of
MRI tomography of the brain

Stenosis of the brachiocephalic arteries
less than 50%, not requiring surgical
treatment o its absence

o history of acute disorders of cerébral
circulation with the development of an
organic defect in brain structures

No indications for “open” surgical
interventions on the spine (spinal canal

stenosis, disc herniation, etc.)
Absence of decompensated somatic
complications not associated with
ischemic brain damage

Chronic vertebrogenic pain syndrome
in the cervical or lumbar spine
according to VAS more than 5 and
lasting from 6 months to 2-3 years

Excluded were patients who continued
to require high doses of NSAID,
narcotic analgesics, and drugs for the
treatment of neuropathic pain in the
postoperative period.

MRI, magnetic resonance imaging; VAS, visual analog scale; NSAIDs, non-

sieroidal anti-rillsmsratory drods:





