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Background: Chronic limb-threatening ischemia (CLTI) is the most severe form of peripheral artery disease (PAD). Patients with diabetes mellitus (DM) have a faster progression of PAD and a fourfold increased risk of CLTI compared to patients without DM. Epidural spinal cord stimulation (SCS) has been used as a method to improve microcirculation, relieve ischemic pain and reduce the number of amputations in patients with PAD. This is a retrospective small cohort analysis of patients with diabetes and the long-term treatment effect of spinal cord stimulation.



Methods: As the main outcome of the study, we evaluated the survival and amputation of 13 diabetic patients with chronic lower-limb ischemia who were not eligible for surgical or interventional therapy. Secondary outcomes included ankle-brachial index (ABI), ischemic pain intensity, quality of life, use of analgesic medications and skin wound outcomes analyzed during long-term follow-up.



Results: Between January 2010 and January 2017, 13 patients underwent SCS implantation in our vascular center. At 1-year follow-up, the limb salvage rate was 92.3% (12 of 13 patients), and limb ulcers healed in 75% of patients (6/8). No patient died during the one-year follow-up. A total of 4 of patients (31%) experienced major amputation during long-term follow-up, all of them were Fontaine stage IV. Pain intensity and quality of life improved significantly at 6-month follow-up (p < 0.05). ABI measurements were unaffected by SCS treatment. There were no complications related to the procedure or device.



Conclusions: SCS is a promising treatment option for diabetic patients unsuitable for endovascular or surgical revascularization. The method improves limb survival in diabetic patients with critical limb ischemia, provides significant pain control, and improves patients' quality of life. However, more studies are needed to clarify the indications for SCS and clarify its effects on the vascular system.
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1 Introduction

The most severe form of peripheral artery disease (PAD) is chronic limb-threatening ischemia (CLTI) (1). In patients with CLTI who are not candidates for revascularization, the most common six-month amputation rates are 10%–40% and 1-year mortality is 25% (1–3). In patients with diabetes (DM), PAD progresses more rapidly (4) and the risk of CLTI is four times higher than in patients without DM (2). In addition, CLTI patients with DM have a worse prognosis because they are usually old, frail and at high risk for cardiovascular events (2).

Up to 50% of CLTI patients are ineligible for first-line treatment such as bypass surgery or endovascular interventions (5). The non-option status of these patients is due to extensive and diffuse, often infrapopliteal, atherosclerotic lesions, comorbidities and/or lack of an adequate bypass graft (6). Various revascularization techniques have been used to salvage patients with CLTI who are not candidates for bypass or endovascular intervention. However, the effectiveness of these interventions remains unclear (7–10).

Spinal cord stimulation (SCS) is a neuromodulatory technique that represents an alternative treatment for patients with CLTI who are unsuitable for vascular reconstruction procedures. In previous studies, SCS has been shown to reduce pain, avoid or delay amputation, and improve quality of life (11–14).

This is a retrospective small cohort study analysis of the long-term therapeutic effect (limb salvage, wound closure, and clinical changes) of spinal cord stimulation in diabetic patients.



2 Materials and methods


2.1 Study population

This retrospective, single-center small cohort analysis of spinal cord stimulation procedures included patients with diabetes from January 2010 to January 2017. All study methods followed the Declaration of Helsinki and were approved by the Institutional Ethics Committee of the Medical Faculty of the University of Duisburg. Essen (20-9609-BO). All patients gave written informed consent for SCS implantation.

Study inclusion criteria were age > 18 years, CLTI (Fontaine grade III-IV) in diabetics, ankle-brachial index (ABI) < 0.6 or unreliable ABI. All patients with diabetes in this study underwent digital subtraction arteriography and were diagnosed with non-reconstructable CLTI of the lower extremity. In addition, all patients received conservative treatment before SCS implantation.

Exclusion criteria were tumor or malignancy in the last 10 years, short life expectancy (<1 year), and no follow-up data. In addition, patients with rapidly progressive ischemia, necrosis of more than one toe, extensive infection, and/or extensive non-healing ischemic ulcers or gangrene were excluded from the study.

All patients with diabetes were discussed in a multidisciplinary conference, including vascular surgeons and interventional radiologists, and classified as inoperable and without options for revascularization. Reasons for non-alternative revascularization included occluded femoral vessels and distal lesions that could not be revascularized within the target artery pathway, lack of autologous venous material due to previous operations, lack of endovascular options, and inadequate response to conservative therapy.

Patient characteristics such as age, sex, nicotine use, hypertension, diabetes, coronary artery disease, ischemic rest pain (Fontaine stage III), or ulcer or necrosis (Fontaine stage IV) were obtained from clinical charts and surgical records. Patients with isolated resting extremity pain were diagnosed as Fontaine stage III, and patients with resting extremity pain and ulcers less than 3 cm in diameter were diagnosed with Fontaine stage IV. For better understanding across stages of disease complexity, all patients were classified according to the GLASS (Global Limb Anatomic Staging System) criteria. Operative data were collected during surgery using standardized data forms.

Wounds were graded using the Wagner scale and included if they measured ≥ 1 cm at initial assessment. This protocol is the standard extremity wound management protocol used by many specialized wound care centers. Chronic ulcers were defined as full-thickness ulcers that extended through the entire dermis into the subcutaneous tissue at least 6 weeks before starting therapy.



2.2 Follow-up and end points

Outcome data were assessed at 1, 6, and 12 months after implantation and annually thereafter for 10 years. These follow-up visits included a physical examination, technical inspection of the spinal cord stimulation, and documentation of pain claims. Patients who could not attend follow-up visits were contacted by telephone. The data of the included patients were collected until the last follow-up visit or death of the patient.

Ankle-brachial index (ABI) was measured whenever possible and performed in accredited vascular laboratories. Ankle and toe systolic pressures (mmHg) were measured using bilateral Doppler ultrasound in the posterior and anterior tibial arteries divided by the highest ipsilateral or contralateral brachial artery pressure. Generally, one pressure measurement was taken for each limb. ABI was considered unmeasurable if inflation of the blood pressure cuff to a pressure >250 mm Hg was insufficient to compress the arteries at the level of the ankle.

A visual analog scale (VAS) was used to measure perceived pain based on a continuum of values. The VAS is anchored between 0 (no pain at all) and 10 (severe pain). Patients also rated the skin temperature in the ischemic area using a VAS from 0 (maximum cold) to 10 (maximum hot) and were asked to complete a questionnaire about their satisfaction with the treatment and the World Health Organization Quality of Life – BREF (WHOQOL-BREF) was used. The WHOQOL-BREF is a self-report questionnaire that assesses four dimensions of quality of life (QOL): physical health, mental health, social relationships and environment. Items are scored from 1 to 5, and the raw area score is the sum of the respective item scores. All domain scores are then normalized to a range of 0–100.

Use of analgesics was recorded based on frequency of administration and type of analgesic. Opioids were classified as major analgesics, while NSAIDs were classified as minor analgesics.

The primary study endpoints were major amputation and all-cause mortality. Secondary outcomes were clinical outcome (Fontaine classification, pain perception, quality of life, surgical complications) and wound closure 1 year after initiation of therapy. Mortality was defined as death from all causes ≥1 year after intervention. Wound closure was defined as complete coverage of the epithelium.

Indications for amputation were progressive necrosis, uncontrolled pain or extensive infection and/or non-healing ulcers. Limb salvage was defined as no amputation. The extent of amputation was classified in order of increasing disability as absent (no amputation or only minor amputations of the lower leg), moderate (unilateral amputation below the knee), or major (at or above the knee level).



2.3 Surgical procedures

All procedures were performed under anesthesia control. The dorsal epidural space was punctured under local anesthesia and a thin multi-electrode wire was placed between the 10th–12th levels of the thoracic vertebra under x-ray control. Intraoperative paresthesia mapping confirmed coverage of ischemic areas (15). The lead was anchored to the supraspinal fascia. A subcutaneous pouch for a pulse generator (Genesis™ Implantable Pulse Generator, St. Jude Medical/Abbott, Plano, Texas, USA) was created in the left iliac fossa. A subcutaneous extension connected the lead and the pulse generator. Antibiotic treatment was performed prophylactically. All patients were usually discharged a few days after external telemetry programming of the pulse generator. The stimulation plan consisted of pulses repeated at a frequency of 50 Hz, a pulse width of 210/∼s, and an intensity (voltage) that produced a comfortable paresthesia in the ischemic area. One amplitude was programmed for the vertical position and the other amplitude for the horizontal positions.

Patients could start or stop stimulation, switch between two stimulation intensities, and were encouraged to use the stimulator as often as they wished. During follow-up visits, patients were questioned about stimulator function, emphasizing the adequacy of paresthesia in the ischemic area. Patients were advised to contact their treating physician between follow-up visits if paresthesia disappeared. Then the drug and/or stimulus was changed.



2.4 Statistical analysis

Collected data were statistically analyzed using GraphPad software version 9.5.0 (GraphPad Prism, San Diego, CA, USA). All data were analyzed retrospectively. Numerical variables are presented as mean ± standard deviation (SD). Two-sided student's t-test was used to determine the differences in continuous variables. Discrete and categorical variables are presented as percentages. Kaplan-Meier curves were used for the primary endpoint analysis of survival and amputation rates. A P value <0.05 was considered statistically significant.




3 Results


3.1 Patient characteristics

Between January 2010 and January 2017, 13 patients with diabetes were included in this small cohort analysis. A total of 5 (38.5%) patients were diagnosed with Fontaine stage III and 8 (61.5%) patients with Fontaine stage IV. The mean age for Fontaine stage III was 65 years (SD ± 7.94) and for Fontaine stage IV 61 years (SD ± 8.96). All patients were classified as GLASS stage III. GLASS stage was determined based on the scoring system reported previously in detail (16). Most patients were men (76.9%). The mean age ± standard deviation (age ± SD) of the included population was not significantly different between male and female patients. The long-term follow-up period was 10 years.

All patients were considered unsuitable for vascular reconstruction. Two patients (15.4%) had no autologous vein, 10 patients (76.9%) had no matching artery, and 1 patient (7.7%) had none. Angiographic evaluation showed that 9 patients (69.2%) had stenosis of more than 65% of the vessels or occlusion in the upper or lower leg, and 12 patients (92.3%) had at least one vessel occlusion and no suitable vessels for revascularisation.

Diabetes, hypertension, nicotine use, and coronary artery disease were the most common comorbidities, and every study patient had at least 2 of the listed conditions. The main clinical characteristics are summarized in Table 1.


TABLE 1 Baseline characteristics of patients (n = 13).
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During follow-up, there were no infections or other complications related to the procedure or the device. Of all cases, four (30.77%) permanent SCS devices were replaced due to battery life.



3.2 Survival and amputation rates

At 1-year follow-up, limb salvage was achieved in 92.3% of patients (12/13) and limb ulcers healed in 75% of patients (6/8), Figure 1. No patient died during the one-year follow-up. During long-term follow-up, a total of 4 patients (30.77%) were amputated at or above the knee (“major amputation”); all were Fontaine Stage IV. These patients were amputated at 6, 18, 42 and 48 months, and amputations were performed at disease progression. No mild or moderate amputations were performed. A comparison with a similar patient profile to our previous study, but with non-diabetic patients (n = 16), shows that patients who received the SCS device lived longer overall and had a significantly lower amputation profile (17).


[image: Figure 1]
FIGURE 1
Healing process of ulcers after admission.


A total of 3 patients died (23.1%); one patient had previously a major amputation. Causes of death were cardiac (n = 2) and cancer (n = 1; bronchial), and time to death ranged from 17 to 68 months after SCS implantation. Kaplan-Meier overall and limb survival curves for all patients and Fontaine stages III and IV are shown in Figures 2, 3.


[image: Figure 2]
FIGURE 2
Kaplan-Meier overall survival for all patients and according to Fontaine stage III and stage IV.



[image: Figure 3]
FIGURE 3
Kaplan-Meier amputation-free rate for all patients and according to Fontaine stage III and stage IV.




3.3 Pain score and skin temperature

Patients reported a significant reduction in pain intensity on the VAS from 7.80 ± 0.75 at baseline to 5.00 ± 1.10 at 3 months, to 2.60 ± 0.80 at 6 months, and to 3.50 ± 0.5 at 12 months (p < 0.05) in patients of Fontaine stage III. In patients of Fontaine stage IV, pain intensity on VAS decreased from 8.5 ± 0.50 at baseline to 5.13 ± 1.36 at 3 months, to 3.25 ± 0.97 at 6 months, and to 2.88 ± 0.93 at 12 months (p < 0.05). A similar improvement was observed in ischemic skin temperature and quality of life. During the 1-year follow-up period, VAS skin temperature more than doubled and quality of life scores were 56% higher in Fontaine stage III patients and 53% higher in Fontaine stage IV patients. No significant increase in ABI value was observed over time (Figures 4–7).


[image: Figure 4]
FIGURE 4
Intensity of ischemic pain assessed by using VAS before and after SCS implantation.
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FIGURE 5
Skin temperature assessed by using VAS before and after SCS implantation.
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FIGURE 6
Quality of life before and after SCS implantation.



[image: Figure 7]
FIGURE 7
Ankle-brachial-Index (ABI) before and after SCS implantation.


Patients reported complete pain relief (100%) at 24 months (VAS at 24 months = 0.00, p < 0.0001). Improvement in quality of life remained stable during the 48-month observation period.



3.4 Pain medication

Before SCS implantation, 5 patients regularly used major analgesics, 3 patients used minor analgesics, and 5 patients used a combination of both. Medications were administered daily. After 3 months, 2 patients were intermittently using major analgesics and 4 patients were using minor analgesics. After 12 months, only 4 patients used minor analgesics. During long-term follow-up, patients occasionally used minor analgesics and did not report major analgesic use.




4 Discussion

Revascularization is the primary treatment for diabetic patients with CLTI, but many are ineligible due to various reasons (extensive and diffuse, often infrapopliteal, atherosclerotic lesions, comorbidity, and/or lack of a suitable bypass graft) (6). Hence, non-invasive treatments are being explored to alleviate CLTI side effects, as medical treatment is mostly palliative.

Previous studies demonstrate the effectiveness of SCS in ischemic pain relief and in dramatically improved quality of life (12, 13, 17–23). The mechanism of action of SCS is still not fully understood and many theories have been reported. Generally, electrodes in the epidural space stimulate sensory unmyelinated c fibers and myelinated Aδ fibers, activating cell signaling molecules such as extracellular signal-regulated kinase (ERK) and protein kinase B (AKT), which stimulate a transient receptor potential vanilloid receptor 1 (TRPV1) (18, 19, 24–26). Activation of TRPV1 and depolarization of nerve terminals leads to the release of vasodilators such as calcitonin gene-related peptide (CGRP), which is a potent microvascular vasodilator. CGRP release is responsible for endothelial nitric oxide (NO) release and stimulates smooth muscle cell relaxation. These effects lead to a decrease in vascular resistance and an increase in local blood flow (18). In addition, SCS inhibits sympathetic vasoconstriction by inhibiting sympathetic nicotinic transmission at the ganglionic and postganglionic levels (18, 27, 28). Multiple mechanisms may be active simultaneously, with inhibition of autonomically mediated vasoconstriction and activation of vasoactive agents contributing to the efficacy of SCS (29).

The beneficial effects of SCS in diabetic patients with PAD include a reduction in resting pain and an increase in temperature (20, 29). The goal of SCS in patients with PAD diabetes is not only to achieve effective pain relief, but also to promote trophic-functional recovery of the body segment affected by the advanced ischemic process. In our study, all five diabetic patients with SCS Fontaine stage III had pain improvement at 3-month follow-up. In addition, most patients with Fontaine stage III reported no pain at one year after implantation and had a significantly higher quality of life than patients with Fontaine stage IV. These results suggest that treatment of CLTI with SCS in stage III-IV is beneficial rather sooner than later, although both groups showed progressive and significant improvement at 1-year follow-up. These results are consistent with contemporary literature reports showing the efficacy of SCS in patients with CLTI (17, 20–23, 30). Medical management of PAD patients with SCS according to microcirculatory parameters like TcPO2 is currently considered the standard of care. It has been shown to help reduce pain, stop injury progression and improve the chances of limb salvage (24, 26, 27). However, we did not perform microcirculatory assessments in this study, and no significant macrocirculatory effects were observed. Selection of the right candidate for SCS among patients with PAD is based on certain basic criteria outlined by Kumar et al. in their study (29). All of our diabetic patients who participated in SCS implantation had severe symptoms and did not respond or were not suitable for conventional surgical, endovascular and medical therapy. For revascularization treatment planning, the GLASS criteria offer an improvement over lesion-based systems. The staging system involves defining a preferred target artery path (TAP) and estimating limb-based patency (LBP) to categorize stages of complexity for intervention. GLASS stages I to III correspond to low-, intermediate-, and high-complexity infrainguinal disease patterns and are linked to immediate technical success and 1-year LBP for revascularisation procedures (16). Thus, GLASS stages provide a more objective assessment of infrainguinal disease complexity in the lower extremities. Our patients had a complex multilevel occlusive disease, were unsuitable for revascularization, and had no target artery provide continuous in-line flow to the ankle and foot. Whereas major amputation may be suitable for some of these patients, clearly a significant number might benefit from non-revascularization-based treatments such as SCS.

We report here a significant improvement in VAS pain score and quality of life and a reduction in pain medication when SCS treatment was established. The improvement observed three months after implantation was still present at long-term follow-up and was maintained at 10-year follow-up. There was a statistically significant reduction in pain intensity at all times. This is in accordance with Klinkova et al. who also reported 100% pain relief in SCS patients 12–14 months after implantation (17).

At 1-year follow-up, wound closure was achieved in 75% of patients in our series. Previous studies of limb loss in patients with extremity injuries have identified diabetes and renal failure as risk factors for amputation (31, 32). We did not identify these risk factors, but this may be related to the small number of patients. In our previous study, none of the non-diabetic patients required amputation (30). In this present series, amputation was required in four patients (30.77%); all were Fontaine stage IV patients. In general, SCS should not be used to treat patients with extensive gangrenous lesions of the legs (classified as Fontaine stage IVb). The recommended treatment for these patients is first-line amputation if they are refractory to medical therapy or vascular reconstruction.

CLTI is associated with both an increased risk of amputation and an increased risk of cardiovascular disease and mortality, which vary depending on the severity of CLTI. One-year amputation rates range from 15% to 20%, and 1-year mortality from 13.5% to 40% (33). The significant differences in amputation and death rates may be due in part to differences in definitions of CLTI in different studies. For further assessment of the natural history of CLTI, a recent meta-analysis reviewed studies that included only patients with untreated severe CLTI and found a 22% 1-year amputation rate and a 22% 1-year mortality rate (34). In our study group, three patients died (23.1%); four patients (30.77%) had a major amputation. Causes of death were cardiac (n = 2) and cancer (n = 1; bronchial). Based on previous studies, the 5-year mortality in diabetic patients with foot ulcers was generally in the range of 40% and increased to 63% in patients with limb ulcers that were subsequently amputated (35). In general, the coexistence of PAD and diabetes greatly complicates the management of these conditions. In addition, these diseases multiply the risk of amputation and poor survival.

SCS complication rates range from 3 to 17% and include hardware failure (lead migration, generator failure) and infection at the epidural lead or generator site (11, 36–38). Infections at the SCS electrode implantation site are more frequent when the device is implanted in two sessions, but immediate implantation can reduce this risk, as was done in our study. Our study found no complications related to the SCS procedure or device.



5 Limitations

This study acknowledges limitations such as small sample size, single center enrollment, retrospective analysis, and lack of TcPO2 measurements. A larger, more diverse population is necessary to verify these findings and avoid selection bias.

However, SCS- was proven to be safe and effective for diabetic patients with PAD- suffering from ischemic pain and tissue loss. SCS was able to control pain and enhance quality of life over time. In all patients, initial improvements were maintained for up to ten years. Clear patient selection criteria are crucial for treatment success, and patients must be unable to undergo drug therapy or revascularization.

When evaluating a novel treatment, it is important to consider the natural progression of the disease and the potential for a placebo effect. It is well known that intermittent claudication tends to improve over time, but it usually occurs over months, not days, and usually early in the course of the disease. The usual clinical course of patients with severe persistent rest pain is to remain stable or worsen (39, 40).



6 Conclusions

The study highlights the positive effects of SCS in diabetic patients with PAD. SCS not only reduces resting pain but also promotes healing in the body segment affected by advanced ischemia. We suggest that SCS may play a role in the treatment of advanced arterial disease in diabetic patients when all other therapies have failed. Early intervention with SCS in stages III-IV of PAD seems beneficial for long-term outcomes. However, further research is required to determine the specific benefits of SCS and its impact on vascular health in diabetic patients with critical limb ischemia.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Ethics Committee of University Duisburg-Essen. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

AC: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Writing – original draft, Writing – review & editing. DK: Data curation, Writing – review & editing. AP: Formal Analysis, Software, Visualization, Writing – review & editing. SR: Formal Analysis, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. We acknowledge support by the Open Access Publication Fund of the University of Duisburg-Essen.



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. Teraa M, Conte MS, Moll FL, Verhaar MC. Critical limb ischemia: current trends and future directions. J Am Heart Assoc. (2016) 5(2):e002938. doi: 10.1161/JAHA.115.002938

2. Norgren L, Hiatt WR, Dormandy JA, Nehler MR, Harris KA, Fowkes FG, TASC II Working Group. Inter-society consensus for the management of peripheral arterial disease (TASC II). J Vasc Surg. (2007) 45(Suppl S):S5–67. doi: 10.1016/j.jvs.2006.12.037

3. Feiring A. Footnotes on critical limb ischemia. JACC. (2008) 51(20):1975–6. doi: 10.1016/j.jacc.2008.02.041

4. Jude EB, Eleftheriadou I, Tentolouris N. Peripheral arterial disease in diabetes–a review. Diabet Med. (2010) 27(1):4–14. doi: 10.1111/j.1464-5491.2009.02866.x

5. TASC Steering Committee, Jaff MR, White CJ, Hiatt WR, Fowkes GR, Dormandy J, et al. An update on methods for revascularization and expansion of the TASC lesion classification to include below-the-knee arteries: a supplement to the inter-society consensus for the management of peripheral arterial disease (TASC II). Vasc Med. (2015) 20(5):465–78. doi: 10.1177/1358863X15597877

6. Patel RS. Team approach to critical limb ischemia care and research. Tech Vasc Interv Radiol. (2016) 19(2):101–3. doi: 10.1053/j.tvir.2016.04.002

7. Hood SC, Moher D, Barber GG. Management of intermittent claudication with pentoxifylline: meta-analysis of randomized controlled trials. CMAJ. (1996) 155(8):1053–9.8873633

8. Montori VM, Kavros SJ, Walsh EE, Rooke TW. Intermittent compression pump for nonhealing wounds in patients with limb ischemia. The Mayo Clinic experience (1998–2000). Int Angiol. (2002) 21(4):360–6.12518117

9. Malagoni AM, Vagnoni E, Felisatti M, Mandini S, Heidari M, Mascoli F, et al. Evaluation of patient compliance, quality of life impact and cost-effectiveness of a “test in-train out” exercise-based rehabilitation program for patients with intermittent claudication. Circ J. (2011) 75(9):2128–34. doi: 10.1253/circj.CJ-10-1311

10. Parekh N, Nanjundappa A, Dieter RS. Pharmacological interventions on critical limb ischemia in diabetic patients. J Cardiovasc Surg (Torino). (2012) 53(1):39–43.22231528

11. Ubbink DT, Vermeulen H. Spinal cord stimulation for non-reconstructable chronic critical leg ischaemia. Cochrane Database Syst Rev. (2013) 2013(2):CD004001. doi: 10.1002/14651858.CD004001.pub3

12. Jivegård LE, Augustinsson LE, Holm J, Risberg B, Ortenwall P. Effects of spinal cord stimulation (SCS) with inoperable severe lower limb ischaemia: a prospective randomized controlled study. Eur J Vasc Endovasc Surg. (1995) 9(4):421–5. doi: 10.1016/S1078-5884(05)80010-3

13. Klomp HM, Spincemaille GH, Steyerberg EW, Habbema JD, van Urk H. Spinal-cord stimulation in critical limb ischaemia: a randomised trial. ESES study group. Lancet. (1999) 353(9158):1040–4. doi: 10.1016/S0140-6736(98)05069-7

14. Tiede JM, Huntoon MA. Review of spinal cord stimulation in peripheral arterial disease. Neuromodulation. (2004) 7(3):168–75. doi: 10.1111/j.1094-7159.2004.04196.x

15. Augustinsson LE. Epidural spinal electrical stimulation (SCS) in chronic pain (PhD thesis). University of Göteborg, Sweden (1985).

16. Conte MS, Bradbury AW, Kolh P, White JV, Dick F, Fitridge R, et al. Global vascular guidelines on the management of chronic limb-threatening ischemia. Eur J Vasc Endovasc Surg. (2019) 58:S1–S109.e33. doi: 10.1016/j.ejvs.2019.05.006

17. Klinkova A, Kamenskaya O, Ashurkov A, Murtazin V, Orlov K, Lomivorotov VV, et al. The clinical outcomes in patients with critical limb ischemia one year after spinal cord stimulation. Ann Vasc Surg. (2020) 62:356–64. doi: 10.1016/j.avsg.2018.12.093

18. Brümmer U, Condini V, Cappelli P, Di Liberato L, Scesi M, Bonomini M, et al. Spinal cord stimulation in hemodialysis patients with critical lower-limb ischemia. Am J Kidney Dis. (2006) 47(5):842–7. doi: 10.1053/j.ajkd.2006.02.172

19. 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(1-2):9–23. doi: 10.1016/j.autneu.2007.11.001

20. Amann W, Berg P, Gersbach P, Gamain J, Raphael JH, Ubbink DT, et al. Spinal cord stimulation in the treatment of non-reconstructable stable critical leg ischaemia: results of the European peripheral vascular disease outcome study (SCS-EPOS). Eur J Vasc Endovasc Surg. (2003) 26(3):280–6. doi: 10.1053/ejvs.2002.1876

21. Ubbink DT, Spincemaille GH, Prins MH, Reneman RS, Jacobs MJ. Microcirculatory investigations to determine the effect of spinal cord stimulation for critical leg ischemia: the Dutch multicenter randomized controlled trial. J Vasc Surg. (1999) 30(2):236–44. doi: 10.1016/S0741-5214(99)70133-3

22. Spincemaille GH, Klomp HM, Steyerberg EW, Habbema JD. Pain and quality of life in patients with critical limb ischaemia: results of a randomized controlled multicentre study on the effect of spinal cord stimulation. ESES study group. Eur J Pain. (2000) 4(2):173–84. doi: 10.1053/eujp.2000.0170

23. Liu JT, Su CH, Chen SY, Liew SJ, Chang CS. Spinal cord stimulation improves the microvascular perfusion insufficiency caused by critical limb ischemia. Neuromodulation. (2018) 21(5):489–94. doi: 10.1111/ner.12753

24. Pedrini L, Magnoni F. Spinal cord stimulation for lower limb ischemic pain treatment. Interact Cardiovasc Thorac Surg. (2007) 6(4):495–500. doi: 10.1510/icvts.2006.150185

25. Tanaka S, Barron KW, Chandler MJ, Linderoth B, Foreman RD. Role of primary afferents in spinal cord stimulation-induced vasodilation: characterization of fiber types. Brain Res. (2003) 959(2):191–8. doi: 10.1016/S0006-8993(02)03740-X

26. Provenzano DA, Jarzabek G, Georgevich P. The utilization of transcutaneous oxygen pressures to guide decision-making for spinal cord stimulation implantation for inoperable peripheral vascular disease: a report of two cases. Pain Physician. (2008) 11(6):909–16. doi: 10.36076/ppj.2008/11/909

27. Reig E, Abejón D, del Pozo C, Wojcikiewicz R. Spinal cord stimulation in peripheral vascular disease: a retrospective analysis of 95 cases. Pain Pract. (2001) 1(4):324–31. doi: 10.1046/j.1533-2500.2001.01033.x

28. Deer TR, Raso LJ. Spinal cord stimulation for refractory angina pectoris and peripheral vascular disease. Pain Physician. (2006) 9(4):347–52.17066119

29. Kumar K, Toth C, Nath RK, Verma AK, Burgess JJ. Improvement of limb circulation in peripheral vascular disease using epidural spinal cord stimulation: a prospective study. J Neurosurg. (1997) 86(4):662–9. doi: 10.3171/jns.1997.86.4.0662

30. 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(4):367–73. doi: 10.1177/1538574420985765

31. Mills Sr JL. The application of the society for vascular surgery wound, ischemia, and foot infection (WIfI) classification to stratify amputation risk. J Vasc Surg. (2017) 65(3):591–3. doi: 10.1016/j.jvs.2016.12.090

32. Boulton AJ, Kirsner RS, Vileikyte L. Clinical practice. Neuropathic diabetic foot ulcers. N Engl J Med. (2004) 351(1):48–55. doi: 10.1056/NEJMcp032966

33. Martelli E, Zamboni M, Sotgiu G, Saderi L, Federici M, Sangiorgi GM, et al. Sex-related differences and factors associated with peri-procedural and 1 year mortality in chronic limb-threatening ischemia patients from the CLIMATE Italian registry. J Pers Med. (2023) 13(2):316. doi: 10.3390/jpm13020316

34. Abu Dabrh AM, Steffen MW, Undavalli C, Asi N, Wang Z, Elamin MB, et al. The natural history of untreated severe or critical limb ischemia. J Vasc Surg. (2015) 62(6):1642–51.e3. doi: 10.1016/j.jvs.2015.07.065

35. Apelqvist J, Larsson J, Agardh CD. Long-term prognosis for diabetic patients with foot ulcers. J Intern Med. (1993) 233(6):485–91. doi: 10.1111/j.1365-2796.1993.tb01003.x

36. Babu R, Hazzard MA, Huang KT, Ugiliweneza B, Patil CG, Boakye M, et al. Outcomes of percutaneous and paddle lead implantation for spinal cord stimulation: a comparative analysis of complications, reoperation rates, and health-care costs. Neuromodulation. (2013) 16(5):418–26; discussion 426–7. doi: 10.1111/ner.12065

37. Huang KT, Hazzard MA, Babu R, Ugiliweneza B, Grossi PM, Huh BK, et al. Insurance disparities in the outcomes of spinal cord stimulation surgery. Neuromodulation. (2013) 16(5):428–34; discussion 434–5. doi: 10.1111/ner.12059

38. Kinfe TM, Schu S, Quack FJ, Wille C, Vesper J. Percutaneous implanted paddle lead for spinal cord stimulation: technical considerations and long-term follow-up. Neuromodulation. (2012) 15(4):402–7. doi: 10.1111/j.1525-1403.2012.00473.x

39. Hughson WG, Mann JI, Tibbs DJ, Woods HF, Walton I. Intermittent claudication: factors determining outcome. Br Med J. (1978) 1(6124):1377–9. doi: 10.1136/bmj.1.6124.1377

40. Jonason T, Jonzon B, Ringqvist I, Oman-Rydberg A. Effect of physical training on different categories of patients with intermittent claudication. Acta Med Scand. (1979) 206(4):253–8. doi: 10.1111/j.0954-6820.1979.tb13506.x



OPS/images/fsurg-11-1451622-g007.jpg
ABI

0.5

04

0.3

0.2

0.1

-e- Fontaine III

-m- Fontaine IV






OPS/images/fsurg-11-1451622-g006.jpg
Quality of life

3 6 9 12

-e - Fontaine III

-= Fontaine IV





OPS/images/fsurg-11-1451622-g005.jpg
VAS temperature
-

N}
1

o

12

-e- Fontaine III

-m- Fontaine IV





OPS/images/fsurg-11-1451622-g004.jpg
-e- Fontaine III

-m- Fontaine IV






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effectiveness of spinal cord stimulation in diabetic patients with chronic limb-threatening ischemia: small cohort study

		1 Introduction



		2 Materials and methods



		2.1 Study population



		2.2 Follow-up and end points



		2.3 Surgical procedures



		2.4 Statistical analysis











		3 Results



		3.1 Patient characteristics



		3.2 Survival and amputation rates



		3.3 Pain score and skin temperature



		3.4 Pain medication











		4 Discussion



		5 Limitations



		6 Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















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

Effectiveness of spinal cord
stimulation in diabetic patients
with chronic limb-threatening

ischemia: small cohort study









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





OPS/images/fsurg-11-1451622-g003.jpg
Probability of limb survival

10

20 30

months

40

50

—— Fontaine III

=

Fontaine IV





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





OPS/images/fsurg-11-1451622-g002.jpg
Probability of survival

months

50

60

70

—— Fontaine I

-+- Fontaine IV





OPS/images/fsurg-11-1451622-g001.jpg
%o of ulcers healed

100
90
80
70
60
50
40
30
20
10

Zeichnunglliche |

6

Admission period (3-month intervals)






OPS/images/fsurg-11-1451622-t001.jpg
Variable

Mean (years)

Range (years)

Critical limb ischemia

Fontaine’s stage III

Fontaine’s stage IV

GLASS

Stage 1

Stage 1T

Stage 11

Risk factors

Diabetes

Hypertension

Nicotne use

Coronary artery disease

Previous treatment

Mediacal therapy

Surgical revascularisation

Multiple attempts of endovascular treatment.

Monotherapy

‘Two medications






