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The number of patients with coronary artery disease (CAD) who have persisting angina pectoris despite optimal medical treatment known as refractory 
angina pectoris (RAP) is growing. Current estimates indicate that 5–10% of patients with stable CAD have RAP. In absolute numbers, there are 50 000–100 
000 new cases of RAP each year in the USA and 30 000–50 000 new cases each year in Europe. The term RAP was formulated in 2002. RAP is defined as a 
chronic disease (more than 3 months) characterized by diffuse CAD in the presence of proven ischaemia which is not amendable to a combination of 
medical therapy, angioplasty, or coronary bypass surgery. There are currently few treatment options for patients with RAP. One such last-resort treatment 
option is spinal cord stimulation (SCS) with a Class of recommendation IIB, level of evidence B in the 2019 European Society of Cardiology guidelines for the 
diagnosis and management of chronic coronary syndromes. The aim of this review is to give an overview of neuromodulation as treatment modality for 
patients with RAP. A comprehensive overview is given on the history, proposed mechanism of action, safety, efficacy, and current use of SCS.
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Introduction
Refractory angina pectoris (RAP), first defined in 2002 by Mannheimer 
et al.,1 is ‘a chronic condition characterized by the presence of angina 
caused by coronary insufficiency in the presence of coronary artery dis-
ease which cannot be controlled by a combination of medical therapy, 
angioplasty and coronary bypass surgery. The presence of reversible 
myocardial ischaemia should be clinically established to be the cause 
of symptoms. Chronic is defined as a duration of more than 3 months’. 
The number of patients with RAP has been growing in the last years due 
to a combination of more complex coronary artery disease (CAD), co- 
morbidities and the advancing age of the general population. It has been 
estimated that 5–10% of patients with stable CAD have RAP, with 
absolute numbers of up to 1.8 million people in the USA.2 On a yearly 
basis, 30 000–50 000 new cases of RAP are reported in Europe and 
50 000–100 000 new cases in the USA.2 It has also been estimated 
that 6–14% of patients undergoing a diagnostic coronary angiogram 
(CAG) due to angina pectoris meet the definition of RAP with no 
intervention options.3 Confirming that a significant number of patients 
with CAD have RAP and that these numbers are continuing to grow.

It has been acknowledged that this growing patient population have a 
‘therapy resistant condition’, but that there are additional ‘last resort’ 
treatment possibilities. The 2019 European Society of Cardiology 
(ESC) guidelines for the diagnosis and management of chronic coronary 
syndromes describe a growing number of potential treatment options 
for RAP. The main concern outlined in the guidelines is the varying le-
vels of evidence with regard to safety and efficacy of these potential 
treatment modalities, which ranges from non-existent to promising.4

The treatment options that are currently available for patients with 
RAP are: (i) enhanced external counterpulsation with class of recom-
mendation IIb and level of evidence B, (ii) extracorporeal shockwave 
therapy (no class of recommendation), (iii) coronary sinus constriction 
(Reducer device) with class of recommendation IIb and level of evi-
dence B, (iv) gene therapy (no class of recommendation), (v) 

autologous cell therapy (no class of recommendation), and (vi) neuro-
modulation (Figure 1). Previously transmyocardial revascularization was 
a therapy used in patients with RAP. However, this treatment is no 
longer recommended with a current class of recommendation III and 
level of evidence A.

Neuromodulation is defined as ‘the alteration of nerve activity 
through targeted delivery of a stimulus, such as electrical stimulation 
or chemical agents, to specific sites in the body’.5 Neuromodulation in-
cludes transcutaneous electrical nerve stimulation (TENS), subcutane-
ous electrical nerve stimulation, and spinal cord stimulation (SCS) 
(Figure 2). In the current ESC guidelines, there is a class of recommen-
dation IIb and level of evidence B for use of SCS in RAP patients with no 
class of recommendation given to the other forms of neuromodulation. 
The aim of this review is to give a comprehensive overview of neuro-
modulation as treatment modality for patients with RAP.

History of neuromodulation
The first form of neuromodulation was the surgical bilateral thoracic 
sympathectomy which was applied in the 1950s in patients with severe 
angina pectoris.6 This was in a time period when coronary artery bypass 
grafting was emerging as a treatment modality for patients with angina 
pectoris (first procedure 2 May 1960), whilst percutaneous translum-
inal coronary angioplasty(first procedure 16 September 1977) did 
not yet exist. In 1964, a study was done to determine the effectiveness 
of bilateral thoracic sympathectomy in eight patients with severe angina 
pectoris. It was shown that in 75% of the patients angina symptoms im-
proved significantly, there was an increase in exercise tolerance and a 
delay in the onset of ischaemic changes, although the mechanism of ac-
tion was not elucidated.6 An important concern raised at the time was 
that the warning signal of pain would no longer be present after patients 
had undergone a bilateral thoracic sympathectomy, even in the 

Figure 1 Current treatment options for refractory angina pectoris with class of recommendation and level of evidence in accordance with the 2019 
ESC guidelines for the diagnosis and management of chronic coronary syndromes.4 TENS, transcutaneous electrical nerve stimulation; SENS, subcuta-
neous electrical nerve stimulation.
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presence of ischaemia, leading to very little use of this treatment modal-
ity in patients with severe angina.

In 1965, a landmark study was published by Melzack and Wall7 in 
which the gate control theory of pain was presented. This theory pos-
tulated that when an electrical current is applied to the myelinated, 
fast-conducting, thicker, non-nociceptive A-beta fibres, pain processing 
in the non-myelinated, slower-conducting, nociceptive C-fibres is 
modulated through activation of the inhibitory interneurones in the 
dorsal horn of the spinal column, affecting pain.7 An ‘open’ gate will 
let the pain from the C-fibres through to the brain, whilst a ‘closed’ 
gate will not let the pain from the C-fibres through to the brain 
(Figure 3). With this new pain theory as background high frequency 
electrical stimulation was used to stimulate only the A-fibres leading 
to a reduction in pain sensation.8 In 1967, Shealy et al.9 was the first 
to implant a dorsal column stimulator (now known as a spinal cord 
stimulator) to apply electrical stimulation in a 70-year-old patient 
with metastasized lung cancer suffering from intractable pain in the 
chest and abdomen region. The treatment was a success with significant 
relief of the pain. These initial findings led to additional research with 
the aim of determining the effect of neuromodulation on pain relief 
in patients with ischaemic disorders. Cooke et al.10 was the first to 
study the effect of neuromodulation in a patient with lower extremity 
ischaemic ulcers in 1976. The treatment with SCS led to pain relieve 
and there was improved healing of the ulcers.10

The first application of electrical neuromodulation, using TENS, in 
patients with severe angina pectoris was initiated by Mannheimer in 
1982 and 1985. These patients had severe angina pectoris, had opti-
mal medical therapy and no interventional treatment options. The aim 
of these studies was to evaluate if TENS could reduce the frequency 
of angina pectoris and increase working capacity both short- and long- 
term.11,12 The results were positive with less angina pectoris, an in-
crease in maximal work capacity, less ST-segment depression during 
exercise and a decrease in time to recovery. However there are sev-
eral limitations when using TENS: (i) the adhesive electrodes attached 
to the chest can cause contact dermatitis, (ii) the adhesive electrodes 
can come off due to transpiration, (iii) the adhesive electrodes can be 
difficult to place due to excess hair (in men) or large breasts (in wo-
men), (iv) cannot be applied for the full 24 h, and (v) performing 
sports such as swimming is not possible.13 With these limitations of 
TENS the next step was to use an implanted spinal cord stimulator. 
The first study to use an implanted spinal cord stimulator, then called 
dorsal column stimulator, in patients with severe angina pectoris was 
in 1987 by Murphy,14 closely followed by two additional studies in 
1988 by Mannheimer and in 1992 by Sanderson.15,16 The aim of these 
first studies using SCS was to evaluate the clinical usefulness of SCS in 
reducing angina pectoris in patients with severe angina pectoris. All 

three studies showed a positive effect of SCS with less angina pec-
toris, less short-acting nitrate use, and an improved exercise capacity, 
and these positive effects remained present during long-term 
follow-up proving that SCS could be an effective treatment option 
for patients with RAP. These initial studies showed the possible clin-
ical effectiveness of neuromodulation in patients with severe angina 
pectoris, but further studies were necessary to determine whether 
this treatment modality was safe to use and to clarify the underlying 
mechanism(s) of action of SCS were.

Mechanism(s) of action
The first studies regarding neuromodulation in severe angina pectoris 
have determined that SCS is an effective and safe treatment modality 
as mentioned previously.14–16 An important unanswered question re-
maining is which underlying mechanism(s) of action leads to the positive 
effect of neuromodulation. Several small studies have been performed 
with the aim of answering this question. The general conclusion is that 
the underlying mechanism of action remains unknown. There are mul-
tiple hypothetical mechanisms of action based on the relatively limited 
available evidence which will each be discussed in more detail. To better 
understand these mechanisms of action, a short overview of the neuro- 
humoral interaction between the heart and the central nervous system, 
including what happens when myocardial ischaemia occurs, will be given.

Neuro-humoral interaction heart 
and central nervous system
If myocardial ischaemia occurs, levels of adenosine and substance P in 
the myocardial cells will increase, which leads to stimulation of the af-
ferent sympathetic cardiac neurones. The signal will pass through the 
superficial and deep cardiac plexus to the paravertebral sympathetic 
ganglion chain at the level of thoracic vertebrae Th1 through to 
Th4, although this range can vary per person from the upper cervical 
ganglion down to Th6 or Th7 and enter the dorsal column of the 
spinal cord. The neurones synapse in the dorsal horn; the signal sub-
sequently passes through the lateral spinothalamic tract and enters 
the posterolateral and ventral nuclei of the thalamus.17 From the thal-
amus, the signal will be passed on to the areas of the cerebrum that 
are involved in the processing of nociception, and these include the 
peri-aqueductal grey matter, nucleus raphe magnus, insula, amygdalo-
hippocampal apparatus, sensory cortex, and frontal cortex18

(Figure 4A).
When the incoming cardiac neurone synapses in the dorsal horn, 

other sensory neurones, such as neurones from the different skin 

Figure 2 Overview of the different forms of neuromodulation.
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dermatomes, also enter the dorsal horn to synapse. Both types of neur-
one use secondary sensory fibres to transmit the incoming signals to 
the spinothalamic tract. It has been postulated that incoming signals 
from the skin and myocardium often share a single pain fibre in the spi-
nothalamic tract. Due to the shared pain fibre, the distinction between 
the incoming information from the myocardium and from the skin can-
not be made.19 This leads to the somatic expression of the incoming 
myocardial signal, known as angina pectoris17 (Figure 5). The location 
of where the pain is felt is dependent on which incoming fibre from 
the skin shares the incoming fibre from the myocardium.

The preganglionic sympathetic neurones innervating the heart origin-
ate from the intermediolateral cell column in the spinal cord. These 
neurones leave the spinal cord within the range of cervical vertebrae 
C8 down to thoracic vertebrae Th5 through the anterior roots and 
reach the paravertebral ganglia through the white rami communicans. 
In the paravertebral ganglia, the preganglionic sympathetic neurones 
synapse with the postganglionic sympathetic neurones. The stellate 
ganglion (fusion of the lower cervical ganglion and first thoracic gan-
glion) provides the cardiac postganglionic neurones. These postganglio-
nic sympathetic neurones enter the heart following the pathway of the 
vasculature. The sympathetic neurones converge with the parasympa-
thetic neurones (coming from the nervus vagus) on the surface of the 

myocardium to form the cardiac plexus (superficial and deep cardiac 
plexus) and innervate the heart itself20 (Figure 4B). When the sympa-
thetic nervous system is stimulated this has a positive chronotropic, 
inotropic and dromotropic effect leading to an increase in myocardial 
oxygen demand. In patients with CAD this increase in myocardial oxy-
gen demand will lead to the development of ischaemia.

Mechanisms of action of neuromodulation
In the previous decades, a large number of studies have been performed 
with the aim of elucidating the underlying mechanism(s) action of neu-
romodulation (specifically TENS and SCS). There are three proposed 
mechanisms of action:

Direct inhibition of pain
Neuromodulation leads to direct inhibition of pain through several path-
ways. Firstly, neuromodulation stimulates the dorsal column, leading to 
an inhibition of the activity of the lateral spinothalamic tract cells which 
pass the signals of the cardiac sympathetic neurones to the central ner-
vous system.16,21,22 Secondly, changes are seen in the levels of endogen-
ous opioids [beta-endorphins (BEs), enkephalins, and dynorphin] in the 
myocardium.23 During pacing-induced ischaemia, there is an increase in 

Figure 3 ‘Open’ and ‘closed’ gate in accordance with the gate control theory of pain by Melzack and Wall.7
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Figure 4 Schematic overview of the neuro-humoral interaction between the heart and the central nervous system. A, neuro-humoral interaction 
from the heart to the central nervous system. B, Neuro-humoral interaction from the central nervous system to the heart.
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the release of BE, whilst SCS is applied.24 These endogenous opioids are 
thought to stimulate the delta-receptors on the presynaptic sympathetic 
nerve endings in the myocardium, inhibiting the norepinephrine (NE) re-
lease, thereby decreasing the sympathetic activity and leading to a de-
crease in the myocardial oxygen consumption.23 Thirdly, a significant 
increase has been found in the regional cerebral blood flow in those parts 
of the brain known to be associated with cardiovascular control and pain 
processing when neuromodulation is applied.25

Decreased sympathetic tone
To determine the effect of neuromodulation on the activity of the sympa-
thetic nervous system, several studies invasively measured the catechol-
amine (epinephrine and/or NE) levels. In patients responding to 
neuromodulation (TENS) with abolishment of angina, a decrease is seen 
in the arterial levels of catecholamines suggesting a decreased sympathetic 
activity as a result of TENS.26 This effect has been determined to be a pri-
mary effect of neuromodulation because a decrease arterial epinephrine 
levels is still found in patients experiencing no angina whilst applying neu-
romodulation.27 Thereby ruling out a secondary effect due to pain inhib-
ition. The decrease in sympathetic nerve activity is a general effect, no 
significant decrease has been found in the cardiac sympathetic nerve activ-
ity.28 An important side note to this finding is that neuromodulation was 
applied in patients with no angina in this specific study, whilst it is known 
that cardiac sympathetic nerve activity only increases during stress and/or 
ischaemia. Thus a possible decrease in cardiac sympathetic nerve activity 
during angina as a consequence of neuromodulation cannot be ruled out.

The influence of SCS on the cardiac nervous system has also been 
studied in animals. It has been shown that SCS prevents induction of 
atrial tachyarrhythmias (in dogs) induced by excessive activation of 
the cardiac neurones, confirming the inhibitory effect of neuromodu-
lation on the sympathetic nervous system.22,29 In the animal studies 
of Foreman et al.30 and Armour et al.31 SCS suppressed activity gen-
erated by the cardiac neurones in rest, during ischaemia and during 

the reperfusion phase. These animal studies confirm that neuromo-
dulation has an inhibitory effect on the sympathetic nervous 
system.22,32

Changes in myocardial blood flow
Initially, it was thought that neuromodulation would lead to an increase 
in myocardial blood flow (MBF). This assumption was based on earlier 
research in patients with peripheral vascular disease where an en-
hanced microvascular blood flow in the ischaemic limbs was seen after 
application of neuromodulation.33 In all studies performed in patients 
with RAP, no direct increase in MBF has been found when neuromodu-
lation is applied.34–38 An explanation for this finding is that the coronary 
arteries in patients with RAP are severely diseased and thus not capable 
of vasodilation as would happen in normal coronary arteries ultimately 
leading to an increase in MBF.35

Whilst there is no increase in MBF, a decrease in MBF has been 
found using positron emission tomography (PET). There is a linear 
relation between MBF and myocardial oxygen consumption. If there 
is a decrease in the MBF, then there is also a decrease in the myocar-
dial oxygen consumption.35,36 In addition the variation in flow de-
creased after SCS is applied, leading to homogenization of the 
MBF.36 This finding suggests that SCS leads to a redistribution of 
the MBF between ischaemic and non-ischaemic areas of the myocar-
dium. Redistribution of the MBF has been confirmed in additional 
studies with MBF increasing in the ischaemic areas of the myocar-
dium (low or normal basal MBF) and the MBF decreasing in the non- 
ischaemic areas of the myocardium (high basal MBF).39 Furthermore, 
the myocardial perfusion reserve (MPR), the ratio of MBF during 
maximal hyperaemia to MBF at rest, improved with a globally lower 
resting MBF and improved maximal hyperaemia MBF in the ischaemic 
areas of the myocardium.38

In conclusion, there is evidence that neuromodulation alleviates the 
severity of angina pectoris by (i) direct inhibition of pain through 

Figure 5 Schematic overview of referred pain in myocardial ischaemia.
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Figure 6 Schematic overview of the mechanisms of action of neuromodulation in patients with refractory angina pectoris. CBF, cerebral blood flow; 
MBF, myocardial blood flow; MPR, myocardial perfusion reserve; STT, spinothalamic tract.
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modulation of signals in both the spinal cord and specific regions of the 
brain, (ii) decreasing the activity of the overall sympathetic nervous sys-
tem, and (iii) redistributing the MBF in favour of ischaemic areas and the 
combination of these three mechanisms of action ultimately lead to a 
decrease in myocardial oxygen consumption (Figure 6).

Safety of SCS
After the initial studies showing that SCS is an effective treatment mo-
dality for patients with severe angina pectoris, concerns were raised 
that SCS could mask the warning signal of myocardial ischaemia thereby 
creating silent myocardial ischaemia with potentially serious conse-
quences.21,40 From 1994 onwards, multiple studies were undertaken 
to determine the safety of SCS both short- and long-term.40–43 One 
study used 24-hour ambulatory electrocardiogram monitoring to de-
termine if the ischaemic burden (based on ST-segment depression) in-
creased and if more arrhythmias occurred, which was not the case.41

Two studies looked at the long-term follow-up and occurrence of acute 
myocardial infarction (AMI) and concluded that there was no evidence 
that SCS concealed AMI.42,43 Additional studies were undertaken to 
determine if patients treated with SCS have similar mortality rates dur-
ing follow-up compared to patients with RAP in general.44–46 Results 
showed that mortality rates of patients treated with SCS were indeed 
similar with the annual all-cause mortality rate ranging from 6.5% up to 
8.6% for patients treated with SCS,45,47 compared to 3.9% up to 10% in 
patients with RAP.48,49 Based on these findings, the conclusion is that 
SCS is a safe treatment modality with no evidence that the warning sig-
nal of myocardial ischaemia is masked and the annual all-cause mortality 
rates are comparable to that of patients with RAP in general.

SCS and an implanted cardiac device
An important concern when implanting a spinal cord stimulator is a 
possible interaction with another implanted cardiac device such as an 
implantable cardiac defibrillator (ICD) or pacemaker (PM). 
Manufacturers of spinal cord stimulators have issued a warning of pos-
sible interference between these devices. In several recent studies, the 
safety of implanting and using a spinal cord stimulator due RAP or heart 
failure in patients with either an ICD or a PM has been proven.47,50–52

When considering spinal cord stimulator implantation in a patient with 
an implanted cardiac device, it is important to inform the patient of the 
possible risk of interference. When implanting it is important to have 
the PM technician present to test for interference. During testing, 
the output of the spinal cord stimulator should be increased to levels 
higher than necessary for treatment to ensure no interference occurs. 
After implantation, the cardiac implanted device should be checked for 
interference once yearly and if mode switches of the spinal cord stimu-
lator occur. If clinicians adhere to this protocol SCS can be safely ap-
plied in patients with a cardiac implanted device.47

Efficacy of SCS
The first studies performed in patients with RAP and SCS were mainly 
aimed at determining the short-term effectiveness of neuromodulation 
in patients with severe angina pectoris, which was proven in these stud-
ies.14–16 There was a decrease in the number of angina pectoris episodes, 
less use of short-acting nitrates and an improvement in exercise duration. 
To determine the long-term efficacy additional studies were performed. 
The duration of follow-up varied from 12.1 months up to 31.4 months, 
and the number of patients included in the studies varied from 23 up to 
121 patients.53–58 All studies confirmed the earlier findings and proved a 
long-term effect with a significant decrease in the number of weekly an-
gina pectoris episodes, less use of short-acting nitrates, an improvement 
in Canadian Cardiovascular Society (CCS) class and a significant 

improvement in the quality of life. These studies were single-arm, open- 
label studies with no control group.

It is difficult to perform a placebo-controlled trial because patients feel par-
aesthesia in the chest region when the spinal cord stimulator is turned on, 
making it difficult to properly blind the patient. In 2007 the first placebo- 
controlled trial was performed by Eddicks et al.59 In this trial, 12 patients 
were included and a spinal cord stimulator was implanted in all patients. 
The duration of the study was 16 weeks divided into four phases with a dif-
ferent stimulation pattern in each phase: (A) three times 2 hours with con-
ventional output, (B) 24 h a day with conventional output, (C) three times 2 
hours with subthreshold output (defined as 85% of the minimum stimulation 
output causing paraesthesia), and (D) 24 h a day with 0.1 volt output (defined 
as placebo). It was postulated that the subthreshold phase could induce a 
therapeutic effect, thus there were three phases of active treatment (A, B, 
and C) and one control phase (D). The primary endpoint was the total walk-
ing distance using the 6-minute walking test which was significantly better in 
phases A, B, and C compared to phase D. Secondary endpoints revealed a 
better CCS class, a decrease in angina frequency and nitrate usage in phases 
A, B, and C compared to phase D confirming previous findings of the positive 
effect of SCS in patients with RAP. Due to the small study population add-
itional research was deemed necessary for further confirmation of these re-
sults. Three additional placebo controlled trials were performed and all 
showed a significant reduction in the number of angina pectoris at-
tacks.60–62 An important question raised by the study of Zipes et al.60

was the role of a possible placebo effect. This study included 68 patients 
and compared high stimulation (defined as conventional stimulation for a 
minimum of four times two hours a day) to low stimulation (defined as 
conventional stimulation for one minute once daily; placebo). In both 
arms there was a significant decrease in number of angina pectoris at-
tacks, but no significant difference between the two arms was seen 
over a period of six months. Possible explanation for these findings is a 
placebo effect or a therapeutic effect of the low stimulation. The study 
by Eldabe et al.61 compared SCS treatment to usual care over a period 
of six months and found a significant improvement in exercise capacity 
and quality of life in favour of SCS. The study by Lanza et al.62 compared 
paresthesic stimulation (defined as continuous conventional stimulation), 
subliminal stimulation (defined as 75–80% of the minimum stimulation 
output causing paraesthesia) and sham stimulation (defined as one 
hour once daily of 0.1 mV stimulation; placebo) over a period of three 
months. Paresthesic stimulation was superior to sham stimulation with 
regard to improvement in angina symptoms and quality of life. No super-
iority of subliminal stimulation compared to sham stimulation could be 
demonstrated, although a trend of progressive improvement was seen. 
Combining the findings of the three studies is difficult due to the different 
study designs applied. All three studies included less patients than was ini-
tially calculated to be necessary and were terminated early. In conclusion, 
it is currently not clear what the role of the placebo effect is in patients 
with RAP being treated with SCS, but all studies showed a positive effect.

Two systematic reviews give an overview of the data available up to 
2017 on the efficacy of SCS in patients with RAP (Table 1).63,64 The re-
views show a significant improvement in exercise duration, CCS-class, 
Visual Analogue Scale score, daily angina episodes, daily nitrate con-
sumption, angina frequency, disease perception, and treatment satisfac-
tion. Confirming the positive effect of SCS in patients with RAP as 
reported previously. All studies performed up to date have had issues 
with blinding, including a sufficient number of patients and have a rela-
tively short follow-up period, highlighting the deficiencies in method-
ology and data quality of these studies.65

Current practice
Screening potential candidates
It is important to screen patients with RAP who are potential candi-
dates for SCS to ensure that the patient has a beneficial effect. 
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Currently, there is no uniform screening process for patients with RAP. 
We propose to use the following screening process, as applied in our 
centre, to ensure uniformity and good patient selection. Firstly patients 
have to meet the definition of RAP as previously described which is de-
termined by one (or two) interventional cardiologist(s) using the refer-
ral letter and recent coronary angiogram (less than 12 months old) 
(Figure 7).1 Important in this is assessment is to confirm the presence 
of myocardial ischaemia which can be assessed using a variety of diag-
nostic tools as shown in Figure 7. If a patient meets the criteria of 
RAP a TENS treadmill test is performed. The aim of the TENS treadmill 
test is to determine the effect of neuromodulation on angina pectoris as 
advised by the ESC Joint Study Group on the Treatment of Refractory 
Angina.1 During the TENS treadmill test a multidisciplinary team is pre-
sent to determine if the patient is suitable. The patient will be asked to 
start walking on the treadmill, the pace and angle of the treadmill will be 
steadily increased until angina is provoked, then TENS is initiated.47,58

Based on the patient response to the TENS test the possible outcomes 
are: (i) positive: the patient is eligible for SCS, (ii) dubious: trial of two 
weeks TENS, or (iii) negative: the patient is ineligible for SCS. In case 
of a dubious test outcome a second evaluation will take place after 
two weeks of ambulatory TENS which is either positive or negative. 
All patients who have a positive test are suitable candidates for SCS 
(Figure 8). By applying this method of using the TENS treadmill test 
as a screening tool uniformity and proper patient selection for definitive 
SCS is guaranteed.

Implantation procedure
Prior to the spinal cord stimulator implantation a single dose of cefazo-
lin 1 g is administered intravenously to reduce the risk of infection. The 
location of the implantable pulse generator (IPG) is determined, usually 
the left buttock. The implantation of the spinal cord stimulator is per-
formed by an experienced anaesthesiologist-pain specialist (or neuro-
surgeon) under sterile conditions in an operating theatre. 
Throughout the implantation procedure, the patients’ vital signs are 

monitored. To ensure patient comfort during the implantation proced-
ure sedation is achieved using a combination of propofol and remifen-
tanil administered continuously using an intravenous access. Secondary 
field blocks and wound infiltration with local anaesthetics are used to 
provide analgesia. Prior to initiating sedation the patient is asked to 
lie in a prone position creating a thoracic kyphosis (Figure 8). A 
Tuohy needle is used to enter the epidural space at the level of thor-
acic vertebrae (Th) 7 or 8. The loss of resistance technique is used to 
confirm entry into the epidural space and checked using a through 
the needle guide wire and its position on fluoroscopic images. This 
is followed by a through the needle introduction of an eight contact 
electrode array. The type of electrode array used varies per centre. 
Using fluoroscopic guidance the cephalad tip of the electrode is posi-
tioned at the level of C7—Th1. Subsequently, test stimulation is per-
formed using an external neurostimulator, whilst the sedation is 
temporarily lifted. The aim of the test is to determine if the electrode 
is in the optimal position with at least 80% of the target area covered. 
Subtle position modifications of the lead are performed to achieve 
the most ideal coverage. When the operator is satisfied with the 
lead position sedation is reinstated, the lead is fixated at the thoraco-
dorsal fascia and subcutaneously tunnelled to the IPG pocket (left 
buttock). Once the implantation is completed an X-ray is made after 
the patient has returned to the ward to confirm the position of the 
lead and to rule out lead dislocation. The majority of patients are dis-
charged from the hospital the same day. Patients receive instructions 
prior to discharge what to do if complications arise and how to han-
dle their programmer.

The success rate of spinal cord stimulator implantation is high with 
reported successful implantation rates ranging from 93.3% to 
100%.61,62 The most important factor leading to spinal cord stimulator 
implantation failure is the inability to achieve adequate paraesthesia 
coverage of the target area. If adequate paraesthesia coverage is not 
achieved the implantation will be terminated. Other factors that can in-
fluence the implantation success rate are (i) spinal cord abnormalities 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Overview of results by Pan et al.63 and Imran et al.64 regarding the efficacy of spinal cord stimulation in patients 
with refractory angina pectoris

Pan et al.63 Imran et al.64

Number of studies (N ) 12 14
Number of patients (N ) 476 518

Follow-up duration (months) 0.5–24 1–60

Endpoints—mean difference
Exercise duration (min) 0.49 (95% CI: 0.13–0.85); P = 0.008 1.68 (95% CI: 0.83–2.52); P < 0.0001

Change in CCS class (≥2) OR 2.12 (95% CI: 1.19–3.76); P = 0.01 —

Rate pressure product — 0.54 (95% CI: −0.09 to 1.18); P = 0.09
VAS score −0.50 (95% CI: −0.80 to −0.20); P = 0.001 —

Daily angina episodes — −1.55 (95%-CI: −1.75–−1.33); P < 0.0001

Daily nitrate consumption −0.64 (95% CI: −0.84 to −0.45); P < 0.00001 −1.54 (95% CI: −1.81 to −1.26); P < 0.001
Seattle Angina Quest.: —

Physical limitation −2.69 (95% CI: −8.75 to −3.38); P = 0.39

Angina frequency −9.03 (95% CI: −15.7 to −2.36); P = 0.008
Angina stability −1.94 (95% CI: −7.55 to −3.67); P = 0.50

Treatment satisfaction 6.87 (95% CI: 2.07–11.66); P = 0.005

Disease perception −8.34 (95% CI: −14.45 to −2.23); P = 0.007
SF-36 angina frequency score — 21.78 (95% CI: 10.76–32.81); P < 0.0001

Green is a positive outcome/result, Red is a negative outcome/result. 
CCS, Canadian Cardiovascular Society; OR, odds ratio; SF-36, Short Form 36 Health Survey; VAS, Visual Analogue Scale.
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Figure 7 Schematic overview of the screening process for spinal cord stimulation. AP, angina pectoris; CCS, Canadian Cardiovascular Society; 
Ca-channel, calcium-channel; CMR, cardiac magnetic resonance imaging; FFR, fractional flow reserve; LAN, long-acting nitrates; LCA, left coronary ar-
tery; MIBI, myocardial perfusion imaging; PET, positron emission tomography; RCA, right coronary artery; SCS, spinal cord stimulation; TENS, trans-
cutaneous electrical nerve stimulation; TTE, transthoracic echocardiography.

Figure 8 Schematic overview of set-up spinal cord stimulator implantation.
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such as deformities of the spine or spinal stenosis and (ii) inability of the 
patient to lie in a prone position for a longer period of time.

Current use of SCS
Neuromodulation as treatment modality for patients with RAP is used 
infrequently nowadays due to a variety of reasons66–68: 

(i) Costs of SCS: The current cost of a spinal cord stimulator including the 
implantation is estimated to be approximately €16.050—and in the 
majority of cases, these costs are covered by the patients insurance. 
However, SCS is an expensive treatment modality, and it is of interest 
to know whether SCS is cost-effective. Comparison of costs prior to 
and after spinal cord stimulator implantation (including the costs of 
the device and the implantation) revealed that the cost of the SCS 
treatment was balanced after 16 months.69 After patients have re-
ceived a spinal cord stimulator there is also a significant decline in 
the number of days patients are admitted to the hospital on a yearly 
basis from 8.3 days to 2.5 days with 63.2% (12 out of 19 patients) hav-
ing no hospital admissions in the year following spinal cord stimulator 
implantation. This also leads to a reduction in health care costs.70

Patients who receive SCS will use the device long-term, with one study 
showing that the majority of patients (91%) were still using SCS after an 
average follow-up of 53.6 months.71 In comparison, only 9% of patients 
underwent an explantation, but the time between implantation and ex-
plantation is not known. Additionally patients still have a beneficial ef-
fect during long-term follow-up, ranging from 6,6 years up to 15 years, 
showing that SCS is cost-effective.72,73

(ii) IPG depletion: Initial IPGs used during the implantation procedure 
were non-rechargeable IPGs. This required additional procedures dur-
ing the follow-up period due to IPG end of life (EOL). The longevity of 
the IPG is dependent on the type of stimulation and the frequency of 
use. For a non-rechargeable IPG the longevity can be up to five years, 
whilst the longevity for rechargeable IPGs ranges from 10 up to 25 
years depending on the manufacturer.74 In current practice, the oper-
ator can opt to implant a rechargeable IPG to reduce the chance of 
having to perform a procedure to replace the IPG due to EOL.

(iii) Necessity to discontinue antithrombotic therapy: For the implantation 
of the spinal cord stimulator, the epidural space is entered to enable 
placement of the electrode. This is associated with an increased peri-
operative bleeding risk, necessitating temporary discontinuation of all 
antithrombotic therapy including acetylsalicylic acid, P2Y12-inhibitors, 
vitamin K antagonists, and direct oral anticoagulants. In general patients 
with RAP have stable CAD, and there is a low risk of complications oc-
curring when antithrombotic therapy is temporarily discontinued, al-
though this has not been investigated in previous studies.

(iv) Risks of implantation and follow-up at specialized centres: The are sev-
eral adverse events that can occur in relation to the implanted spinal 
cord stimulator: (i) lead migration, (ii) lead fracture and/or malfunction, 
or (iii) infection. When looking at all indications for a spinal cord stimu-
lator implantation since it’s use the risk of these adverse events are: (i) 
15.49%, (ii) 6.37%, and (iii) 4.89%, respectively.75 Numbers are lower 
when looking specifically at spinal cord stimulator implantation in 
RAP. Reported rates of adverse events are 1% in case of infections 
and 7.8% in case of device related problems,76 with an additional study 
describing an adverse event rate of 2.3% after 1 year of follow-up.58 An 
important factor in the risk of adverse events occurring is operator ex-
perience. It has been proven in device-related treatment modalities 
that the experience of the operator significantly impacts the rate of ad-
verse events.75 It is therefore important that implantation of spinal 
cord stimulators are performed at centres with ample experience to 
ensure a low rate of adverse events. The consequence is that SCS 
for patients with RAP is centred in selected, specialized centres for 
the implantation procedure and follow-up.

(v) Not approved treatment modality for RAP: The European and 
American guidelines have given the use of SCS in patients with RAP 
a class of recommendation IIb with level of evidence B and C, respect-
ively.4,77 Class of recommendation IIb refers to the fact that the treat-
ment ‘may be considered’ and that the usefulness/efficacy is less well 
established by evidence/opinion. The results up to date have been vari-
able, with the majority of studies proving a beneficial effect of SCS 
compared to a few studies suggesting that the efficacy of SCS is at least 
partly a placebo effect.57–62 The endpoints used in these studies have 
been patient centred endpoints such as quality of life and frequency 
of angina pectoris episodes. Additional difficulties in previous studies 
have been the inability to perform a blinded study due to paraesthesia 
felt by the patient and slow enrolment rates. This has led to persisting 
doubts as to the true effectiveness of SCS with a low level of evidence 
and weak strength of recommendation in the Dutch national anaesthe-
siologist recommendations using the Grading of Recommendations, 
Assessment, Development and Evaluation system (GRADE) classifica-
tion.78 To provide more clarity on this point, a double-blind, cross- 
over, placebo-controlled, single-centre randomized controlled trial, 
the Efficacy of Spinal Cord Stimulation in patients with Refractory 
Angina Pectoris; a randomized controlled trial (SCRAP trial), is being 
undertaken (NCT04915157). The aim of this study is to determine if 
SCS leads to a significant reduction in myocardial ischaemia in patients 
with RAP using the PET perfusion scan whilst applying the high density 
mode of stimulation, instead of conventional stimulation, to ensure the 
patient does not experience paraesthesias. Secondary endpoints in-
clude patient centred outcomes, safety outcomes and a cost- 
effectiveness analysis will also be performed.

Conclusion
In conclusion, based on the currently available research, SCS is a safe and 
effective treatment modality for patients with RAP that has been available 
since the 80 s. The proposed working mechanisms of neuromodulation 
is a combination of (i) direct inhibition of pain through modulation of sig-
nals in both the spinal cord and specific regions of the brain, (ii) decreased 
activity of the overall sympathetic nervous system, and (iii) redistribution 
of the MBF to ischaemic areas. All three mechanisms of action ultimately 
lead to a decrease in myocardial oxygen consumption. Although current 
use of neuromodulation is sparse, it is an effective treatment modality 
when a good selection process, as described in this review, is used. To 
provide more data on the effectiveness of SCS in patients with RAP, 
the SCRAP trial is currently being undertaken.
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