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By Eva Koetsier 

1. Dorsal root ganglion stimulation reduces pain in painful diabetic

polyneuropathy (this thesis, Chapters 2, 3)

2. Conventional dorsal root ganglion stimulation and spinal cord

stimulation are equally effective for pain relief in painful diabetic

polyneuropathy (this thesis, Chapter 4)

3. Dorsal root ganglion stimulation at low frequency is more beneficial for

pain relief in painful diabetic polyneuropathy (this thesis, Chapter 5)

4. Dorsal root ganglion stimulation for pain relief in painful diabetic

polyneuropathy acts via a different mechanism then spinal cord

stimulation (this thesis, Chapter 6)

5. Long-term DRGS-stimulation experiments with use of different

stimulation settings are needed to increase translation of the findings

to the clinic (this thesis)

6. It is a strange fancy to suppose that science can bring reason to an

irrational world, when all it can ever do is give another twist to a

normal madness (2002, John N. Gray)

7. The greatest glory in living lies not in never falling, but in rising every

time we fall (Nelson Mandela, 1918-2013)

8. Magic is believing in yourself, if you can do that, you can make anything

happen (Johann Wolfgang von Goethe, 1749-1832)

9. What the world needs is more women who have quit fearing

themselves and started trusting themselves. What the world needs is

masses of women who are entirely out of control

(2020, Glennon Doyle)
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GGeenneerraall  IInnttrroodduuccttiioonn  

Dorsal root ganglion stimulation (DRGS) is an emerging option for treatment of painful 
polyneuropathy.1,2 In section 1 of this General Introduction pain is defined and a 
description of the different types pain is given. Section 2 goes more into detail about 
neuropathic pain and its two subcategories central and peripheral neuropathic pain (2.2), 
followed by an overview of the structure of the peripheral nervous system (2.3). 
Subsequently, section 3 introduces painful polyneuropathy, and describes the prevalence 
and typical symptoms (3.1) and primary care management (3.2). In section 4, the 
neuromodulatory interventions spinal cord stimulation (SCS) (4.1) and DRGS (4.2) in the 
treatment of painful polyneuropathy are discussed. Additionally, this section give an 
introduction of stimulation parameters, mechanism of action and experimental research 
(4.3), and goes then deeper into optimization of stimulation frequency (4.3.1) and the 
role of gamma-amino-butyric acid (GABA) in the mechanism of action of the analgesic 
effect of SCS and DRGS (4.3.2). There are several advantages and disadvantages of 
neuromodulation in animal studies, which are summarized in section 5. Last, section 6 
concludes, and presents the aim and the research questions of this thesis. 

11.. PPaaiinn  aanndd  SSppeecciiffiicc  TTyyppeess  ooff  PPaaiinn  

Pain is a subjective experience and is modulated by past experiences, setting, affect, 
cognitive influences, gender and cultural expectations.3 The International Association for 
the Study of Pain (IASP) defines pain as an unpleasant sensory and emotional experience 
associated with actual or potential tissue damage, or described in terms of such damage.4 
In clinical practice, two types of pain are described: nociceptive pain and neuropathic 
pain. Nociceptive pain is defined as pain that arises from actual or threatened damage to 
non-neural tissue.4 Nociception is the neural process of encoding noxious stimuli.4 It is 
the process of detection of intense thermal, mechanical, or chemical stimuli by 
specialized nerve fibers, called nociceptors, that are capable of transducing and encoding 
the noxious stimuli.4,5 Nociceptors are activated in the target organs (skin, muscles, joints 
and viscera) and convey the nociceptive information to the central nervous system 
(CNS).3 The cell bodies of nociceptors for the body are located in the dorsal root ganglia 
(DRG), while those for the face in the trigeminal ganglion. Neuropathic pain, on the other 
hand, is defined as pain caused by a lesion or disease of the somatosensory nervous 
system.4 Neuropathic pain will be discussed more in detail in section 2. A third type of 
pain, nociplastic pain, defined as pain that arises from altered nociception despite no 
clear evidence of tissue damage or evidence for lesion or disease of the somatosensory 
system is recently defined by the IASP but still not implemented in clinical practice. 
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22.. NNeeuurrooppaatthhiicc  PPaaiinn  

In the western world, the prevalence of chronic pain varies between 20 and 30% and 
about one fifth of these persons has predominantly neuropathic pain.6–9 Neuropathic 
pain is a condition which is characterized by sensory abnormalities such as abnormal 
unpleasant sensation (dysesthesia), an increased sensitivity to painful stimuli 
(hyperalgesia) and pain in response to normally innocuous stimuli (allodynia).  

The ability to detect noxious stimuli is essential to an organism’s survival and serves, 
initially, as a warning sign to protect the damaged region until it can heal.5 However, in 
chronic neuropathic pain the experience of pain persist after the injury and outlives its 
usefulness as an acute warning system.5 The nervous system is responding then 
inappropriately to the damage through multiple mechanisms involving the nervous 
system and its modulators. This results in an unbalanced somatosensory system that 
misreads sensory inputs and might spontaneously generate painful sensations.5,10,11 

2.1. Central and Peripheral Neuropathic Pain 

Neuropathic pain syndromes can be divided into two general subcategories: those that 
are consequences of a lesion or disease of the central nervous system and those that are 
consequences of a lesion or disease of the peripheral nervous system.10,12 Central 
neuropathic pain (CNP) syndromes encompass all disorders that result from a lesion or 
disease of the nerves within the central nervous system (the brain, the brainstem, or the 
spinal cord). Common causes of CNP are stroke, multiple sclerosis, and spinal cord 
injury.13 Peripheral neuropathic pain (PNP) syndromes include all disorders that result 
from a lesion or disease of the nerves within the peripheral nervous system.14 PNP 
syndromes encompass a broad range of disorders affecting the peripheral nervous 
system, like painful polyneuropathy, radiculopathy, complex regional pain syndrome, 
postherpetic neuralgia, and trigeminal neuralgia.14  

2.2. The Structure of the Peripheral Nervous System 

Peripheral nerves are categorized into motor, sensory, and autonomic nerves. The cell 
bodies (soma) of motor neurons are located in the ventral gray matter of the spinal cord. 
The axons of the motor neurons extend to the neuromuscular junction. Sensory neurons 
are bipolar and have an afferent axon receiving sensory input from the periphery and an 
efferent axon entering the central nervous system via the dorsal root. The cell body of 
the sensory neuron resides in the DRG or one of the sensory ganglia of sensory cranial 
nerves. The DRG is a located bilaterally in the intraforaminal space at each spinal vertebral 
level. It contains the cell bodies of all the primary sensory neurons innervating the 
dermatome governed by its spinal segmental level.15 The autonomic nervous system is 
classified into sympathetic and parasympathetic nerves. The neurons of sympathetic 
nerves are located in the lateral horn of the spinal cord from T1 to L2, whereas the 
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neurons of parasympathetic nerves are located in the brain stem and sacral spinal cord 
(S2, S3, and S4).16  

33.. PPaaiinnffuull  PPoollyynneeuurrooppaatthhyy  

One of the most common types of peripheral neuropathy is polyneuropathy.14,17 In this 
section painful polyneuropathy is described with focus at its prevalence, typical 
symptoms (3.1), and primary care management (3.2). 

3.1. Painful Polyneuropathy: Prevalence and Symptoms  

The overall prevalence of polyneuropathy in the general population worldwide ranges 
from 1 to 3%,14,18,19 and the condition has numerous etiologies of like diabetes mellitus 
(DM), alcohol abuse, treatment with toxic agents like chemotherapeutic drugs, 
nutritional deficiencies, autoimmune-mediated causes and hereditary factors, and in 20-
50% of the cases an underlying cause cannot be identified.18,20 Polyneuropathy is typically 
characterized by sensory symptoms in the distal parts of the limbs, such as sensory loss, 
paresthesia and sharp and shooting pain, with motor disturbances like distal weakness 
under more severe conditions.14,21–23 Symptoms mostly worsen during periods of rest and 
at night. The most common type of polyneuropathy is distal symmetric polyneuropathy, 
a diffuse, length-dependent process.14 The distal portions of the (longest) nerves 
projecting to the lower limbs are most often first affected.14 When the symptoms 
progress and the disease reaches more proximal levels of the nerves innervating the 
lower limbs, also upper limb involvement can follow, with a similar progression proximally 
starting in the hands.14,24 The characteristic distribution and development of pain with 
painful polyneuropathy is often referred to as a “stocking glove pattern”.14 

Disorders of sensory nerve function are diverse and depend on the type of afferent 
nerve fibers that are affected.25 In small fiber neuropathies (SFN), the medium size 
myelinated Aδ fibers and the small unmyelinated C fibers are affected.26 Diabetic 
polyneuropathy (DPN) is an example of a predominant SFN. Large fiber neuropathies 
(LFN), like Friedreich’s ataxia, result from dysfunction of the large Aβ fibers that mediate 
vibratory and touch sensation,23 and are characterized by loss of joint position, loss of 
vibration sense and sensory ataxia.27,28 Painful polyneuropathies affect large- and small-
nerve fibers and are therefore termed mixed fiber neuropathies (MFN).29,30 

Neuropathic pain in polyneuropathy is often under-diagnosed and undertreated. It 
can significantly impair physical and mental quality of life,31,32 and has an important socio-
economic impact.9 Today, DM is the most common cause of polyneuropathy in the world, 
accounting for 30-40% of the cases of polyneuropathy.14,37,41 DM is a worldwide growing 
epidemic, affecting approximately 380 million people worldwide, and expectedly 438 
million by 2030.44 Symptoms of DPN occur in up to 50% of all patients with DM, and up 
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to 1/3 of all diabetic patients acquire painful diabetic polyneuropathy (PDPN).45 In DPN 
the small unmyelinated C fibers and thinly myelinated Aδ fibers are primarily targeted 
early in the disease process,46 whereas large myelinated sensory fibers are only affected 
later in the disease process.42,47 

3.2. Painful polyneuropathy: Primary Care Management 

The management of painful polyneuropathy is related to intervene with the underlying 
cause and etiology.19 Examples of treatment of the underlying cause are improved 
glucose management in case of PDPN and treatment of alcohol dependence in case of 
alcohol induced polyneuropathy. The treatment of the underlying cause of 
polyneuropathy needs to be continuously monitored and managed as further 
progression of the disease and painful neuropathic symptoms occurs and this is often 
irreversible. First-line drugs in the pain treatment of painful polyneuropathy consist of 
antidepressants (i.e. tricyclic antidepressants or selective serotonin-norepinephrine 
reuptake inhibitors), and anticonvulsants (alpha-2- delta agonists).14,42 Furthermore, 
analgesic therapy can be based on the principles of pharmacological pain management 
as in the World Health Organization (WHO) analgesic ladder for cancer pain relief.48 This 
ladder is divided into three steps. Step One: non-opioids (paracetamol and non-steroidal 
anti-inflammatory drugs (NSAIDs)). Step Two: weak opioids (e.g. codeine). Step Three: 
strong opioids (e.g. morphine). ‘Adjuvant’ analgesics, like antidepressants, 
anticonvulsants and topicals like lidocaine and capsaicin can be added at any stage of the 
WHO ladder.48–50 Yet, the degree of effectiveness of pharmacological treatment of painful 
polyneuropathy is often minor and frequently accompanied by unacceptable side 
effects.51,52 Therefore, other (non-pharmacological) treatment options are urgently 
needed. Emerging options for treatment of painful polyneuropathy are neuromodulatory 
interventions like SCS and DRGS.1,2,53–56 At present, the neuromodulatary interventions 
SCS and DRGS are considered as a last resort treatment method for patients that suffer 
from painful polyneuropathy when conventional therapies (e.g., pharmacologic, 
psychologic, physical treatments) have failed.53,55,57,58 

44.. NNeeuurroommoodduullaattoorryy  iinntteerrvveennttiioonnss  

The International Neuromodulation Society defines therapeutic neuromodulation as “the 
alteration of nerve activity through targeted delivery of a stimulus, such as electrical 
stimulation or chemical agents, to specific neurological sites in the body.”59 In the next 
sections, the neuromodulatory interventions SCS and DRGS will be introduced and their 
possible mechanisms of action described. 
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4.1. Spinal Cord Stimulation 

SCS is a form of neuromodulation and was first utilized in 1967 and emerged as an 
application of the Gate Control Theory of Pain of Melzack and Wall.60,61 This theory states 
that electrical stimulation of the large myelinated non-nociceptive Aβ-fibers in the dorsal 
column of the spinal cord activates the inhibitory interneurons to release GABA in the 
dorsal horn of the spinal cord. This leads to an inhibition of the spinal nociceptive signal 
from smaller diameter nociceptive Aδ fibers and C fibers to the brain.60,61 With SCS, 
electrodes are epidurally implanted on top of the dorsal columns (fig. 1A and 1B) and 
connected to a pulse generator for delivery of electrical current to the non-nociceptive 
Aβ fibers.61 SCS with conventional settings (frequency 20-80 Hz; pulse width 0.2-0.5 ms; 
amplitude 3.6 to 8.5 mA)62,63 has been shown to be effective in patients having a variety 
of neuropathic pain conditions, including complex regional pain syndrome (CRPS) and 
failed back surgery syndrome (FBSS).64-65 Other study results have suggested its 
effectiveness for chronic intractable angina pectoris and peripheral vascular diseases.66–

68 Moreover, SCS has also been shown to be effective in PDPN,53,54,69–75 and in intractable 
painful polyneuropathy due to other causes, like HIV infection and chemotherapy.57,58  
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FFiigguurree 11. ((AA)) Anterior-posterior fluoroscopic view of two octapolar leads in the epidural space implanted at the 
Th6-Th10 level of a Failed Back Surgery Syndrome (FBSS) patient with the external pulse generator left-under. 
((BB)) Lateral fluoroscopic view of the two octapolar leads dorsally in the epidural space with the external pulse 
generator right-under.

The precise spinal mechanisms of action of SCS are still unknown and the Gate Control 
Theory is supposed to only partially explain its pain relieving mechanism. SCS is 
additionally known to induce orthrodromic activation of a supraspinal network inhibiting 
the incoming nociceptive signal at spinal levels via descending tracts.61 Furthermore, SCS 
also leads to decreased connectivity between sensory and limbic areas,76 resulting in a 
reduction of the affective component of pain. Moreover, conventional SCS is known to 
cause peripheral vasodilatation relieving ischemic pain and improving peripheral blood 
flow.68,77–79 Considering this and the vascular mechanisms that are involved in PDPN 
pathology, it is likely that the SCS-induced improvement of blood perfusion of tissue leads 
to a better functioning of nervous tissue in PDPN.79,80

The majority of literature examining conventional SCS for painful polyneuropathy 
relates to polyneuropathy caused by DM (PDPN). However, there are limits to the 
effectiveness of conventional SCS for PDPN, as this treatment is known to provide 
approximately 50% pain reduction to only 60% of PDPN patients.53,69–73,75 Forty percent 
of the patients is therefore not responding to this therapy. Furthermore, the analgesic 
effect of SCS treatment is known to decrease over time.81 Lastly, SCS is often unable to 
cover the pain in the so-called “difficult-to-reach areas”, like the lower extremities (feet) 
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and the groin, without generating extensive paresthesias or motor side effects.82,83 It is in 
view of these limitations that new options should be developed and studied. In the last 
few years, several novel stimulation modalities have already been introduced, including 
high-frequency (HF) stimulation,84,85 burst stimulation,86 and also new locations of 
stimulation have been explored like stimulation of the DRG (DRGS).82 In particular the 
new location of stimulation at the DRG is shown to be a promising new option for 
treatment of PDPN. 

4.2. Dorsal Root Ganglion Stimulation 

For DRGS, electrodes are implanted directly at the level of the DRG (Fig. 2).87 The 
neurostimulator system (ProclaimTM DRG Neurostimulator System manufactured by St. 
Jude Medical, now Abbott, Sunnyvale, CA, USA) is comprised of a stimulator device (an 
external trial neurostimulator [TNS] used for the trial period, followed by an implantable 
neurostimulator [INS] if successful), up to four quadripolar percutaneous leads and a 
patient- and clinician-programmer device. The delivery system consists of a flexible lead 
with a hollow inner lumen and a sheath into which the lead is loaded. A curved stylet is 
inserted into the lumen of the lead to provide rigidity and directionality to the lead during 
implantation. Leads are implanted via an epidural needle, according to the technique 
descripted by Liem et al.82,88 Fluoroscopy is used to identify spinal levels for lead 
placement, to guide lead delivery, and to confirm final lead position. While the patient is 
under local anesthesia (and lightly sedated), access to the contralateral epidural space is 
obtained percutaneously using a 14G needle and applying the loss of resistance 
technique. The lead is inserted epidurally through the needle in an anterograde fashion 
and steered into the intraforaminal epidural space above the DRG. Once appropriate lead 
position is determined, the stylet is partially removed and the lead advanced in the 
epidural space to create a loop to limit lead migration (Fig. 2). The sheath, needle, and 
stylet are completely removed and the lead is then anchored to the fascia using tissue 
anchors. The lead is tunneled to the subcutaneous stimulator pocket, typically in the 
upper buttocks (or abdomen), and connected to the stimulator device.  

As described above (section 2.2, The structure of the peripheral nervous system), the 
DRG contains the somata for all sensory neuron subtypes, not only for the non-
nociceptive Aβ cell bodies but also the Aδ and C-type nociception related cell bodies. 
While conventional SCS of the dorsal columns can theoretically only directly modulate Aβ 
fiber signaling, DRGS might therefore also be able to modulate the nociceptive Aδ - and 
C-type fiber signaling.89  

Since a DRG innervates a single dermatome of the body, DRGS with conventional 
settings (frequency 20-70 Hz; pulse width 0.2-0.4 ms; amplitude 800 to 900 µA)82,90 
provides dermatome-specific pain relief. This suggests that DRGS can more precisely 
target a specific pain area and be more effective for patients with pain that is difficult to 
target with conventional SCS (e.g. foot and groin pain).15,82,91,92  
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DRGS has demonstrated pain relief for groin pain, CRPS and chronic, intractable 
neuropathic pain of the limbs and trunk.90–93 Liem et al.82 performed a study investigating 
the safety and performance of DRGS, which showed clinically significant pain relief after 
6 months of treatment in 89% of the patients suffering from foot pain. Amongst the 
subjects with foot pain were patients with CRPS, postsurgical pain, radicular pain and pain 
caused by peripheral nerve damage. Apart from the ability to better reach areas like the 
feet, DRGS offers several other potential benefits over SCS systems like lack of positional 
and movement effects on stimulation and reduced migration rate, because of better lead 
stability within the foramen.22,82,94 Additionally, as the anatomical location of the DRG 
offers a closer proximity to the electrodes compared to the spinal cord and its dorsal 
columns, reduced power is required.22,82 
 

 
FFiigguurree  22. Anterior-posterior fluoroscopic view of two quadripolar leads in the epidural space implanted at the 
bilateral L5 DRG and at the S1 DRG. 

 
As in painful polyneuropathy pain is mostly present and starts in the lower extremities 
and as DRGS might cover these difficult-to-reach-areas better,95 we hypothesized that 
DRGS is more effective when compared to SCS. Early findings from one retrospective case 
series in painful diabetic polyneuropathy patients suggested that DRGS is an effective 
neuromodulation modality to improve painful symptoms.1 Furthermore, the results of 
another small retrospective case series suggest that DRGS may be an effective treatment 
option for painful hereditary and idiopathic axonal polyneuropathy.2 As only 
retrospective studies on the effect of DRGS on PDPN have been published as of yet more 
and prospective clinical evidence is warranted to further confirm the efficacy of this 
treatment. 
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4.3. Stimulation Parameters, Mechanism of Action and Experimental Research 

Experimental research on animals is considered as an important part of translational 
research. Understanding of the working mechanism underlying SCS- and DRGS-induced 
pain relief may enable optimization of treatment and result in better treatment 
outcomes. Most of our knowledge about the mechanisms underlying the pain-relieving 
effect of SCS and, more recently DRGS, is derived from experiments performed in 
rodents.96,97 Initially, experiments were performed on nerve lesioned rats, usually a 
partial lesion of the sciatic nerve or a complete section of its peripheral braches or spinal 
root, leading to an increased sensitivity (“hypersensitivity”) to normally innocuous 
mechanical stimuli.96,98 The rats were then implanted with a miniaturized SCS system and 
it was demonstrated that SCS suppressed or attenuated the hypersensitivity.96,99,100 To 
determine “pain” in animals, the gold standard is the use of von Frey filaments and paw 
withdrawal response. The procedure of the von Frey test is such that a series of filaments 
of different weights are applied in a standardized and protocolized sequence to the 
plantar surface of the hind paw of the animal with a pressure that causes the filament to 
bend.101 Mechanical hypersensitivity in these animals is suggested to mimic allodynia in 
humans, and this behavioral sign is considered to represent “pain”.96 

SCS and its effect on pain relief (paw withdrawal) in diabetic rats with PDPN-
associated-mechanical-hypersensitivity has been described in female Sprague-Dawley 
rats79,102,103 DM was induced in these rats with a single intraperitoneal injection of 65 
mg/kg streptozotocin (STZ). Four days after STZ injection, blood glucose level was 
determined in blood derived from the saphenous vein of the leg. Rats with a glucose level 
of ≥15 mmol/L were considered diabetic,101 and included into the studies.  Animals were 
tested for mechanical hypersensitivity using von Frey paw withdrawal testing.104 

DRGS has also been used and studied in an animal model.97 With use of monopolar 
electrodes which were placed around the L5-DRG in rats with chronic peripheral 
neuropathic pain a significant effect on mechanical hypersensitivity was noted. This study 
made it possible to analyze the mechanism of action underlying DRGS in chronic 
neuropathic pain.97 In the present thesis we further developed the technique of DRGS in 
rats and extended it to a model of PDPN. The mechanism of action of DRGS in pain relief 
of PDPN in relation to use of various stimulation settings like frequency, intensity and 
pulse width of stimulation can now be studied. However, attention should be paid to the 
fact that these variables and stimulation parameters are tightly related and interact to 
modulate pain pathways within the nervous system.62 The combination of the various 
stimulation parameters results in a “total charge delivery” and the manner in which 
stimulation parameters are combined is important for investigating mechanisms of action 
and the subsequent outcomes.62 In the next section, special attention will be paid to the 
analgesic effect of frequency of stimulation.  
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4.3.1. Optimization of Stimulation Frequency 
Optimization of the stimulation frequency might result in additional beneficial effects in 
painful polyneuropathy, and PDPN in particular. It is known that after an action potential, 
the sodium channels of a neuron are temporarily inactivated. The period of this 
inactivation is called the “refractory period” and the duration of this period is inversely 
related to the fiber diameter. Consequently, large diameter fibers are able to follow 
higher stimulation rates, whereas the activation of smaller will be desynchronized.105 
From this can be concluded that for modulation of the smaller nociceptive Aδ fibers and 
C fibers lower frequencies are needed as compared to large Aβ-fibers. As with DRGS not 
only the Aβ fiber signaling can be modulated, but probably also the nociceptive Aδ - and 
C-type fiber signaling,89 lower frequency settings might be more effective for DRGS as 
compared to SCS. Nevertheless, until today it is not known with which frequency the 
smaller diameter fibers can be stimulated and as it is known that extracellular stimulation 
preferentially activates large-diameter myelinated axons over small unmyelinated 
axons,106 the smaller diameter fibers may not be stimulated by DRGS at all.25  

Conventionally, SCS and DRGS frequencies vary between 20 and 80Hz.62,63,82,90,107 
High-frequency SCS varies between 1 and 10 kHz, and has been shown to attenuate 
hyperalgesia in a rat chronic peripherally induced neuropathic model to a greater extent 
than stimulation at 50 Hz.108 The same may hold true for PDPN, but the pathophysiology 
of PDPN also includes the vasculature system and here SCS has been suggested to not 
only modulate the nerve fibers but additionally to induce vasodilation.109 Previous studies 
have shown that SCS at higher frequencies significantly increased cutaneous blood flow 
in comparison to lower frequencies.110,111 On the other hand, the results of the 
experimental study of Pluijms et al.,102 testing the effect of different SCS frequencies on 
pain relief in PDPN-animals, showed that the effect of SCS on mechanical hypersensitivity 
is equal when applied at low- (4.0-10Hz), mid- (35-55Hz) and higher- (150-375Hz) 
frequencies (pulse width 0.2 ms; amplitude at 67% of motor threshold (0.19 ± 0.01 mA)). 
Furthermore, van Beek et al.,103 compared the efficacy of low- (5Hz)-, mid- (50Hz), and 
higher- (500Hz) frequency on mechanical hypersensitivity in chronic experimental PDPN. 
A delayed but not superior effect of the higher frequency on mechanical hypersensitivity 
in the chronic PDPN animals compared to lower frequencies was noted. Van Beek et al. 
recently demonstrated that long-term SCS (of four weeks, 12 hours/day) with a frequency 
of 50 Hz resulted in decreased baseline mechanical hypersensitivity in a rat model of 
PDPN, suggesting an improvement in the baseline condition with long-term SCS 
treatment.79 Concluding, frequency seems to be important in pain relieving effect in 
PDPN, but optimal frequency still needs to be determined. Future experiments should be 
performed with longer-term DRGS-stimulation paradigms which much more closely 
mimics the clinical situation. 

With respect to DRGS and pain relieving effect in PDPN, there is little data about the 
effect of different stimulation frequencies. As one might expect that frequency also with 
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DRGS will be an important stimulation parameter in establishing optimal pain relief, 
further clinical and experimental research is warranted.  

4.3.2. Analgesic Effect of SCS or DRGS: Mechanism of Action and a Role of GABA 
Experimental studies have demonstrated that peripheral nerve injury can induce a 
dysfunction of the (natural) GABA-ergic inhibition and a neuronal hyperexcitability in the 
spinal dorsal horn.112–116 This dysfunction of the GABA-ergic inhibition and the neuronal 
hyperexcitability are supposed to be among the major underlying causes of neuropathic 
pain.112–116 The theory that nerve injury induces a loss in GABA-ergic inhibition in the 
spinal dorsal horn, causing neuropathic pain, is sustained by experimental studies that 
have shown that pharmacological antagonism of GABA-ergic inhibition either via the 
GABAA, but mainly via the GABAB receptor in the spinal cord induced mechanical 
hypersensivity.117–119 The stimulation of the Aβ fibers with SCS seems to interrupt these 
processes as it induces an activation of the GABA-ergic inhibitory interneurons in the 
dorsal horn and subsequently an inactivation of the wide dynamic range (WDR) neurons, 
thereby impairing pain transmission to higher brain centers.60,105,120 Studies in nerve 
lesioned rats demonstrated that SCS indeed increases the spinal dorsal horn GABA 
release.116,121,122 The role of GABA in the analgesic effect of SCS has been confirmed by 
the fact that SCS-induced increases in spinal dorsal horn extracellular GABA levels were 
only observed in rats receiving adequate pain relief from SCS (“responders-to-
SCS”).116,121,122 Additionally, the results of an experimental study of Janssen et al. 123 
demonstrated that responders-to-SCS showed decreased levels of intracellular GABA-
immunoreactivity in the spinal dorsal horn in comparison to non-responders-to-SCS and 
sham-SCS animals. Therefore, a relation between the release of intracellular accumulated 
GABA in the spinal cord dorsal horn and the analgesic effect of SCS was 
hypothesized.114,123–125 Animal experiments furthermore demonstrated that intrathecal 
administration of a GABAB receptor agonist (baclofen) enhances the analgesic effect of 
SCS, and even converts SCS non-responding animals into good responders.126 These 
experimental findings were also translated to the clinic.127–129 In a study of Lind et al.127 
with patients suffering from neuropathic pain of peripheral origin responding poorly to 
SCS, 7 out of 48 patients experienced a significant increase of the effect of SCS when 
baclofen was administered intrathecally. These patients were implanted with pumps for 
intrathecal baclofen delivery together with SCS and the enhanced analgesic effect 
persisted on the long-term.128 

The mechanisms underlying DRGS and its ensuing pain relief are as yet unknown, and 
it is likely that it shares some spinal and supraspinal mechanisms with SCS, dealing with 
the Aβ fibers activation with both types of stimulation. Therefore, it is likely that the 
analgesic effect of DRGS is linked to activation of GABA release in the dorsal horn, likewise 
SCS. However, it is on the other hand recently postulated that the modulation of a GABA-
mediated Gate Control mechanism with DRGS actually takes place in a primary Gate for 
nociceptive control, namely at the DRG itself, instead of at the secondary level of the 
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dorsal horn. This hypothesis is supported by an experimental study of Du at al.,130 which 
showed that key components of the GABA-ergic transmission are expressed in the DRG. 
Their study demonstrated that depolarizing stimuli induce GABA release in the DRG and 
at the same time a reduction of the neuronal excitability in the DRG in response to GABA 
was observed.130 Furthermore, focal infusion of GABA, GABAA agonists, and GABA 
reuptake inhibitors to the DRG resulted in alleviating neuropathic pain. The delivery of 
GABAA receptor antagonists to the DRG on the other hand exacerbated peripherally 
induced nociception.130 These results taken altogether indicate that there is a 
endogenous GABA-ergic control in the DRG,131,132 and analgesic effects of focally applied 
GABA mimetics suggest that DRGS acts via the modulation of a GABA mediated Gate 
Control at the level of the DRG itself. This does not exclude, however, that DRGS, like SCS, 
induces also an increased GABA release at the level of the dorsal horn. In view of these 
findings it is important to study the effect of DRGS in relation to its effect on GABA-release 
both at the spinal dorsal horn and at the DRG as this may shed light on the underlying 
mechanism of this type of stimulation as compared to SCS. 

55.. AAddvvaannttaaggeess  aanndd  DDiissaaddvvaannttaaggeess  ooff  NNeeuurroommoodduullaattiioonn  iinn  AAnniimmaall  
SSttuuddiieess  

There are several discrepancies between animal and human studies as with SCS and/or 
DRGS. Examples of these discrepancies are the way of assessing pain (von Frey in animals 
(a reflex based outcome) measure vs. questionnaires in humans, which also take into 
account affective components of pain), the size of anatomical structures such as the DRG, 
and the time frame of the PDPN animal model and the stimulation paradigm used (short-
term stimulation in our PDPN animal model, long-term stimulation in PDPN patients). 
Nevertheless, there are several distinct advantages of neuromodulation animal studies. 
Animal studies can be conducted in a highly standardized manner (DRGS paradigm, 
housing, routine, age, sex, duration of pain), while clinical studies have to deal with a large 
amount intra- and inter-subject variability. For example, patients are often allowed to 
make changes within their stimulation paradigm (like changes in amplitude) throughout 
the day, within a limited range.75,88,92 In animal studies, the experimental design can be 
designed in such a way that for example only the applied DRGS frequency differs between 
the different animal groups. Highly standardized research is pivotal for acquiring 
objective results. 
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66.. CCoonncclluussiioonn,,  AAiimm  ooff  TThheessiiss  aanndd  RReesseeaarrcchh  QQuueessttiioonnss  

Based on the first clinical data, DRGS is considered an interesting option for treatment of 
painful polyneuropathy and further studies are needed to establish the effect of DRGS in 
PDPN. To improve the effectiveness of DRGS in treatment of PDPN, a mechanism based 
approach is needed and therefore experimental studies are required. The development 
of an animal model for DRGS in PDPN is a first next step. Then insights into effects of 
various stimulation parameters either combined with cellular-molecular studies on the 
mechanism underlying DRGS will add to our understanding and result in development of 
optimizing the analgesic effect of DRGS.  
 
The main objectives of the research as presented in this thesis are: 

Clinical research 
- assess effectiveness of DRGS in patients with painful polyneuropathy 

 
Experimental research 

- develop an experimental model for DRGS in PDPN and test pain relieving effect 
of DRGS as compared to SCS 

- study the effect of DRGS frequency and pain relieving effect in an animal model 
of PDPN 

- study the mechanism of DRGS in pain relief in PDPN animals focused at role of 
GABA in the spinal dorsal horn 

6.1. Aim of the Thesis 

The aim of this thesis is to establish and improve the effectiveness of DRGS and pain relief 
in painful polyneuropathy. This is not based on clinical studies only, but also based on 
development of an animal model of DRGS in PDPN and understanding the underlying 
mechanism. With use of an animal model we aim to increase effectiveness of this therapy 
per se, and as compared to SCS, and to further understand the underlying mechanism of 
DRGS in pain relief. 
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6.2. Research Questions 

In view of this aim, the following research questions (RQs) were formulated:  
 
RQ1: Does DRGS result in pain relief in patients with painful polyneuropathy? 
 
RQ2A: Is it possible to develop an animal model for DRGS in PDPN? 
 
RQ2B: Is DRGS more effective in pain relief as compared to SCS in this animal model? 
 
RQ3: Is DRGS frequency an important parameter in pain relief in an animal model of 
PDPN? 
 
RQ4: Is spinal GABA release involved in the mechanism underlying DRGS and pain 
relief in an animal model of PDPN? 

OOuuttlliinnee  ooff  tthhee  TThheessiiss  

The research presented in this thesis was part of a collaboration between the following 
centers: 

• The Pain Management Center, Neurocenter of Southern Switzerland, Regional 
Hospital of Lugano, Switzerland 

• The Department of Anesthesiology and Pain Management, MUMC +, 
Maastricht, The Netherlands 

• The Department of Anesthesiology and Pain Management, VU University 
Medical Center, Amsterdam, The Netherlands 

 
RQ 1 is addressed in CChhaapptteerrss  22  and  33.. In comparison to SCS, DRGS is known to better 
cover difficult-to-reach areas like the foot.82,91,92 In CChhaapptteerr  22 we describe a first case of 
intractable painful SFN of the foot, successfully treated with DRGS of the left L5 DRG. 
Results from this case report demonstrate that the DRG is a promising neural stimulation 
target to treat neuropathic pain due to intractable SFN. Furthermore, the results of two 
recently published retrospective case series suggest that DRGS is an effective treatment 
option for painful diabetic, hereditary and idiopathic polyneuropathy.1,2 Nevertheless, 
prospective studies are warranted to confirm the efficacy of this treatment as a 
treatment option for painful polyneuropathy. Therefore, the aim of the study presented 
in CChhaapptteerr  33 was to obtain preliminary prospective information on the ability of DRGS to 
reduce pain intensity in patients with intractable painful polyneuropathy. Secondary 
objectives in this study were to assess impact of DRGS on the patients’ global impression 
of change, physical functioning, quality of life and mood. 
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RQ 2A and 2B are addressed in CChhaapptteerr  44. To obtain further insight into the efficacy 
underlying the pain relieving effect of DRGS in polyneuropathy, in particular in PDPN, we 
implemented DRGS in an already operational and meticulously tested PDPN animal 
model.102 The development of the animal model for DRGS in PDPN allowed to compare 
the pain relieving effect of DRGS to SCS in PDPN associated mechanical hypersensitivity 
in STZ-induced diabetic rats (CChhaapptteerr  44). 
 
RQ 3 is addressed in CChhaapptteerr  55. The study presented in this chapter was aimed to compare 
the pain relieving effect of DRGS at various frequencies: 1 Hz (defined as “low-frequency”, 
LF), at 20 Hz (defined as “mid-frequency”, MF), at 1000Hz (defined as “high-frequency”, 
HF) and sham-DRGS in an animal model of PDPN. 
 
RQ 4 is addressed in CChhaapptteerr  66. The mechanisms underlying DRGS and its ensuing pain 
relief are as yet unknown, and it is likely that it shares some spinal and supraspinal 
mechanisms with SCS, dependent on Aβ fibers activated by both types of stimulation. The 
study presented in CChhaapptteerr  66 was aimed to investigate the hypothesis that DRGS, like SCS, 
induces GABA release from spinal dorsal horn cells.  
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AAbbssttrraacctt  

Small fiber neuropathy is a disorder of the peripheral nerves which typical symptoms are 
burning, sharp and shooting pain and sensory disturbances in the feet. Pain treatment 
depends principally on the underlying etiology with concurrent administration of 
antidepressants, anticonvulsants, opioids, and topical treatments like capsaicin and local 
anesthetics. However, treatments for pain relief in these patients frequently fail. We 
describe the first case of intractable painful small fiber neuropathy of the foot, 
successfully treated with spinal cord stimulation of the left L5 dorsal root ganglion. 

A 74-year-old man presented at our clinic with severe intractable pain, dysesthesia and 
allodynia of the left foot caused by idiopathic small fiber neuropathy, confirmed by skin 
biopsy. His pain score was 8 on a standard 0-10 numeric rating scale. As the pain was not 
satisfactory controlled by conventional therapy, dorsal root ganglion stimulation was 
proposed to the patient and, after informed consent, a specifically designed 
percutaneous stimulation lead was placed over the left L5 dorsal root ganglion and 
connected to an external neurostimulator. After a positive trial of 10 days, a permanent 
neurostimulator was implanted. Twenty months post-implantation the patient continued 
to experience that the stimulation-induced paresthesia covered the entire pain area and 
reported a pain rating of 4. 

Results from this case report demonstrate that the dorsal root ganglion is a promising 
neural stimulation target to treat neuropathic pain due to intractable small fiber 
neuropathy. Prospective controlled studies are warranted to confirm the efficacy of this 
treatment as a treatment option for the aforementioned condition. 
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IInnttrroodduuccttiioonn  

Small fiber neuropathy (SFN) is a disorder of the peripheral nerves that affects thinly 
myelinated Aδ and unmyelinated, nociceptive C nerve fibers. Typical symptoms affect the 
lower limbs in a distal-to-proximal gradient and are burning, sharp and shooting pain in 
the feet, sensory disturbances, and in some cases autonomic dysfunction. Symptoms 
mostly worsen during periods of rest and at night.1 SFN might be acquired secondary to 
a variety of diseases including diabetes mellitus, HIV infection, or chemotherapy. 
However, in up to 50% of cases of painful SFN, an underlying cause cannot be identified.2 
The diagnosis of SFN is often challenging because the small fibers are undetectable to 
routine neurophysiological nerve conduction studies. Tests such as quantitative sensory 
testing (QST) and laser Doppler flowmetry may help to confirm the diagnosis. Biopsy at 
the ankle showing reduced intraepidermal nerve fiber (IENF) density is however the most 
reliable technique to diagnose SFN to date.3 Pain treatment depends principally on the 
underlying etiology with concurrent administration of antidepressants, anticonvulsants, 
opioids, and topical treatments like capsaicin and local anesthetics. However, treatments 
for pain relief in these patients frequently fail.1 

Spinal cord stimulation (SCS) is used to treat chronic, intractable neuropathic pain 
when conventional therapies have failed and has been shown to be effective in patients 
having a variety of neuropathic pain conditions, including complex regional pain 
syndrome (CRPS), failed back surgery syndrome (FBSS), and diabetic polyneuropathy.4-6 
Dorsal root ganglion stimulation (DRGS) is a relatively new mode of SCS with selective 
stimulation in specific dermatomes and has demonstrated neuropathic pain relief for 
groin pain, CRPS and pain of the limbs and trunk.7-10 DRGS may offer several potential 
benefits over conventional SCS, including lack of postural effects, lower therapeutic 
power demands, and selective stimulation in the dermatomes and therefore the ability 
to reach areas like the feet that are typically difficult to reach using conventional SCS.7 In 
this report we describe a first case of successful treatment of intractable painful SFN with 
left L5 DRGS. The patient gave permission to publish this case report. 
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CCaassee  rreeppoorrtt  

A 74-old male (retired pilot) presented at our clinic with burning and shooting pain in his 
feet that had progressively worsened in the past 6 years. The pain was predominantly 
localized on the dorsal side of his left foot and he experienced allodynia, hypoesthesia, 
and dysesthesia in the same region. The pain increased especially at rest and at night, 
which led to sleep disturbances. The patient reported a pain score of 8 out of 10 at rest 
and a pain score of 2-3 during the day on a standard numeric rating scale (NRS, 0 =no 
pain; 10 = extremely painful). 

The neurological examination was normal. His medical history was significant for 
hyperlipidemia, left common carotid artery stenosis, coronary artery disease and a 
depressive disorder. His medications included oral daily doses of aspirin 100 mg and 
atorvastatin 20 mg. Atorvastatin, because of its known potential side effects of myositis 
and myalgia, was stopped for two weeks but the symptoms did not improve. In 2010, 
lumbar MRI demonstrated a mild spinal stenosis without radicular compression. 
Electromyographic assessment performed in 2010 and 2011 showed no signs of sensitive 
or motoric polyneuropathy of the large fibers. In 2011, the patient scored 7 out of 21 on 
the Hospital Anxiety and Depression Scale (HADS), which is considered normal.11 QST 
performed in 2011 according to the protocol of the German Research Network on 
Neuropathic Pain,12 revealed dysesthesia, thermal hypoesthesia and hypoalgesia to 
pinprick on the left foot and an increased vibration detection threshold. Laser Doppler 
flowmetry did not show any flare response as expression of disturbed C-fiber function 
and blood tests revealed normal full blood count, renal and thyroid function, glucose 
levels, ferritin, folic acid and vitamin B12. Other serologies, including antineutrophil 
cytoplasmic antibody, antinuclear antibody, hepatitis C, human immunodeficiency virus 
(HIV), and paraneoplastic antibodies were negative. Finally, vascular disturbances of the 
leg were excluded and in March 2014 a biopsy of the skin confirmed the diagnosis of SFN 
via pathological reduction of intraepidermal unmyelinated nerve fibers. There was no 
history of SFN in his family. 

Over the course of six years the pain of his previously-undiagnosed SFN was neither 
satisfactorily controlled by optimized doses of multiple medications including gabapentin, 
pregabalin, duloxetine, amitriptyline, mirtazapine, lidocaine patches, topical capsaicin 
8%, and cannabis, nor by treatment with a transcutaneous electrical nerve stimulation 
(TENS), physical therapy, acupuncture, and a corticosteroid infiltration at the level of the 
1st ray of the left foot. Only ice packs and pressure applied on his left foot provided some 
relief at night. 

As the pain was not satisfactory controlled by conventional therapy, neuromodulation 
was considered. DRGS was chosen because of its known selective stimulation in the 
dermatomes and therefore the ability to reach areas like the feet that are typically 
difficult to reach using conventional SCS. Informed consent was obtained. The left L5 
dorsal root ganglion (DRG) was chosen as the pain was predominantly felt in the dorsal 
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side of the patient’s left foot. On April 7, 2014 a quadripolar DRG stimulation lead 
(Axium™ Neurostimulator System, Spinal Modulation, Inc., Menlo Park, CA, U.S.A.) was 
placed percutaneously according the procedure described by Liem et al.7 Access to the 
contralateral epidural space was achieved using a 14-gauge, 10-cm Tuohy needle 
applying a loss of resistance technique. The lead was advanced under fluoroscopic 
guidance in an anterograde fashion and steered into the medial aspect of the left L5/S1 
intervertebral foramen over the left L5 DRG (Fig 1). 

FFiigguurree 11. Lead placement at the left L5 DRG

The lead was connected to an external trial neurostimulator, stimulation was initiated,
and stimulation-induced paresthesia covered the entire pain area on the dorsal site of 
the left foot. During 10 days of trial period, the patient reported a pain score of 3 out of 
10 on the NRS at rest (an improvement of 62.5%). Having completed a successful trial, 
the implantable neurostimulator was placed in the patient’s abdominal wall (pulse width: 
670 µs; frequency: 40 Hz; amplitude: 1.88 mA). Two months post-implantation, the 
patient still experienced complete pain coverage, graded his pain as 2 out of 10 on the 
NRS during stimulation (an improvement of 75% from baseline), and improved on all 
domains of the McGill Pain Questionnaire (MPQ). Also the degree of disability, as 
measured by the Oswestry Disability Index (ODI), reduced substantially (Table 1). In 
addition, the patient reported that his sleep quality had improved and that he did no 
longer need to apply ice packs on his left foot to alleviate the pain before going to bed. 
To describe his feelings, the patient stated “now it’s paradise”. The device was used 24 
hours a day. The patient reported resumption of pain within minutes when the 
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neurostimulator was switched off. At the sixth month follow-up the patient still reported 
a pain rating of NRS 2 and at the twelfth and the twentieth month follow-up he reported 
a pain rating of 4. The augmentation in NRS of two points could possibly be explained by 
progression of the SFN. However, the patient was completely satisfied with the pain relief 
from stimulation, did not need additional pain treatment and reported his Global 
Impression of Change (GIC) on all the above mentioned time points as “much improved”. 
The improvement on the MPQ and the degree of disability measured by the ODI, 
remained stable.  

TTaabbllee  11.. Pain and function are improved with DRGS. 

 Baseline 2 Month Follow-
up 

6 Month 
Follow-up 

1 year 
Follow-up 

20 Month 
Follow up 

Numeric Rating Scale (NRS) 8 2 2 4 4 

McGill Pain 
Questionnaire 
(MPQ) Scores 

 
Total Pain 
Continuous 
Intermittent 
Neuropathic 
Affective 

 
2.55 
2.83 
1.33 
3.67 
2.25 

 
1.45 
1.67 
0.83 
2.00 
1.25 

  
1.05 
0.83 
0 
2.5 
2 

 
1.09 
0.83 
0.67 
1.83 
1.5 

Oswestry Disability Index (ODI)  
32%  
(Moderate 
Disability) 

 
8% 
(Minimum 
Disability) 

  
12% 

 
6% 

DDiissccuussssiioonn  

This is the first description of a successful case of intractable painful SFN treated with 
DRGS. The DRG is located between the dorsal root and the spinal nerve within the neural 
foramen and is composed of cell bodies of primary sensory neurons. It transduces pain 
to the central nervous system and pathological changes in the DRG are described during 
chronic neuropathic pain states.13 Furthermore, it has recently been reported that 
mutations in sodium channels expressed in DRG neurons can induce hyperexcitability 
that contribute to the pathophysiology of painful small-fiber neuropathy.14  DRGS reduces 
excitability of sensory neuronal somata in the DRG in vitro, which suggests that it provides 
an analgesic effect by reducing somatic excitability.15  This may underlie the beneficial 
analgesic effects that have been observed in our patient. 

Although a case report is a report related to the care of an individual patient, it could 
be a source of new ideas in medicine,  guide the treatments in clinical practice, and 
generate hypotheses for future clinical studies. To date, our patient remains satisfied with 
the DRGS and has not experienced any disturbances or complications related to the 
neurostimulator. We realize that this is a single case, but we consider the present results 
to be encouraging and the DRG to be a potential new neural stimulation target for 
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reducing chronic intractable neuropathic pain due to SFN of the lower limbs. Keeping in 
mind appropriate patient selection and indication assessment, DRGS can be part of an 
overall treatment plan to manage difficult to treat neuropathic pain syndromes when 
conventional therapies have failed. Furthermore, we would like to remind the readers 
that SFN mostly affects the feet bilaterally,1 and although it is feasible to apply DRGS 
bilaterally as the neurostimulator can support up to four leads, the case made in this 
report applies to predominantly unilateral pain related to SFN. Prospective controlled 
studies (for both unilateral and bilateral SFN related pain) are needed to evaluate the 
efficacy of DRGS as a treatment option in SFN. 
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AAbbssttrraacctt  

OObbjjeeccttiivveess:: Dorsal root ganglion stimulation (DRGS) is a promising neurostimulation 
modality in the treatment of intractable painful polyneuropathy. The aim of this 
prospective pilot study was to investigate the effect of DRGS on pain intensity in patients 
with painful intractable polyneuropathy.  

MMeetthhooddss:: Nine patients with chronic, intractable painful polyneuropathy in the lower 
limbs were recruited. In each subject, between two and four quadripolar percutaneous 
DRGS leads were placed in the lateral epidural space at the level of the L5 and S1 dorsal 
root ganglion. If trial stimulation was successful, defined as a reduction of ≥50% in 
daytime and/or night-time pain intensity, a definitive implantable pulse generator (IPG) 
was implanted. Pain intensity was scored using an 11-point numeric rating scale. 
Additionally, patients’ global impression of change (PGIC), pain extent, presence of 
neuropathic pain, physical functioning, health related quality of life, and mood were 
assessed. 

RReessuullttss::  Eight out of 9 patients had a successful trial phase, of which 7 received an IPG. 
Six out of the 7 implanted patients showed stable treatment success and an improvement 
on the PGIC during the follow up period of 6 months. Pain extent and impact of pain on 
functioning improved significantly during follow up period. 

DDiissccuussssiioonn::  The results of this study suggest that DRGS reduces significantly both pain 
intensity and PGIC in patients with refractory painful polyneuropathy in the lower 
extremities. Large-scale clinical trials are needed to prove the efficacy of DRGS in 
intractable pain associated with polyneuropathy. 
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IInnttrroodduuccttiioonn  

The worldwide prevalence of polyneuropathy in the general population ranges from 1 to 
3 % and rises to 7 % in the elderly.1 In the western world, diabetes mellitus (DM) is the 
cause of polyneuropathy in around 30-40% of cases.2–5 Polyneuropathy can also be 
acquired secondary to a variety of other conditions including alcohol abuse, vitamin B12 
deficiency, human immunodeficiency virus (HIV) infection, chronic inflammatory 
demyelinating polyneuropathy (CIDP), and after chemotherapy.2,6,7 Furthermore, in up to 
50% of patients with polyneuropathy an underlying cause cannot be identified.8 One of 
the most limiting symptoms of polyneuropathy is neuropathic pain, which is present in 
up to 1/3 of the patients.2,9,10 Although pain in polyneuropathy is known to significantly 
impair health-related quality of life (HRQoL) and a high socio-economic impact,11 it is 
often underdiagnosed and undertreated.2 

The efficacy of pharmacological treatment including antidepressants (i.e., tricyclic 
antidepressants or selective serotonin-norepinephrine reuptake inhibitors), and 
anticonvulsants (alpha-2- delta agonists) is limited, and treatment compliance is often 
hindered by unacceptable side effects.12,13 Therefore, other (non-pharmacological) 
treatment options are needed. Spinal cord stimulation (SCS)14–19 and dorsal root ganglion 
stimulation (DRGS)18–21 are emerging neurostimulation last resort treatment options for 
painful polyneuropathy, when conventional therapies have failed. SCS has been shown 
to be effective for pain treatment in complex regional pain syndrome (CRPS), failed back 
surgery syndrome (FBSS), chronic intractable angina pectoris and peripheral vascular 
diseases.22–26 Moreover, SCS has also been demonstrated to be effective in painful 
diabetic polyneuropathy (PDPN)14,18,27–34 and case reports suggest that this treatment is 
also effective in intractable painful polyneuropathy due to other causes, like HIV infection 
and chemotherapy.20,21 Nevertheless, conventional SCS often provides incomplete pain 
relief in PDPN patients, and in around 40% of these patients SCS does not lead to a 
clinically relevant pain relief.14,18,19 With SCS, focal areas of pain such as the feet, which 
are often first affected in these patients, are difficult to target.35,36 In comparison to SCS, 
DRGS is known to better cover the “difficult-to-reach areas” like the feet and the 
groin.37,38 Indeed, early findings from one retrospective case series suggest that DRGS is 
an effective neurostimulation modality to improve painful symptoms in PDPN patients,16 
and the results of another small retrospective case series suggest that DRGS may be an 
effective treatment option for painful hereditary and idiopathic axonal polyneuropathy.17 

The aim of this prospective pilot study was to investigate the effect of DRGS on pain 
intensity in patients with painful intractable polyneuropathy. Secondary objectives were 
to assess the impact of DRGS on the patients’ global impression of change (PGIC), the 
reduction of the pain extent, the presence of neuropathic pain, physical functioning, 
health related quality of life (HRQoL), and mood. 
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MMaatteerriiaallss  aanndd  mmeetthhooddss  

The ethics committee of the Canton Ticino, Switzerland approved this single-centre 
prospective pilot study. All subjects provided written informed consent prior to 
participation in the study. The study was registered at the Swiss Trial Register 
((SSNNCCTTPP000000000011337766)) and at ClinicalTrials.gov (NCT02435004) and was performed at the 
Pain Management Center of the Neurocenter of Southern Switzerland. 

Participants 

Eligible subjects were at least 18 years or older and diagnosed with chronic, intractable 
painful polyneuropathy in the lower limbs, based on typical clinical signs and (stable) 
symptoms such as pinprick and thermal sensory loss, allodynia and hyperalgesia.10 All 
subjects were evaluated independently by the neurologist and were diagnosed with 
chronic large fibre polyneuropathy (LFN) (axonal, demyelinated, or mixed) through 
electroneuromyography (ENMG) and/or with small fibre neuropathy (SFN) confirmed by 
skin biopsy at the ankle showing a reduced intraepidermal nerve fibre (IENF) density.39,40 
Furthermore, eligible patients had neuropathic pain for at least 3 months with an average 
daily and/or nighty pain intensity of ≥ 5 on an 11-point Numeric Rating Scale (NRS) 
(ranging from 0 to 10, assessed by a pain diary of five days, three times daily and 1 time 
for the night) and had to present an incomplete analgesic effect and/or intolerable side 
effects with prior pharmacologic therapy, including at least antidepressants, 
anticonvulsants, or a combination of these. If painful polyneuropathy was also present in 
the upper limbs, patients were only eligible if the pain was at least predominantly present 
in the lower limbs. Patients were excluded if they suffered from pain in the limbs as a 
result of other origin than polyneuropathy (e.g. pain due to atherosclerotic lesions), if 
they were addicted to drugs or alcohol, and if they were known or suspected to be non-
compliant, or incapable of cooperation (e.g. due to language problems, psychological 
disorders, dementia). Other exclusion criteria were coagulation disorders, known 
immune deficiency, infection at the site of skin incision, life expectancy of less than two 
years, pregnancy, and severe foraminal stenosis at the expected target level for DRGS 
lead implantation. All included subjects underwent screening for common etiologies of 
polyneuropathy, including levels of vitamin B1, B6, B12, folate, hemoglobin A1c, serum 
protein electrophoresis and immuno-fixation, thyroid-stimulating hormone (TSH), auto-
antibodies (antinuclear antibodies (ANA), extractable nuclear antigens (ENA) screen), 
HIV, hepatitis C virus (HCV) and Borrelia. 
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DRGS Implantation and Trial 

DRGS was delivered by the ProclaimTM DRG Neurostimulator System (manufactured by 
St. Jude Medical, now Abbott, Sunnyvale, CA, USA). The participants were prepared for 
DRGS lead implantation according to our standard pain clinic’s practice, including 
antibiotic prophylaxis, prone position and monitored anesthesia care. In each subject, 
between two and four quadripolar percutaneous DRGS leads were placed in the lateral 
epidural space at the level of the L5 and S1 dorsal root ganglion (DRG), depending on the 
dermatomal area of pain (Fig. 1A-1B).37,41,42 For the L5 level the translaminar approach 
was used, while for the S1 level the needle was guided into the S1 foramen using the 
transforaminal approach, according to the technique descripted by Velsen et al.42 
Intraoperative testing to determine the paresthesia coverage of the painful area was 
confirmed before lead fixation. 
 

  
FFiigguurree  11..  AA))  Anterior posterior fluoroscopic view of final position of bilateral DRGS leads on the L5 and S1 level. 
BB)) Lateral fluoroscopic view of final position of bilateral DRGS leads on the S1 level. DRGS, dorsal root ganglion 
stimulation. 

 
For the trial phase of DRGS, the leads were connected via extension leads to an external 
pulse generator (EPG). The trial was defined to be successful if there was a reduction of 
≥50% in daytime and/or night-time pain intensity during the trial period and if the patient 
was expressing a desire to be implanted with an implantable pulse generator (IPG). The 
average trial stimulation phase was 8 (SD=2) days. In subjects with a successful trial, the 
extension leads were removed and the DRGS leads were connected to an IPG. The IPG 
was implanted subcutaneously in the upper buttock. Post implantation wound care and 
device programming proceeded according to standard practice. Device programming 
settings were adjusted for paresthesia to overlap maximally the painful areas. After 
programming, amplitude was reduced to remain subthreshold but therapeutic.  
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Primary outcome measure 

The primary outcome measure was pain intensity, which was evaluated using an 11-point 
NRS-based pain dairy as described above.43 The averages were calculated from the daily 
pain scores (3 times daily for 5 days) and nocturnal pain scores (once daily for 5 days). In 
addition, peak pain was calculated from the diaries. Clinical follow-ups of the primary 
outcome occurred at 1, 3, and 6 months post-implant. If trial stimulation had been 
unsuccessful, follow-up occurred only at 6 months. 

Secondary outcome measures 

Secondary outcomes were measured at 3 and 6 months. The PGIC of painful symptoms 
compared with baseline was assessed using the 7-point PGIC Likert scale.43 Additionally, 
pain extent was evaluated at baseline and follow up (3 and 6 months). Each patient 
completed a pain drawing using a sketching application installed on digital tablet (iPad 
Pro 12.9, Apple Computer, Cupertino, CA, USA). Patients were instructed to shade their 
current pain on two body charts (frontal and dorsal view of the body) using a stylus pen. 
Pain extent was estimated using a customized software previously validated,44,45 and was 
reported as the sum of all pixels coloured inside the two body charts and expressed as a 
percentage of the body charts area (dorsal body chart area, 145837 pixels; frontal body 
chart area, 14856 pixels). The pain frequency map is an illustration in which all the pain 
drawings are overlapped to highlight the most frequently reported locations of pain 
across the enrolled patients. Pain frequency maps and pain location analysis were 
computed as earlier described.46–49 Pain location analysis was obtained by dividing the 
body charts into 45 anatomical regions.50 The presence of pain in a body region was 
confirmed when the pain drawing involved at least 10% of the body region area or where 
the number of pixels was greater than 60. Moreover, histograms were used to quantify 
the number of patients that reported pain in a specific anatomical location. 

Neuropathic pain assessment was performed with the Douleur Neuropathique 4 
(DN4) questionnaire, which is considered a reliable tool with a high sensitivity and 
specificity, and positive predictive value.51 The DN4 consists of 7 items based on verbal 
pain description and 3 items related to clinical examination to be scored as 0 for “no” and 
1 for “yes”. A DN4 score of ≥4 is considered as evidence of neuropathic pain.51 

The interference of pain with functioning (general activity, mood, walking, work, 
relationships, sleep, and enjoyment of life) was measured with the Brief Pain Inventory 
(Short Form, BPISF).52 Zero is no interference and 10 is complete interference. Moreover, 
HRQoL was assessed using the EuroQol 5-dimention 5-level (EQ-5D-5L) health status 
measure.53 Mood was assessed with the Hospital Anxiety and Depression Scale (HADS), a 
self-report scale, originally developed to measure depression and anxiety among hospital 
outpatients clinics.54 
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The use of various types of analgesic medication was recorded at baseline and at 
follow up visits. Safety outcomes (frequency of adverse events [AEs] and severe adverse 
events [SAEs]) were recorded throughout the study. 

Statistical analysis 

Baseline characteristics of all included patients were summarized using mean and 
standard deviation and count and percentage. Pain intensity during the day and night and 
peak pain post-implantation were reported as mean and standard deviation, and as 
median and interquartile range (IQR), and compared to baseline values using the 
Wilcoxon signed-rank test, a non-parametric variant of the paired-samples t-test. 

Scores reported on the PGIC were summarized as count and percentage. Pain extent 
was described as median and interquartile range. BPI pain interference, EQ-5D-5L health 
status, and depression and anxiety scores were compared with baseline values using the 
Wilcoxon signed-rank test. Stimulation parameters were described as mean, standard 
deviation and range, or as count and percentage. Analgesic use was stratified to type and 
reported as count and percentage. All analyses were performed using R version 3.5.1. 

RReessuullttss  

Between September 2016 and January 2019, we screened 31 patients with painful 
polyneuropathy and 9 patients were included. Twenty-two patients were not eligible for 
inclusion: 5 patients had a pain intensity of < 5 on the NRS; 3 patients suffered from pain 
in the limbs as a result of other origin, 12 patients declined to be implanted with a DRGS 
system, and one patient had a good analgesic effect of pharmacologic therapy 
(duloxetine in combination with tramadol). Baseline characteristics of all patients who 
were included are shown in Table 1. In Fig. 2 the pain distribution at baseline of the 
enrolled patients is shown. 
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FFiigguurree 22. Pain distribution in the enrolled patients at the baseline. AA)) Pain frequency maps obtained by 
overlapping the pain drawings of all the patients enrolled in the study (n=9). The colour scale indicates both the 
number patients that reported pain in the specific area and the extent of that area expressed in percentage of 
the total area of the body chart. Dark red represents the most frequently reported area of pain. BB)) Pain location 
analysis showing the number of patients reporting pain in a specific body region. 
N. subj, number of subjects; PE, pain extent.

The median duration of painful polyneuropathy was 7 years. All patients that were 
included in this study were diagnosed with SFN. Five of these patients were also 
diagnosed with large fibre axonal polyneuropathy and 2 other patients with large fibre 
mixed polyneuropathy (Table 1). Eight out of 9 patients (88.9%) had a successful trial 
phase, of which 7 received an IPG. In one of the patients with a successful trial phase, the 
DRGS leads were removed after the trial phase due to infection. The patient with the 
negative trial reported less than 50% pain relief during daytime and night-time and 
complained of symptoms of neurological deficit (see below). Table 1 reports the number 
and placement of leads in the subjects. Four subjects received bilateral implantation 
involving both L5 and S1 ganglion and five patients received bilateral implantation 
involving only the L5 ganglion.
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TTaabbllee  11..  Characteristics of all included patients 
 

All patients 
(N = 9) 

Age 63.2 (8.7) 
Gender 

 

Male 6 (66.7%) 
Female 3 (33.3%) 

BMI (kg/m2) 29.1 (4.8) 
Smoking  4 (44.4%) 
Pain duration (years)* 7 (1 to 20) 
Aetiology 

 

Diabetes mellitus type 2 3 (28.6%) 
Idiopathic 3 (42.9%) 
Chemotherapy 1 (14.3%) 
CIDP 2 (14.3%) 

Douleur neuropathique score >4 8 (88.9%) 
Polyneuropathy type  

Small fiber neuropathy 9 (100%) 
Axonal 5 (71.4%) 
Demyelinated 0 (0.0%) 
Mixed 2 (28.6%) 

Number of leads implanted  
2 5 (55.6%) 
4 4 (44.4%) 

Lead location  
L5, left 9 (100%) 
L5, right 9 (100%) 
S1, left 4 (44.4%) 
S1, right 4 (44.4%) 

Preoperative medication use  
Acetominophen 2 (22.2%) 
NSAID 3 (33.3%) 
Opioid, weak (tramadol, codeine) 2 (22.2%) 
Opioid, strong 2 (22.2%) 
Antidepressant 1 (11.1%) 
Muscle relaxant 0 (0.0%) 
Benzodiazepine 1 (11.1%) 
Antiepileptic 5 (55.6%) 
Systemic corticosteroid 0 (0.0%) 
Other (sleep medication, cannabis) 0 (0.0%) 
None 0 (0.0%) 

Data are expressed as mean (standard deviation) or count (percentage), unless stated otherwise 
BMI, body mass index; CIDP, chronic inflammatory demyelinating polyneuropathy; NSAID, nonsteroidal anti-
inflammatory drug. 
*Expressed as median (range) 
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Primary outcome measure 

The remaining 7 patients completed their 6-month follow-up visit. On average, they 
showed a significant decrease of 4.5 points on the daytime pain NRS in the first week of 
the trial phase after leads implantation (Table 2). An average decrease of at least 3.4 
points for daytime pain was found over the complete follow-up period. In addition to 
daytime pain, both night-time pain and peak pain during follow up decreased 
significantly. Fig. 3 shows average day and night pain scores over the 6 months follow-up. 
Six out of 7 IPG implanted patients (85.7%) showed treatment success 1 month after 
treatment, defined as a minimum decrease of pain of 50% for day and night, and this 
remained stable during the 6 months follow up period. 

TTaabbllee  22.. Pain scores of patients implanted with a device over the course of 6 months 

  Mean 
pain (SD) 

Mean difference with 
Baseline (95% CI) 

Median pain 
(IQR) 

p-value for 
difference 

BBaasseelliinnee      

day 7.0 (2.1) N.A. 7.0 (5.9 – 8.3) N.A. 

night 5.3 (4.0) N.A. 5.4 (2.1 – 8.9) N.A. 

peak 8.8 (1.6) N.A. 9.0 (9.0 – 10.0) N.A. 

TTrriiaall  pphhaassee      

1 week, day 2.5 (2.4) 4.5 (3.2 – 5.7) 2.0 (1.0 – 3.5) 0.016 

1 week, night 2.8 (2.3) 2.6 (-0.1 – 5.2) 2.0 (1.7 – 3.4) 0.106 

1 week, peak 4.4 (3.3) 4.0 (2.1 – 5.9) 4.0 (2.5 – 6.0) 0.035 

FFoollllooww  uupp      

1 month, day 2.7 (2.0) 4.3 (2.6 – 5.9) 2.3 (1.5 – 3.7) 0.016 

1 month, night 2.6 (2.8) 2.7 (0.9 – 4.5) 2.2 (0.0 – 4.7) 0.036 

1 month, peak 4.4 (3.3) 4.0 (1.9 – 6.1) 3.0 (3.0 – 6.0) 0.022 

3 months, day 3.5 (2.3) 3.4 (1.3 – 5.5) 3.7 (2.2 – 5.2) 0.031 

3 months, night 3.2 (2.9) 2.1 (0.8 – 3.4) 3.0 (0.7 – 5.6) 0.036 

3 months, peak 4.6 (2.5) 3.9 (1.5 – 6.2) 5.0 (3.5 – 6.5) 0.020 

6 months, day 3.1 (2.1) 3.9 (1.4 – 6.3) 3.0 (1.6 – 4.9) 0.031 

6 months, night 2.4 (3.0) 2.9 (0.5 – 5.4) 1.0 (0.0 – 4.2) 0.036 

6 months, peak 4.4 (2.8) 4.4 (1.1 – 6.9) 4.0 (3.0 – 6.5) 0.035 

SD, standard deviation; CI, confidence interval; IQR, interquartile range; N.A., not applicable 
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FFiigguurree 33.. Mean NRS scores over 6 months follow-up, stratified by day and night.
NRS, Numeric Rating Scale.

Secondary outcome measures

Fig. 4 shows the distribution of PGIC scores at 3 and 6 months. One of the IPG implanted 
patients reported worsening at 3 months, none at 6 months. At both time points, 6 out 
of 7 (85.7%) reported improvement.

The median (IQR) pain extent was 7.7% (6.9) of the whole body at baseline and 
significantly reduced at 3 and 6 months to 2.4% (4.2) and 2.5% (10.4), respectively. There 
was preoperative evidence of neuropathic pain according to the DN4 (score ≥4) in 6 out 
of the 7 (85.7%) IPG implanted patients. At 3 and at 6 months, 5 (71.4%) of the 7 IPG 
implanted patients had a DN4 score ≥4. Interference of pain with functioning (BPISF), 
HRQoL, anxiety and depression scores are shown in Table 3. Both pain interference score 
decreased significantly after treatment.

FFiigguurree 44.. Distribution of Patient Global Impression of Change (PGIG) scores at 3 and 6 months.
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TTaabbllee  33.. BPI, EQ-5D-5L, and HADS scores during follow-up compared to baseline 
 

Baseline 
mean (SD) 

3 months 
mean (SD) 

3 months 
p-value 

6 months 
mean (SD) 

6 months 
p-value 

BPI 
     

Pain interference 6.5 (1.7) 3.5 (1.9) 0.022 2.6 (1.9) 0.016 

EQ-5D-5L 
     

Health-related QoL 49.3 (28.3) 60.7 (23.9) 0.518 59.3 (18.6) 0.620 

HADS 
     

Anxiety 6.1 (4.8) N.A. N.A. 5.9 (4.6) 0.944 

Depression 6.3 (3.8) N.A. N.A. 3.6 (3.7) 0.073 

SD, standard deviation; BPI, Brief Pain Inventory; EQ-5D-5L, EuroQol 5-dimentoion 5-level, QoL, Quality of Life; 
HADS, Hospital Anxiety and Depression scale; N.A., not applicable. 
p-values are derived by comparing to baseline values 

 
In Table 4 the programming settings used during the study are displayed. Most subjects 
had subthreshold stimulation settings. All patients were allowed to adjust stimulation 
amplitude and to switch the stimulation “off” and “on” as they wished. The majority of 
the patients used the stimulation continuously. 

TTaabbllee  44.. Stimulation parameters 
 

3 months 6 months 

  L5 (n = 7) S1 (n = 2) L5 (n = 7) S1 (n = 2) 

FFrreeqquueennccyy  ((HHzz))  
    

Mean (SD) 22.9 (7.6) 20 (0) 22.9 (7.6) 20 (0) 

Min, max 20, 40 20, 20 20, 40 20, 20 

PPuullssee  wwiiddtthh  ((µµss))  
    

Mean (SD) 349.3 (147.3) 265.0 (49.5) 360.0 (202.0) 230 (0) 

Min, max 130.0, 570.0 230.0, 300.0 200, 800 230, 230 

AAmmpplliittuuddee  ((µµAA))  
    

Mean (SD) 605.4 (379.9) 181.2 (8.8) 598.2 (473.3) 187.5 (0) 

Min, max 137.5, 1025.0 175.0, 187.5 162.5, 1462.5 187.5, 187.5 

IImmppeeddaannccee  
    

in the norm (%) 7/7 (100%) 2/2 (100%) 7/7 (100%) 2/2 (100%) 

 
Preoperatively, all subjects were taking analgesics (Table 1 and Table 5). Most subjects 
were treating pain with anticonvulsants (pregabaline, carbamazepine) (Table 1). Four 
patients (44.4%) were taking opioids, of whom half took strong opioids (fentanyl and 
oxycodone). In the IPG implanted patients there was a tendency in reduced analgesic 
intake (Table 5), but we refrained from statistical testing due to the limited number of 
patients per type of analgesic. 
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TTaabbllee  55 Analgesics during follow-up compared to baseline of implanted patients 

 Preoperative 3 months 6 months 

Acetaminophen 
(paracetamol) 

2 (28.6%) 1 (14.3%) 1 (14.3%) 

NSAID 3 (42.9%) 1 (14.3%) 1 (14.3%) 

Opioid, weak (tramadol, 
codeine) 

2 (28.6%) 2 (28.6%) 2 (28.6%) 

Opioid, strong 2 (28.6%) 1 (14.3%) 1 (14.3%) 

Antidepressant 1 (14.3%) 1 (14.3%) 1 (14.3%) 

Muscle relaxant 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Benzodiazepine 1 (14.3%) 1 (14.3%) 1 (14.3%) 

Antiepileptic 3 (42.9%) 2 (28.6%) 2 (28.6%) 

Systemic corticosteroid 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Other (sleep medication, 
cannabis) 

0 (0.0%) 0 (0.0%) 0 (0.0%) 

None 0 (0.0%) 0 (0.0%) 0 (0.0%) 

NSAID, nonsteroidal anti-inflammatory drug. 

 
Two AEs occurred in 2 subjects. In one patient wound dehiscence at the site of needle 
insertion was noted at the day of IPG implant. The lead was notable, but there were no 
signs of infection. During the intervention of the IPG implant, the wound was revised and 
sutured again. The subject was dismissed on the same day and the wound healed well. In 
another subject, who was implanted with two leads at the bilateral L5 DRG, one lead was 
erroneously cut by the surgeon during the IPG implant. This AE was resolved through lead 
repositioning. 

Two SAE’s occurred in 2 subjects. One subject, which had a negative trial phase, 
suffered from loss of sensitivity in the L5 dermatome and deficit of dorsiflexion of the 
right foot during the trail phase. Possible relation with the device (radicular lead irritation) 
was suspected and the leads were removed. In the following months the neurologic 
symptoms resolved. As in this patient the trial was negative for pain relief, leads were not 
re-implanted. The other SAE, which occurred in a patient suffering from insulin 
dependent DM, was a subcutaneous infection at the site of the connections between the 
DRGS leads and the extension leads at the end of the trial phase. This SAE was interpreted 
as definitely related the implant procedure. The patient responded well to intravenous 
antibiotic treatment and the removal of the DRGS leads. It was decided to not re-implant 
the leads in this high-risk patient.  
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DDiissccuussssiioonn  

Our study is the first prospective pilot study that suggests that DRGS results in a clinical 
significant pain reduction for at least six months follow up in patients with refractory 
painful polyneuropathy in the lower limbs. DRGS reduced daytime pain, night-time pain 
and peak pain. Trial stimulation with DRGS was successful in 8 out of 9 patients (89%) 
with intractable painful polyneuropathy, which is higher than most previously published 
SCS studies in the treatment of PDPN.18,19,28,30,31 In 7 of these patients a definite IPG was 
implanted. Six out of the 7 IPG implanted patients (85.7%) showed stable treatment 
outcome during the follow up period of 6 months and an improvement on the PGIC. 

In our study, the baseline mean pain interference (impact of pain on functioning) was 
6.5, which is high in comparison to earlier studies in PDPN patients.55,56 However mean 
pain interference decreased significantly to 2.6 with DRGS treatment. Additionally, mood 
improved, although not significantly. 

DRGS reduced pain extent significantly at 3 and 6 months as compared to baseline. 
Indeed, during this study, the standard pain assessment tools/procedures have been 
completed by providing patients with a digital tablet including body charts. All patients 
were able to provide a detailed topographic measurement of their pain, highlighting its 
somatic location together with the extension. From a clinical perspective, the observed 
shrinking of the pain should be considered as a meaningful finding especially when 
considering that previous investigations confirmed that pain extent is associated with 
disability and psychological factors.57–59 As clearly confirmed by the pain frequency maps 
of this study, pain in polyneuropathy is mostly present in the feet. DRGS has been shown 
to cover difficult-to-reach areas like the feet better than SCS,37,41 and therefore we 
hypothesize that DRGS is more effective when compared to SCS in painful 
polyneuropathy patients. This hypothesis is supported by the fact that the results of a 
randomized controlled trial confirmed a higher rate of treatment success of DRGS than 
SCS in CRPS.60  

An important aspect of our prospective study as compared to published clinical 
studies on effectiveness of SCS in PDPN,14,18,27–34 is the fact that the aetiology of 
polyneuropathy in our study was heterogeneous and not confined to PDPN. In the 
present study, the significant pain relieving effect in the subsample of the 2 PDPN patients 
was similar as compared to the 5 patients with polyneuropathy of other etiologies 
(idiopathic, CIDP, chemotherapy-induced peripheral neuropathy). This suggest that DRGS 
has the ability to not only successfully manage pain in PDPN, but also in other etiologies 
of painful polyneuropathy. This is even more important as the prevalence of other 
conditions leading to painful polyneuropathies is rising.61–63 Additionally, several case 
reports and case series have already suggested that SCS and DRGS have the ability to 
successful manage pain in polyneuropathy of other etiologies than PDPN.20,21,64 

As DRGS implantation is an invasive and expensive treatment, it should only be 
offered to well selected patients and as a last resort treatment. Therefore, we used strict 
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inclusion criteria like a pain intensity of ≥ 5 on an NRS, responding incompletely to 
pharmacologic therapy. Moreover, although the clinical history and physical examination 
are often sufficient to make the diagnosis of a SFN and a LFN, additional objective 
diagnostic tests help to confirm the diagnosis.65 Our study was the first prospective 
neurostimulation study in polyneuropathy patients that restricted inclusion to patients 
that were objectively diagnosed with SFN and/or LFN using diagnostic tests like nerve 
conduction studies, EMG and skin biopsy. Consequently, it was confirmed that the 
patients were suffering from “definitive neuropathic pain” according to the grading 
system of the International Association for the Study of Pain (IASP) Special Interest Group 
on Neuropathic Pain (NeuPSIG).66 

In the current study, HRQoL did not improve significantly. However, this may be 
caused by a lack of statistical power for this outcome in our study. Pain is known to be a 
primary indicator for worsening HRQoL and diminished overall wellbeing in 
polyneuropathy patients.67–69 A study regarding PDPN patients has previously shown that 
PDPN patients have a significantly worse HRQoL compared with DM patients without 
pain.70 Moreover, HRQoL is inversely associated with neuropathic pain severity and pain 
duration,68,71 and the aetiology of polyneuropathy does not influence levels of 
neuropathic pain-related compromise of HRQoL.67 Furthermore, it is known that 
neuropathic pain reduction, as a result of treatment, is related to improvement in 
HRQoL.72,73 Although in the current study HRQoL did not improve, studies with a larger 
number of subjects are probably necessary to determine the effects of DRGS on HRQoL. 

Most IPG implanted patients of our study were able to reduce their analgesic intake. 
As effectiveness of pharmacological treatment in painful polyneuropathy patients is often 
minor and frequently accompanied by unacceptable side effects,12,13 these patients are 
more likely to have medication incompliance, like inappropriate polypharmacy and 
misuse of prescribed medications.67 Many patients require pain treatment with more 
than one analgesic, which increases the risk of additional adverse events and incorrect 
use of analgesics. Furthermore, concomitant medication use is high in these patients. For 
instance, a patient survey has shown that 43% of PDPN patients received prescription 
medications for sleep disturbance, anxiety and/or depression.74 The fact that most IPG 
implanted patients of our study were able to reduce their analgesic intake, suggests that 
DRGS has the advantage of minimizing the use of analgesics in painful polyneuropathy 
patients, thereby also reducing the risk of drug interactions. 

As expected for an invasive procedure, DRGS implantation is not without risks. Two 
SAE’s related to the DRGS implant occurred in the current study, and both led to the 
removal of the trial leads. The patient that suffered from an infection was diabetic. His 
trial period had a duration of 11 days, a little shorter than the standard duration of 14 
days applied in most SCS/DRGS-studies. However, it could be argued that in patients 
susceptible to infections, like DM, a maximum trial period of 7 days should be applied, to 
lessen the risk for infection. The SAE characterized by neurological deficit in the second 
patient was transitory and eventually resolved. 
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The present study has some limitations. First, it was conducted with a relatively small 
number of patients, although the number of patients was large enough to demonstrate 
clinically relevant and statistically significant effects on pain reduction over a 6-months 
period. Studies with a larger number of subjects are necessary to determine the effects 
of DRGS on HRQoL. Additionally, due to the heterogeneity of etiologies of 
polyneuropathy, our pilot study does not allow to draw definite conclusions about DRGS 
for painful polyneuropathy of singular etiologies. However this study suggest that DRGS 
is significantly effective for the treatment of painful polyneuropathy in general, 
independently from the underlying cause. 

In conclusion, the results of this study suggest that DRGS reduces significantly both 
pain intensity and PGIC in patients with refractory painful polyneuropathy in the lower 
extremities. Additionally, clinically improvements have been appreciated for pain extent, 
impact of pain on functioning, mood, and analgesics intake. A successful application of 
digital pain drawings has been reported. This low cost and user-friendly tools should be 
considered, in clinical practice as well as in research, to optimize and monitor DRGS 
treatments. Larger-scale (randomized controlled) clinical trials are needed to prove the 
efficacy of DRGS in intractable pain associated with polyneuropathy. 
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AAbbssttrraacctt  

AAiimmss: Conventional Dorsal Root Ganglion Stimulation (DRGS) is known to achieve better 
pain-paresthesia overlap of difficult-to-reach areas like the feet compared to dorsal 
column Spinal Cord Stimulation (SCS). As in Painful Diabetic polyneuropathy (PDPN) pain 
is mostly present in the feet, we hypothesized that DRGS is more effective in relieving 
pain in PDPN when compared to SCS. 

MMeetthhooddss: Diabetes was induced in female Sprague–Dawley rats with an intraperitoneal 
injection of 65mg/kg of streptozotocin (STZ) (n=48). Rats with a significant decrease in 
mechanical paw withdrawal response to von Frey filaments 4 weeks after injection were 
implanted with DRGS electrodes (n=18). Rats were assigned to DRGS (n=11) or sham-
DRGS (n=7). Mechanical paw Withdrawal Thresholds (WT, measured in grams) in 
response to DRGS (50 Hz, 0.18 ± 0.05 mA) were assessed with von Frey testing. The results 
of the experiments on these animals were compared to the results of a previous study 
using exactly the same model on PDPN animals selected for SCS (n=8) (40-50 Hz, 0.19 ± 
0.01 mA) and Sham-SCS (n=3). 

RReessuullttss: In the SCS group, the log10 (10.000 x 50% WT) increased from 4.910 to 5.211 at 
t=15 min (p<0.05), and 5.264 at t=30 min (p=0.11). In the DRGS group, the log10 (10.000 
x 50% WT) increased from 4.376 to 4.809 at t=15 min (p<0.01) and 5.042 at t=30 min 
(p<0.01). Both DRGS and SCS induced a similar and complete reversal of mechanical 
hypersensitivity. After cessation of stimulation (t=60) the return of the log10 (10.000 x 
50% WT) response was significantly faster with DRGS than that of SCS (p<0.05).  

CCoonncclluussiioonnss: We conclude that conventional DRGS is as effective as SCS in reduction of 
PDPN associated mechanical hypersensitivity in STZ-induced diabetic rats. The wash-in 
effect of DRGS and SCS was similar, but DRGS showed a faster wash-out course. Long-
term efficacy should be studied in future animal research.  
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IInnttrroodduuccttiioonn  

Diabetic Polyneuropathy (DPN) is a chronic, symmetrical, length-dependent 
sensorimotor polyneuropathy, and is present in up to 50% of patients with diabetes 
mellitus.1 One third of these DPN patients suffers from Painful Diabetic Polyneuropathy 
(PDPN),2 which starts in the toes and spreads into the feet, legs and hands.3 As PDPN can 
be debilitating and a severe handicap to the patient and since effectiveness of 
pharmacological drugs is limited, there is an urgent need for other treatment options. 
Conventional Spinal Cord Stimulation of the dorsal columns (hereafter named SCS) has 
been shown to be such a treatment option, which as well can be supplementary to 
pharmacological therapy. SCS has shown to be effective on the short- and long-term in 
PDPN when pharmacological therapies have failed.4–12 However, conventional SCS often 
provides incomplete pain relief (50% pain reduction or even less),10,11 which is restricted 
to 60% of PDPN patients and leaves 40% of the patients as non-responders. In view of 
these limitations a recently introduced and very promising option for treatment of PDPN 
might be conventional Dorsal Root Ganglion Stimulation (DRGS). DRGS is known to 
achieve better pain-paresthesia overlap of difficult-to-reach areas like the feet.13,14 The 
results of a recently published retrospective case series suggest that DRGS improves 
painful symptoms in PDPN patients.15 As in PDPN pain is mostly present in the feet,16 we 
hypothesized that DRGS is more effective in pain relief in PDPN when compared to SCS. 

In order to address this hypothesis, we implemented DRGS in an already operational 
and meticulously tested PDPN animal model and investigated the effectiveness of both 
DRGS and SCS. SCS and its resulting pain relief in Streptozotocin (STZ) induced PDPN 
animals has recently been described and here it was shown that SCS normalizes STZ-
induced mechanical hypersensitivity.17 SCS resulted in “a clinically relevant reduction” of 
mechanical hypersensitivity in 70% of PDPN animals. DRGS in animals with peripheral 
nerve damage and chronic neuropathic pain has been described recently.18 DRGS did not 
cause any dorsal root ganglion (DRG) tissue damage as verified by histological 
examination and with the use of DRGS parameters closely replicating those in clinical use 
a significant reduction of mechanical hypersensitivity in chronic neuropathic animals was 
noted.18 In order to investigate the underlying pain relieving effect of DRGS in PDPN 
animals, we compared the pain relieving effect of DRGS versus SCS in PDPN associated 
mechanical hypersensitivity in STZ-induced diabetic rats. 
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MMeetthhooddss  

This study aimed to investigate the behavioral effect (mechanical hypersensitivity as 
measured by paw withdrawal to von Frey filaments) of one single stimulation paradigm 
in PDPN: a 30 minutes (min) conventional DRGS (hereafter named DRGS) being compared 
to a 30 min SCS in rats with PDPN.16 This manuscript adheres to the applicable ARRIVE 
guidelines. 

Animals 

The experiments for this study were performed using 18 female Sprague-Dawley rats, 
which were 8 weeks of age at the start of the experiment (170-230 g). Eleven rats were 
selected for active DRGS and seven rats were selected for Sham-DRGS. Animals were 
either housed in pairs before DRGS device implantation, and individually after DRGS 
device implantation in transparent plastic cages with free access to food and water, in a 
12-h light dark cycle. The experiments were approved by the Animal Research Committee 
of the Maastricht University Medical Centre (DEC-protocol and approval (DEC 2013-079)). 
The results of the experiments on these animals were compared to the results of a 
previous study investigating effect of conventional SCS but otherwise performed in an 
identical manner as this study (n=8 for SCS and n=3 for Sham-SCS).17 

Induction of diabetes mellitus 

DM was induced with a single intraperitoneal injection of 65 mg/kg streptozotocin (STZ, 
Sigma-Aldrich, Schnelldorf, Germany) in 48 animals. Before STZ injection, rats were 
weighed and fasted overnight. STZ was freshly dissolved in sterile NaCl 0.9% to a solution 
of 65 mg/mL. Four days after STZ injection, blood glucose level was determined in blood 
derived from the saphenous vein of the leg using a standard blood glucose meter (Accu-
Chek Aviva®, Roche Diagnostics GmbH, Mannheim, Germany). Rats with a glucose level 
of ≥15 mmol/L were considered diabetic,19 and were included in the study. 

Behavioural testing 

Pain behavior was assessed by testing mechanical hypersensitivity based on the hind limb 
paw withdrawal response to von Frey filaments. Before the start of behavioural testing, 
rats were placed in a transparent box on an elevated mesh floor and were given 15 min 
to acclimate to the surroundings. Mechanical hypersensitivity was assessed according to 
the ‘up-down method’,20 as previously described.17,21 A cut-off value of 28.84 g was 
defined. Thereafter, the registered 50% paw withdrawal thresholds (WT), measured in 
grams, were multiplied by 10.000 and then logarithmically transformed to conform with 
Weber’s law22 and obtain a linear scale. The average of the mechanical hypersensitivity 
of both paws in the SCS animals of the previous study17 was compared to the average of 
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the mechanical hypersensitivity of the ipsilateral (stimulated) paw in the DRGS animals, 
as we did not expect ipsilateral DRGS to have any effects on the contralateral hind paw.  

Inclusion of animals 

Animals were tested for mechanical hypersensitivity using von Frey hind limb withdrawal 
testing at baseline (before STZ injection), and once a week for 4 weeks following STZ 
injection, for the purpose of selecting animals that develop PDPN. Only animals showing 
mechanical hypersensitivity at 4 weeks post-injection were treated with either SCS or 
with DRGS, whereas animals showing no mechanical hypersensitivity were excluded from 
the study. The presence of mechanical hypersensitivity was presumed if the log10 (10.000 
x 50% WT) decreased by 0.2 units compared with pre-STZ baseline.17,21 

Preparation electrode for DRG stimulation 

The DRGS leads were manufactured from two platinum-iridium wires of different gauges, 
where the larger diameter wire (0.010in) contained the smaller center wire (0.005in) 
(PlasticsOne, Roanoke, VA, see Fig 1; see Pan et al.18), that were secured together at one 
end in a plastic connection hub. To prepare the electrode for DRGS implantation, the 
insulation from the terminal portion of the larger wire was removed and the terminal 
portion of the wire was folded back upon itself to produce an atraumatic tip (Fig. 1). The 
insulation was similarly removed from the tip of the smaller gauge wire, which was 
wrapped helically around the insulated portion of the central wire. This design produced 
an axially symmetric devise that was insensitive to rotational movement. We added a few 
spots of dental cement to stabilize the structure of the electrode and to give a place for 
an encircling suture to grab when securing the inserted electrode. The lead was tested 
with an Ohmmeter to confirm that there was no contact between the two electrode poles 
and that there was suitable low resistance to the terminal contacts (i.e. no break in the 
wires) (Fig.1). 
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FFiigguurree 11 Bipolar electrode for dorsal root ganglion stimulation 
Bipolar DRGS electrode. The insulation from the terminal portion of the larger wire was removed and the 
terminal portion of the wire was folded back upon itself to produce an atraumatic tip. The insulation was 
similarly removed from the end of the smaller gauge wire, which was then wrapped helically around the 
insulated portion of the central wire (see Pan et al. 2016).18 Both the anode and cathode were implanted at the 
L5 DRG.

Implantation of DRGS device

A bipolar DRGS electrode was implanted unilaterally at the L5 DRG (adapted from Pan et 
al.).18 In short: for implantation of the DRGS device the lateral aspect of the intervertebral 
foramen was exposed via a paravertebral incision under general anaesthesia. 
Subsequently, the foramen was gently opened by probing with a small, blunt nerve hook 
to provide a passage for the electrode to enter the foramen on the dorsolateral aspect 
of the DRG. Both the anode and cathode were implanted at the L5 DRG. The electrode 
was secured into the transverse process caudal to the foramen using a stainless steel 
ligature and a small screw (diameter 0,86 mm, length 3,2 mm).

Implantation of dorsal column SCS device

The implantation of the dorsal column SCS device has been previously published and the 
description is included here to document the difference between the techniques. For the 
implantation of the SCS device, performed under general anaesthesia, a small 
laminectomy was made at level T13 and the cathode was inserted in the epidural space 
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in caudal direction. Subsequently, the wire was secured to vertebra T12 with tissue 
adhesive (Histoacryl®, B Braun Medical BV, Oss, the Netherlands) to prevent migration of 
the electrode. The anode was placed subcutaneously in the left flank.16 

SCS and DRGS 

After implantation of a given device (DRGS or SCS) in the separate groups, the cables were 
tunnelled subcutaneously through the neck of the animals, sutured to muscle and skin, 
and the connectors also attached to the skin. The wound was closed in layers. After 
implantation of the device, the rats were allowed to recover for 2 days before the start 
of SCS at day 3 following implantation. 

The animals were stimulated in one session for 30 min at 3 days post-implantation. 
After the connector was attached to the wire of the pulse generator (for SCS: Grass S 88 
stimulator fitted with a Grass SIU-5 stimulus isolation unit and a Grass constant current 
unit (Astro Med, Grass,Warwick, RI, USA); for DRGS: A-M systems MultiStim Model 3800, 
fitted with an A-M systems 3820 stimulus isolator (A-M systems, Sequim, WA, USA)), the 
motor threshold (MT) was determined at the following settings for both SCS and DRGS: 
frequency of 2 Hz and pulse width of 0.2 ms. MT was defined as the current inducing 
contractions of the lower trunk or hind limb(s). Stimulation was applied for 30 min with 
an intensity of 66.7% of the MT, a pulse width of 0.2 ms, and with a frequency of 40-50 
Hz in the SCS animals (amplitude: 0.19 ± 0.01 mA) and 50 Hz in the DRGS animals (0.18 ± 
0.05 mA). For the sham animals the amplitude was set at zero. 

The animals were tested for mechanical hypersensitivity immediately before 
stimulation (= 4 weeks after STZ injection), 15 (t=15 min) and 30 min (t=30 min) during 
stimulation, and 30 min after stimulation (t=60 min). The measurements at 15 and 30 
min during stimulation were performed with the pulse generator switched on. The effect 
of stimulation was assessed as follows: Firstly, the mean log10 (10.000 x 50% WT) after 
the start of stimulation (at 15 and 30 min) was compared with the mean log10 (10.000 x 
50% WT) before stimulation onset. Secondly, the mean log10 (10.000 x 50% WT) after the 
start of stimulation (at 15 and 30 min) was compared with the mean Pre-STZ log10 (10.000 
x 50% WT). Thirdly, the effect size was assessed by calculation of the difference between 
the pre-STZ mean log10 (10.000 x 50% WT) and the mean log10 (10.000 x 50% WT) at 15 
and 30, and 60 min after the start of stimulation. Lastly, the percentage of responders to 
stimulation treatment was also calculated. A responder to stimulation was defined as an 
animal with an increase of the log10 (10.000 x50%WT) ≥ 0,2 during stimulation at 15 and 
30 min after the start of stimulation treatment.17 

Statistical analysis 

Data are presented as means and standard error of mean (SEM). Within-group analysis 
of changes of mechanical WT over time were analysed using the Wilcoxon signed-rank 
test. Between-group comparisons of mechanical WT and group characteristics were 
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analysed using the Mann–Whitney U-test and Kruskall-Wallis test. Statistical significance 
was defined as p < 0.05. 

RReessuullttss  

Description of cohorts of animals 

Starting from 48 animals, which were injected with STZ, 43 developed DM (blood glucose 
≥15 mmol/L; 90%). PDPN developed in 22 animals (log10 (10.000 x 50% WT) decreased 
≥0.2); 51%), and those animals were implanted with a DRGS device. Four of these 22 
animals were excluded from the study, due to connector breakage (n=2) and due to 
having a too high MT (>1mA) (n=2). The remaining 18 animals were included for this study 
and divided into two groups: DRGS (n=11) and sham-DRGS (n=7). For SCS 11 PDPN 
animals were used as a historical cohort and as described by Pluijms et al.17 From these 
11 rats 8 were stimulated with SCS (mid-frequency SCS group; 50 Hz) and 3 control rats 
underwent sham-SCS. No significant differences were found between groups with 
respect to glucose levels [SCS 25.4 ± 1.5 mmol/L, Sham-SCS 23.4 ± 4.0 mmol/L, DRGS 27.8 
± 1.2 mmol/L, and Sham-DRGS 29.2 ± 0.9 mmol/L (p = 0.12)]. 

Development of mechanical hypersensitivity 

In the SCS group, the log10 (10.000 x 50% WT) decreased from 5.412 before STZ injection 
to 4.910 before start of stimulation (p < 0.01). In the DRGS group, the log10 (10.000 x 50% 
WT) decreased from 5.059 before STZ injection to 4.376 before start of stimulation (p < 
0.01). In the Sham- SCS group, the log10 (10.000 x 50% WT) showed a trend towards a 
decrease from 5.404 at Pre-STZ baseline to 4.918 before the start of the Sham-SCS 
therapy (p = 0.25). The log10 (10.000 x 50% WT) in the Sham-DRGS group significantly 
decreased from 5.041 before STZ injection to 4.416 before the start of Sham-DRGS 
therapy (p < 0.05). 

Effect of SCS / DRGS on mechanical hypersensitivity 

In the SCS group, stimulation resulted in an increase of the log10 (10.000 x 50% WT) from 
4.910 before SCS to 5.211 at t=15 min (p < 0.05), and a non-significant trend towards an 
increase to 5.264 at t=30 min (relative to the pre-stimulation baseline p = 0.11). No 
differences were observed between the 15 min and 30 min time point with SCS 
(p=0.69).After SCS was stopped, the log10 (10.000 x 50% WT) returned to pre-SCS values 
at t=60 min (5.093 g; p = 0.20). In the DRGS group, the log10 (10.000 x 50% WT) increased 
from 4.376 before the start of DRGS treatment to 4.809 at t=15 min (p <0.01) and 
increased to 5.042 at t=30 min relative to the pre-stimulation baseline (p<0.01). A 
significant increase was observed between the 15 min and 30 min time point with DRGS 
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(p<0.05). After cessation of DRGS therapy, the log10 (10.000 x 50% WT) returned to pre-
DRGS values at t=60 min (4.451; p = 0.90). After cessation of the stimulation (t=60 min) 
the wash-out effect, the log10 (10.000 x 50% WT) with DRGS was significantly lower than 
that of SCS (p < 0.05) (data presented as % of pre-STZ; Fig. 2).

FFiigguurree 22 Effect of SCS (n=8) and DRGS (n=11) on mechanical hypersensitivity
Data are presented as mean % of pre-STZ log10 (10.000 x 50% WT) ± SEM. Data are compared to pre-STZ values 
and pre-stimulation baseline values. The stippled area denotes the stimulation period. (also in Fig 3). *p<0.05, 
**p<0.01 compared to pre-STZ values; #p<0.05, ##p<0.01 compared to pre-SCS baseline; p<0.05. 
SCS, Spinal cord stimulation; DRGS, Dorsal Root Ganglion Stimulation; STZ, streptozotocin; SEM, Standard Error 
of Mean; min, minutes.
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Effect of Sham-SCS / Sham-DRGS on mechanical hypersensitivity

Sham therapy – as expected – did not result in a significant increase of the log10 (10.000 
x 50% WT) in the Sham-SCS group at t=15 min (4.778, p = 0.75), and at t=30 min (4.796, 
p = 0.99), and neither in the Sham-DRGS group at t=15 min (4.354, p = 0.56), and at t=30 
min (4.382, p = 0.69). No significant differences in terms of log10 (10.000 x 50% WT) were 
found between the Sham-DRGS and Sham-SCS group (data presented as % of pre-STZ; 
Fig. 3).

FFiigguurree 33 Effect of Sham SCS (n=3) and Sham DRGS (n=7) on mechanical hypersensitivity 
Data are presented as mean % of pre-STZ log10 (10.000 x 50% WT) ± SEM. Data are compared to pre-STZ values 
and pre-stimulation baseline values. *p<0.05 compared to pre-STZ values. 
SCS, Spinal cord stimulation; DRGS, Dorsal Root Ganglion Stimulation; STZ, streptozotocin; SEM, Standard Error 
of Mean; min, minutes.

Percentage responders

In the SCS cohort the percentage of responders to stimulation was 75% (six out of eight) 
at t=15 and 30 min, whereas in the DRGS cohort, the percentage of responders was 73% 
(eight out of eleven) at t=15 min and 91% (ten out of eleven) at t=30 min. Sham-SCS did 
not result in a response on mechanical hypersensitivity both at t=15 min (0/3) and at t=30 
min (0/3) whereas Sham-DRGS resulted in 1 responder only at t=30 min (1/7, 14%) (Table 
1).
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TTaabbllee 11 Percentage responders to stimulation

Group T = 15 min T = 30 min 

SCS 
DRGS 
Sham-SCS 
Sham-DRGS

6/8 (75%)
8/11 (73%)
0/3 (0%)
0/7 (0%)

6/8 (75%)
10/11 (91%)
0/3 (0%)
1/7 (14%)

A responder to stimulation is defined as an animal with an increase of the log10 (10.000 x 50%WT) ≥0,2
during stimulation.
SCS, Spinal Cord Stimulation; DRGS, Dorsal Root Ganglion Stimulation; WT, Withdrawal Threshold; min, minutes.

Effect size of SCS and DRGS: comparison with pre-STZ values

In the SCS group, the log10 (10.000 x 50% WT) returned to pre-STZ values after t=15 min (p 
= 0.31) and t=30 min (p = 0.69). In the DRGS group, the log10 (10.000 x 50% WT) returned 
to pre-STZ values after t=30 min (p > 0.99) (data presented as % of pre-STZ; Fig. 2).

Intergroup comparison of effect size of SCS and DRGS on mechanical 
hypersensitivity

Intergroup comparison of the effect size showed no differences between the SCS cohort 
and the DRGS cohort at 15 min (p = 0.30) and at 30 min (p = 0.13), and 60 min (p = 0.59) 
(Figs 2-4). (data presented as % of pre-STZ (Figs 2-4).

FFiigguurree 44  Reversal of mechanical hypersensitivity after 15, 30 and 60 min of SCS or DRGS 
Data of SCS and DRGS at 15, 30 and 60 min minus their respective pre-stimulation baseline at each time point. 
Data are presented as mean Δ log10 (10.000 x 50% WT) ± SEM. N= 8 for SCS and n= 11 for DRGS.
SCS, Spinal cord stimulation; DRGS, Dorsal Root Ganglion Stimulation; SEM, Standard Error of Mean, NS, Not 
Significant; min, minutes.
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DDiissccuussssiioonn  

This is the first study that analyzes the behavioral pain relieving effect of DRGS in PDPN 
animals. From our results, we conclude that DRGS is as effective as SCS for PDPN 
associated mechanical hypersensitivity in STZ-induced diabetic rats. Both DRGS and SCS 
induced a complete reversal of mechanical hypersensitivity and a return to pre-STZ 
values. The complete reversal was obtained already at 15 min in the SCS group versus 30 
min in the DRGS group. The percentage of responders was similar in both treatment 
groups. The wash-in effect of DRGS and SCS was also similar, with the exception that the 
therapeutic effect of SCS remained stable between 15 min and 30 min, while in the DRGS 
group the therapeutic effect increased between these time points. DRGS showed a faster 
wash-out course 30 min after cessation of stimulation in comparison to SCS. 

The pathophysiology of diabetic neuropathy includes metabolic changes, which affect 
nerve fibers and conduction velocity as well as blood microvessel alterations.1 Painful 
stimuli are transmitted by peripheral nerves along small non myelinated (C-type) and 
thinly myelinated (Aδ) fibres. These fibres are involved in diabetic polyneuropathy, as 
along with large myelinated fibres (Aα and Aβ).23 It is conceived that SCS activates fast-
conducting thick Aβ fibers,24 and that electrical stimulation in the dorsal column results in 
antidromic activation of the descending collateral branches. According to the Gate-
Control Theory, this stimulation of Aβ fibers results in modulation of the incoming C- or 
Aδ- mediated nociceptive signal.25 Animal studies have shown that SCS provides a 
suppressive action on dorsal horn neuronal hyperexcitability.26 

The DRG mediates nociception from the peripheral nerves to the central nervous 
system,27 and is an appealing site for neurostimulation as it represents the sensory 
gateway to the spinal cord, containing sensory neuron somata for all sensory modalities 
and fiber types. At the DRG it is theoretically possible to modulate not only the non-
nociceptive Aβ fibers, but also the nociceptive Aδ- and C-type fibers.25 Furthermore, the 
DRG is of great importance in the development and maintenance of chronic pain, as it 
exhibits pathophysiologic changes during chronic pain states, like altered 
electrophysiological membrane properties, changes in the expression of integral 
membrane proteins, and altered gene expression.28–30 Elevated excitability of sensory 
neurons in the DRG contributes to the pathogenesis of chronic pain that follows 
peripheral nerve injury,31 and treatment at this site may interact with the pathogenic 
processes. It is known that DRGS reduces the generation of action potentials by the 
sensory neurons during membrane depolarization, which suggest that DRGS provides its 
analgesic effect via reducing sensory neuron excitability, both on spontaneous activation 
within the DRG and exerting an inhibitory influence on small diameter fiber activity 
passage at the T-junction.25 

Conventional SCS (pulse width 0.2-0.5 ms; amplitude of 3.6 to 8.5 mA; frequency of 
40-80 Hz)32,33 has been shown to be effective in patients having a variety of neuropathic 
pain conditions, including PDPN.10,12,34 DRGS is, with proper lead placement, effective for 
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pain localized to the back, groin, legs, and feet.13,35–37 While SCS is often unable to cover 
difficult-to-reach areas like the feet and the groin without generating extensive 
paresthesias or motor side effects,13 conventional DRGS (settings: pulse width 0.2-0.4 ms; 
amplitude of 800 to 900 µA; frequency of 20-70 Hz)13,35 has been shown to be able to 
cover these difficult-to-reach areas, without generating large unwanted areas of 
paresthesia. DRGS offers several other potential benefits over SCS systems like lack of 
positional and movement effects on stimulation and reduced migration rate, because of 
better lead stability.1,13,27 Additionally, as the anatomical location of the DRG offers a 
closer proximity to the electrodes compared to the spinal cord and its dorsal columns, 
reduced power is required.1,13 

As PDPN pain is mostly located in the feet, we expected DRGS to be more effective 
for PDPN pain relief then SCS. Nevertheless, our results showed that effectiveness for 
pain relief with DRGS and SCS is similar in PDPN animals, with use of conventional 
stimulation settings. It needs to be stressed that these experiments were based on short-
term stimulation paradigms. Therefore, long-term efficacy should be studied in future 
animal research to analyse and detect possible differences between the effect of DRGS 
and SCS in PDPN. In this study, the therapeutic pain relieving effect of SCS remained 
stable between 15 min and 30 min, while in the DRGS group the therapeutic effect 
increased between these time points. This suggests that a longer stimulation time would 
probably benefit mostly for DRGS, as treatment with SCS reached maximal pain relief 
effects after 30 minutes (or possibly even earlier). A possible advantage of DRGS as 
compared to SCS in PDPN could well appear only in a long-term stimulation study.15 

Furthermore, as the concept underlying DRGS differs from the SCS (DRGS likely to 
modulate also nociceptive C and Aδ fibers, whereas SCS only stimulates Aβ fibers) it is of 
the utmost importance to test various stimulation settings in an experimental model to 
optimize the pain relieving effect. Novel advances in neurostimulation frequencies have 
emerged, like High Frequency SCS (HF SCS, with frequencies up to 10 kHz) and Burst SCS 
(frequency 40 Hz provided in bursts of five pulses, with an internal frequency of 500 Hz.25 
Van Beek et. al evaluated the effect of SCS frequency (5–500 Hz) on mechanical 
hypersensitivity in the chronic phase of experimental PDPN.21 A higher frequency (500 
Hz) SCS resulted in a delayed effect on the pain-related behavioural outcome in chronic 
PDPN. The effect of HF DRGS and Burst DRGS and/or other DRGS settings on pain relief 
in PDPN animals need to be tested in an experimental model, where also operational 
measures (e.g., preference of location in cage due to active or placebo stimulation) are 
included in the final outcomes for the treatments.  

At present it is not known which amplitude (:or percentage of MT in experimental 
models) is most adequate and effective with SCS and DRGS. A first attempt to study the 
effect of intensity of SCS and pain relief has been made by Meuwissen et al.,38 who 
compared the effect of the intensity of Burst-SCS versus conventional SCS in a model of 
peripheral neuropathy. From this study it was concluded that Burst-SCS requires 
significantly more mean charge per second in order to achieve similar pain relief, as 



Chapter 4 

70 

compared with conventional SCS. In humans, the amplitude in conventional DRGS is 
usually 4-10 times less (0.8-0.9 mA) than the amplitude used for conventional SCS (3.6-
8.5 mA). On the contrary, in the current animal study amplitudes for both SCS and DRGS 
were very close (67% MT, 0.19 ± 0.01 mA and 0.18 ± 0.05 mA, respectively). As our study 
was the first study to compare SCS and DRGS in an experimental animal model for PDPN, 
we preferred using similar settings for DRGS and SCS. However, we cannot completely 
exclude that with an amplitude of 67% MT, as in our protocol, also the dorsal columns in 
the spinal cord were stimulated during DRGS, thereby potentially causing a similar pain 
relief in the animals. The use of lower DRGS stimulation amplitudes (more like the 
amplitudes used clinically in humans – i.e., about 15% of the conventional output of an 
SCS system)35 and effect on pain relief unquestionably needs to be tested in the near 
future.  

Limitations 

For translation of our experimental data to the clinic, where long-term SCS protocols are 
used for treatment of pain in PDPN, we underline that our experiments and results deal 
with use of short-term stimulation paradigms and that thus long-term efficacy was not 
studied. 

Conclusions 

We conclude that DRGS is as effective as SCS for PDPN associated mechanical 
hypersensitivity in STZ-induced diabetic rats. At the same time a faster wash-out course 
after cessation of the stimulation is noted with DRGS as compared to SCS. The 
development of the present model for DRGS in PDPN animals allows future research on 
mechanism and effectiveness of other clinically relevant stimulation paradigms, especially 
DRGS with different frequencies, lower amplitudes and longer stimulation time. 
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AAbbssttrraacctt  

OObbjjeeccttiivvee::  Up till now there is little data about the pain relieving effect of different 
frequency settings in DRGS. The aim of this study was to compare the pain relieving effect 
of DRGS at low-, mid- and high-frequencies and Sham-DRGS in an animal model of painful 
diabetic neuropathy (PDPN). 

MMaatteerriiaall  aanndd  MMeetthhooddss::  Diabetes mellitus was induced by an intraperitoneal injection of 
streptozotocin in 8-week-old female Sprague-Dawley rats (n =24; glucose ≥15 mmol/L: n 
= 20; mechanical hypersensitivity: n = 15). Five weeks later, a DRGS device was implanted 
at the L5 DRG. Ten animals were included for stimulation, alternating 30 minutes of low(1 
Hz)-, mid(20Hz)- and high(1000Hz)-frequencies and Sham-DRGS during four days, with a 
pulse width of 0.2 msec (average amplitude: 0.19 ± 0.01 mA), using a randomized cross-
over design. The effect on mechanical hypersensitivity of the hind paw to von Frey 
filaments was evaluated.  

RReessuullttss::  All DRGS frequencies resulted in a complete reversal of mechanical 
hypersensitivity and “a clinically relevant reduction” was achieved in 70-80% of animals. 
No significant differences in maximal pain relieving effect were found between the 
different frequency treatments (p=0.24). Animals stimulated at 1000Hz and 20Hz 
returned to baseline mechanical hypersensitivity values 15 min and 30 min after 
stimulation cessation, respectively, while animals stimulated at 1Hz did not.   

CCoonncclluussiioonn::  These results show that DRGS is equally effective when applied at low-, mid- 
and high-frequency in an animal model of PDPN. However, low-frequency-(1Hz)-DRGS 
resulted in a delayed wash-out effect, which suggests that this is the most optimal 
frequency for pain therapy in PDPN as compared to mid- and high-frequency. 
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IInnttrroodduuccttiioonn  

Diabetes is a worldwide epidemic, and associated painful diabetic neuropathy (PDPN) is 
its most costly and disabling complication.1 Unfortunately, pharmacological pain therapy 
is often insufficient and side effects can be intolerable.2,3 Spinal cord stimulation (SCS) is 
a therapy for chronic pain, in which epidurally implanted electrodes stimulate primary 
afferent (Aβ) collaterals in the dorsal columns. SCS has resulted in significant pain 
reduction in PDPN patients.4–6 Nevertheless, in about 40% of the patients the treatment 
effect is not sufficient.4–6 Dorsal Root Ganglion Stimulation (DRGS) has more recently 
been successfully applied for pain relief in several clinical trials7–9 and is a promising 
neuro-stimulation modality in the treatment of PDPN10, also demonstrated in preclinical 
studies.11 While SCS is often unable to cover difficult-to-reach areas (e.g. the groins, the 
feet) without generating extensive paresthesias or motor side effects, DRGS has been 
shown to be able to cover these difficult-to-reach areas.8 A retrospective case series 
suggested that conventional DRGS improves painful symptoms in PDPN patients in 
particular.10 Optimization of the stimulation frequency might result in additional 
beneficial effects in experimental PDPN. The results of a recently published experimental 
study 11 showed that conventional DRGS (50 Hz) is equally effective as conventional SCS 
(40-50 Hz) in reduction of PDPN associated mechanical hypersensitivity in experimental 
PDPN. Both SCS and DRGS induced a complete reversal of mechanical hypersensitivity, 
which was obtained after 15 minutes in the SCS group versus after 30 minutes in the 
DRGS group. Despite these positive results, there is still room for improvement regarding 
in particular the rate of responders. As the concept underlying DRGS differs from SCS, it 
is of the utmost importance to test various stimulation settings of DRGS in an 
experimental PDPN model. Up till now there is little data about the pain relieving effect 
of different frequency settings in DRGS and (experimental and clinical) trials assessing the 
efficacy of different frequencies for DRGS beside the conventional DRGS frequency are 
indicated. The present study was aimed to compare the pain relieving effect of DRGS at 
1 Hz (defined as ‘low-frequency’, LF), at 20 Hz (defined as ‘mid-frequency’, MF), at 
1000Hz (defined as ‘high-frequency’, HF) and Sham-DRGS in an animal model of PDPN. 

MMaatteerriiaallss  aanndd  mmeetthhooddss  

Animals 

The experiments for this study were performed using 24 female Sprague-Dawley rats, 
which were 8 weeks of age and weighing 170-240 g at the beginning of the study (Charles 
River, Maastricht, the Netherlands). Animals were housed in pairs before DRGS 
implantation and individually after surgery in a climate controlled room with a 12-h 
reversed light dark cycle in transparent plastic cages with free access to food and water. 
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The study was approved by the Animal Research Committee of the Maastricht University 
(DEC-protocol 2017-022) and is in accordance with the guidelines of the European 
Directive for the Protection of Vertebrate Animals Used for Experimental and Other 
Scientific Purposes (86/609/EU). Every effort was made to keep animal numbers as low 
as possible and to minimize their suffering. Alternatives to in vivo techniques were 
considered. 

Induction of diabetes mellitus 

After 1 night of fasting, diabetes mellitus (DM) was induced by intraperitoneal injection 
of 65 mg/kg Streptozotocin (STZ,65 mg/mL, Sigma-Aldrich, Schnelldorf, Germany). One 
week after STZ injection (n=24), blood glucose levels were measured in blood derived 
from the saphenous vein with a standard blood glucose meter (Accu-Chek Aviva®, Roche 
Diagnostics GmbH, Mannheim, Germany) to verify the induction of DM (blood glucose 
level ≥15 mmol/L). Rats with a glucose level of ≥15 mmol/L were considered diabetic 12 
and were included in the study. 

Behavioral testing 

Animals were tested for mechanical hypersensitivity based on the hind limb paw 
withdrawal response to von Frey filaments (bending forces 0.6, 1.2, 2.0, 3.6, 5.5, 8.5, 15.1, 
and 28.84 g). Before start of the behavioral testing, rats were placed in the experimental 
set-up and were able to acclimatize for 15 min. Mechanical hypersensitivity was assessed 
according to the ‘up-down method’,13 which was previously described.14 To prevent 
tissue damage, the absence of the paw withdrawal response to a 28.84 g force was 
determined as the cut-off value. The registered 50% paw withdrawal thresholds (WT), 
measured in grams, were multiplied by 10.000 and then logarithmically transformed in 
order to conform with Weber’s law 15 and to obtain a linear scale.  

Inclusion of animals 

At baseline (pre-STZ injection= pre-diabetes) (n=24), as well as at 4 weeks post-STZ 
injection, animals were tested for mechanical hypersensitivity using von Frey hind limb 
withdrawal testing. The presence of mechanical hypersensitivity was presumed if the 
log10 (10.000 x 50% WT) decreased by ≥0.2 units compared with baseline.13,16 Only 
animals showing mechanical hypersensitivity at 4 weeks post-STZ injection (n=15) were 
treated with DRGS, whereas animals showing no mechanical hypersensitivity at that time 
point were excluded from the study (n=5). 

Implantation of DRGS device 

A bipolar DRGS electrode (Fig. 1) was implanted unilaterally at the L5 DRG, according the 
technique that was previously described (adapted from Pan et al.).11,17 In short, the L5 
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intervertebral foramen was exposed under general anaesthesia, and both the anode and 
cathode were implanted at the DRG. The electrode was secured on the transverse 
process, and the incision was closed.The animals recovered for 2 days after the DRGS 
implantation.

FFiigguurree 11. Bipolar electrode for dorsal root ganglion stimulation. 

DRGS

All animals received LF-DRGS of 1Hz, MF-DRGS of 20Hz, HF-DRGS of 1000Hz and Sham-
DRGS at days 2-5 post-implantation, using a randomized cross-over design. After the 
connector was attached to the wire of the pulse generator (A-M systems MultiStim Model 
3800, fitted with an A-M systems 3820 stimulus isolator (A-M systems, Sequim, WA, 
USA)), the assessment of motor threshold (MT) was performed by progressively 
augmenting the current amplitude using a constant frequency of 2 Hz and a pulse width 
of 0.2 msec. The current amplitude that induced contractions in the lower limb in the 
animal was defined to be the MT for that specific animal. On stimulation days, animals 
were first tested for MT, after which the amplitude was set accordingly for each animal 
(with stimulation amplitude at 66.7% of MT – defined as above). Biphasic stimulation was 
applied for 30 minutes, alternating LF- (1Hz), MF- (20Hz), HF- (1000Hz) and Sham-DRGS 
during the four consecutive days, with a pulse width of 0.2 msec (average amplitude: 0.19 
± 0.01 mA). 
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Animals were tested for mechanical hypersensitivity immediately before stimulation 
(pre-stimulation baseline) (= 2-5 days after implantation), during stimulation at 15 (t=15 
min) and at 30 min (t=30 min), and after stimulation at 15 and 30 min (t=45 min and t=60 
min) (Fig. 2). An animal was defined as a ‘responder to stimulation’ if the log10 (10.000 x 
50% WT) increased with ≥0.2 during stimulation, when compared to the pre-stimulation 
baseline.11

FFiigguurree 22. Study design.
DRGS, Dorsal Root Ganglion Stimulation.

Statistical analysis

All data are represented as mean ± standard error of the mean (SEM). For comparison of 
mechanical hypersensitivity pre-STZ injection (=pre-diabetes) and pre-implantation, a 
paired t-test was used. For comparison of the effect of DRGS over time and the effect of 
stimulation frequency, a two-way analysis of variance (ANOVA) followed by Dunnet’s or 
Tukey’s post-hoc test was used, respectively. For comparisons of MTs over time, a 
repeated measures one-way ANOVA followed by Dunnett’s multiple comparison test was 
used. Statistical significance was defined as p <0.05.
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RReessuullttss 

Description of cohorts of animals

Out of the 24 STZ-injected animals, 20 animals developed DM (83%; blood glucose level 
≥15 mmol/L). Fifteen out of these 20 diabetic animals developed PDPN (75%; ≥0.2 
decrease in log10 (10.000 x 50% WT) on von Frey when compared to the pre-diabetes 
level). The mean log10 (10.000 x 50% WT) in these animals dropped from 5.19 ± 0.04 g at 
pre-diabetes-baseline to 4.64 ± 0.05 g four weeks post-STZ injection (P<0.0001) (Fig. 3). 
All PDPN animals (n=15) were then implanted with a unilateral DRGS device at the L5 
lumbar level. One animal died during implantation. Out of the 14 implanted animals, 2 
animals were excluded due to excessively high MT (≥1mA), and 2 animals were excluded 
due to not being able to complete the full 4-days stimulation protocol (lead defects).

FFiigguurree 33.. Development of PDPN. PDPN was defined as a ≥0.2 decrease in log10 (10.000 x 50% WT) on von Frey. 
**** p<0.0001.
PDPN, painful diabetic polyneuropathy; WT, withdrawal threshold; STZ, streptozotocin. 

Effect over time of DRGS at 1 Hz, 20 Hz, 1000 Hz and Sham-DRGS on mechanical 
hypersensitivity

DRGS significantly attenuated STZ-induced PDPN (p<0.0001, effect of factor time; two-
way repeated measures ANOVA). Scatter plots with individual animal performances for 
1Hz (LF), 20Hz (MF), 1000Hz (HF) and Sham-DRGS are presented in Figure 4A, 4B, 4C, 4D, 
respectively. In the LF-DRGS treatment, DRGS resulted in an increase of the log10 (10 000 
× 50% WT) from 4.55 ± 0.10 at baseline (pre-DRGS) to 4.94 ± 0.14 at 15 min (p<0.01) and 
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5.15 ± 0.12 at 30 min (p<0.0001). After cessation of LF-DRGS, the log10 (10 000 × 50% WT) 
did not return to pre-DRGS values at 45 min (4.98 ± 0.14; p<0.001) and 60 min (4.91 ± 
0.12; p<0.01) (Fig. 4a and Fig. 4e). In the MF-DRGS treatment, DRGS resulted in an 
increase of the log10 (10 000 × 50% WT) from 4.62 ± 0.15 pre-DRGS to 5.10 ± 0.13 at 15 
min (p<0.0001) and 5.12 ± 0.10 at 30 min (p<0.0001). After DRGS was stopped, the log10 
(10 000 × 50% WT) did not return to pre-DRGS values at 45 min (4.92 ± 0.16; p<0.05), but 
did however return to pre-DRGS at 60 min (4.79 ± 0.13; p=0.29) (Fig. 4b and Fig. 4e). In 
the HF-DRGS treatment, DRGS resulted in an increase of the log10 (10 000 × 50% WT) 
from 4.62 ± 0.12 pre-DRGS to 5.18 ± 0.11 at 15 min (p<0.0001) and 5.20 ± 0.12 at 30 min 
(p<0.0001). After cessation of DRGS, the log10 (10 000 × 50% WT) returned to pre-DRGS 
values at 45 min (4.87 ± 0.10; p=0.06), and at 60 min (4.80 ± 0.12; p=0.26) (Fig. 4c and 
Fig. 4e). In the Sham-DRGS treatment, no increases of the log10 (10 000 × 50% WT) 
compared to pre-DRGS values (4.73 ± 0.10) were found at 15 min (4.68 ± 0.12; p=0.98), 
at 30 min (4.69 ± 0.11; p=0.99), 45 min (4.73 ± 0.09; p=0.99) and at 60 min (4.77 ± 0.10; 
p=0.99) (Fig. 4d and Fig. 4e). 

All treatment modalities (LF-, MF-, and HF-DRGS) resulted in a return to pre-diabetes 
injection log10 (10 000 × 50% WT) values (p>0.07). No significant differences were 
observed in terms of effect of stimulation frequency between groups (p=0.24, effect of 
factor frequency; two-way repeated measures ANOVA). At t=15 min, the MF (p<0.001), 
and HF- (p<0.0001) DRGS scored significantly better in terms of mechanical 
hypersensitivity compared to Sham-DRGS (two-way repeated measures ANOVA followed 
by Tukey’s multiple comparisons test). Interestingly, the 1Hz group showed no significant 
difference compared to the Sham group at 15 min (p=0.07). At 30 min of stimulation, the 
LF- (p<0.001), MF- (p<0.001), and HF-DRGS (p<0.0001) scored significantly better in 
terms of mechanical hypersensitivity as compared to the Sham-DRGS (two-way repeated 
measures ANOVA followed by Tukey’s multiple comparisons test) (Fig. 4e). No significant 
differences between frequencies were observed at any other time point (inter-treatment 
comparison, two-way repeated measures ANOVA followed by Tukey’s multiple 
comparisons test). 
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FFiigguurree 44aa--dd. Scatter plot for the effect of the different frequencies and Sham-DRGS on mechanical 
hypersensitivity of the left hind paw in rats with PDPN. Dotted line= mean log10 50% WT before STZ injection. 
Stimulator is on at the 15 and 30 min time point. *p<0.05, **P<0.01, ***P<0.001, ****p<0.0001 when 
compared to baseline (two-way repeated measures ANOVA followed by Dunnett’s multiple comparisons 
correction). (a) Scatter plot for the effect of LF- DRGS on mechanical hypersensitivity. (b) Scatter plot for the 
effect of MF- DRGS on mechanical hypersensitivity. (c) . Scatter plot for the effect of HF-DRGS on mechanical 
hypersensitivity. (d) Scatter plot for the effect of Sham DRGS on mechanical hypersensitivity. No stimulation 
applied. (e) Effect of DRGS using different stimulation frequencies on mechanical hypersensitivity. Data are 
presented as mean ± SEM. *p<0.05 compared to LF-DRGS ***p<0.001 compared to LF-DRGS. ###p<0.001 
compared to MF-DRGS. $$$$p<0.0001 compared to 1000Hz treatment. Hz, Hertz, DRGS, dorsal root ganglion 
stimulation; WT, withdrawal threshold; min, minutes; LF, low-frequency; MF, mid-frequency, HF, high-
frequency. 
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Percentage responders

The percentage of animals responding to DRGS at 15 min was highest during HF-
stimulation (8/10 (80%)) and at 30 min it was highest during the HF and LF-stimulation
(both 8/10 (80%)). At 45 and 60 min (i.e. after stimulation OFF), responder rates were 
considerably higher with use of LF stimulation when compared to the other frequencies 
of DRGS (Table 1).

TTaabbllee 11. Responder rates for each DRGS frequency. 

TTrreeaattmmeenntt TT == 1155 mmiinn TT == 3300 mmiinn TT == 4455 mmiinn TT == 6600 mmiinn 

11HHzz  
2200HHzz  
11000000HHzz  
SShhaamm 

5/10 (50%)
6/10 (60%)
8/10 (80%)
1/10 (10%)

8/10 (80%)
7/10 (70%)
8/10 (80%)
0/10 (0%)

7/10 (70%)
5/10 (50%)
5/10 (50%)
1/10 (10%)

7/10 (70%)
3/10 (30%)
5/10 (50%)
1/10 (10%)

A responder to stimulation was defined as an animal with an increase of the log10 (10.000 x 50% WT) ≥0.2 
compared to the pre-stimulation baseline. Hz, Hertz; min, minutes.

Lastly, a small increase over time in terms of MTs was observed over the 4-day stimulation 
protocol (p<0.05, repeated measures one-way ANOVA) (Fig. 5).

FFiigguurree 55.. Observed motor thresholds over time. Data are presented as scatter plots + mean. *p<0.05.
mA, milliampere. 
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DDiissccuussssiioonn  

With this study, we aimed to compare the behavioral anti-nociceptive effect of the 
conventionally used MF-DRGS with LF-DRGS, HF-DRGS and Sham-DRGS on mechanical 
hypersensivity in an animal model of the acute phase of PDPN. The results of this study 
show that DRGS is equally effective when applied at LF (1Hz), MF (20 Hz) and HF (1000 Hz) 
in an animal model of PDPN. However, LF-DRGS resulted in a delayed wash-out effect. 
These findings suggest that LF-DRGS results in an extended duration of pain relief and with 
that is most optimal for pain therapy in PDPN as compared to MF and HF. 

The vasculature system plays a major role in the pathophysiology of PDPN and SCS 
has been suggested to induce vasodilation which improves peripheral blood flow.18 
Previous studies showed that SCS at higher frequencies (500Hz and 200 Hz) significantly 
increased cutaneous blood flow in comparison to changes induced by lower 
frequencies.19,20 It is reasonable to assume that this vasodilating effect of SCS might also 
occur with the application of DRGS. Therefore, one could hypothesize that DRGS with 
higher frequencies also leads to superior pain relief and a higher rate of responders in 
comparison to DRGS with lower frequencies. However, although at 15 min HF-DRGS led 
to higher responder rates compared to MF-DRGS and LF-DRGS (80% versus 60% and 50%, 
respectively), HF-DRGS did not lead to a significant superior pain relieving effect. DRGS at 
all three frequencies (LF, MF and HF) resulted in reversal of mechanical hypersensitivity 
and a “clinically relevant reduction” was achieved in 70-80% of animals at 30 min. At 15 
min, the LF-DRGS treatment was not significantly different compared to Sham-DRGS, 
whereas this was the case for the MF-DRGS and HF-DRGS. This result might hint to a 
delayed onset of the effect with the lower frequency DRGS treatment. A small increase 
over time in terms of MTs was observed over the 4-day stimulation protocol, which is 
comparable to other studies. 

In the present study, the DRGS mid-frequency was set at 20Hz, which is the frequency 
most frequently used for DRGS in humans.7,8,17,21,22 In previous DRGS-animal studies 
frequencies of 20-50Hz were used, which resulted in a significant reversal of neuropathic 
pain behavior.11,17 Until now there is little data about the use of HF for DRGS. 
Nevertheless, one case report 23 and one pilot study 24 (n=5) applying HF-DRGS (2-10kHz) 
in the treatment of chronic back pain, have shown positive results.  

Conventionally, SCS of the dorsal columns and DRGS frequencies vary between 20 and 
80Hz. 7,8,21,25,26 In SCS, the effect of different frequencies on pain relief in PDPN-animals 
was tested at lower frequencies of 4.0-10Hz, middle frequencies of 35-55Hz and higher 
frequencies varying between 150-375Hz in the acute phase of the disease.16 From this 
study it was concluded that SCS is equally effective on mechanical hypersensitivity when 
applied at 4.0-10Hz, 35-55Hz or 150-375Hz. Interestingly, use of SCS at LF (4.0-10Hz) did 
not result in a delayed wash-out of analgesia after cessation of stimulation.16 As we did 
on the other hand observe a delayed wash-out effect after LF-DRGS in the current study, 
this effect may be related to the location of stimulation. In the chronic phase of 
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experimental PDNP, the use of a high SCS frequency (500Hz) resulted in a delayed and 
somewhat extended - but not superior effect on mechanical hypersensitivity as 
compared to lower frequencies SCS (5 and 50 Hz).14 

The DRG contains the somata for all sensory neuron subtypes, not only the non-
nociceptive Aβ cell bodies but also the Aδ and C-type nociception related cell bodies. 
With SCS the Aβ fibers in the dorsal columns are stimulated and not the Aδ or C-fibers27, 
whereas with DRGS it is reasonable to suggest that all cell bodies are stimulated. 
Furthermore, an experimental study by Sandkühler et al. showed that LF-DRGS of 1Hz of 
Aδ-type fibers resulted in the long-term depression (LTD) of the nociceptive transmission 
in the dorsal horn.28 From this we suggest that that the delayed wash-out effect noted 
with LF-DRGS is related to the induction of an Aδ mediated LTD process in the dorsal 
horn. 

Detailed understanding of how SCS and/or DRGS inhibit chronic neuropathic pain is 
limited. The Gate Control Theory provides a supposed mechanism of action for SCS: 
stimulating myelinated Aβ-fiber collaterals in the dorsal columns activates inhibitory 
GABA-ergic interneurons in the dorsal horn that suppress the transmission of nociceptive 
information from wide-dynamic range (WDR) spinal projection neurons to the brain.29–35 
On the other hand, DRGS is suggested to amplify the natural filtering process that limits 
propagation of trains of action potentials through the T-junction in the DRG.27,36 An 
experimental animal study was able to show with use of functional magnetic resonance 
imaging (fMRI) that DRGS in animals with chronic neuropathic pain caused a significant 
attenuation of the blood oxygen-level dependent (BOLD) response to noxious stimulation 
in brain regions associated with sensory as well as cognitive-motivational aspects of 
pain.37 This BOLD signal attenuation persisted for 20 minutes after the DRGS was 
discontinued. Although the role of GABA-ergic signaling in the mechanism of SCS has 
been established, the role of spinal dorsal horn GABA in DRGS-induced pain suppression 
needs still to be elucidated. 

Limitations of this study include fundamental differences in the clinical and preclinical 
manifestation of PDPN. In patients, DM is a chronic disease where complications often 
only arise after many years. STZ injection in rats relies on destruction of beta cells in the 
pancreas.12 The injection therefore leads to a very swift development of DM (within a 
week), and subsequent development of mechanical hypersensivity (within 4-5 weeks) 
11,16,38,39 Therefore, one should be cautious when extrapolating these results to a human 
situation. Secondly, it should be noted that the experiments as described are basically 
using short-term stimulation paradigms. This is up till now standard procedure in 
experimental studies, but it should be acknowledged that the translational impact of 
these studies might be limited as in clinic long-term stimulation is used. It might 
furthermore also be possible that use of long-term DRGS-stimulation paradigms might 
result into different outcomes. Van Beek et al. recently demonstrated that long-term SCS 
(of four weeks, 12 hours/day) resulted in decreased baseline mechanical hypersensitivity 
in a rat model of PDPN, suggesting an improvement in the baseline condition with long-
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term SCS treatment.38 Future experiments should be performed with longer-term DRGS-
stimulation paradigms which much more closely mimics the clinical situation. 

CCoonncclluussiioonn  

To conclude, the results of the present study show: 1.) the maximal anti-nociceptive 
effect based on paw withdrawal responses did not differ between LF-, MF- and HF-DRGS; 
2.) LF-DRGS resulted in a delayed wash-out effect. All together these findings suggest that 
LF- (1Hz) DRGS should be recommended for effective pain relief in PDPN. Moreover, the 
use of LF-DRGS will lead to a prolonged battery life as compared to MF- and HF-DRGS and 
thus has important consequences for costs-effectiveness of this treatment. 
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AAbbssttrraacctt  

AAiimmss::  It is hypothesized that dorsal root ganglion stimulation (DRGS), sharing some of the 
mechanisms of traditional spinal cord stimulation (SCS) of the dorsal columns, induces γ-
aminobutyric acid (GABA)-release from interneurons in the spinal dorsal horn. 

MMeetthhooddss::  We used quantitative immunohistochemical analysis in order to investigate the 
effect of DRGS on intensity of intracellular GABA-staining levels in the L4-L6 spinal dorsal 
horn of painful diabetic polyneuropathy (PDPN) animals. To establish the maximal pain 
relieving effect, we tested for mechanical hypersensitivity to von Frey filaments and 
animals received 30 minutes of DRGS at day 3 after implantation of the electrode. One 
day later, 4 Sham-DRGS animals and 4 responders-to-DRGS received again 30 minutes of 
DRGS and were perfused at the peak of DRGS-induced pain relief.  

RReessuullttss::  No significant difference in GABA-immunoreactivity was observed between 
DRGS and Sham-DRGS in lamina 1-3 of the spinal levels L4-6 neither ipsilaterally, nor 
contralaterally.  

CCoonncclluussiioonnss::  DRGS does not induce GABA release from the spinal dorsal horn cells, 
suggesting that the mechanisms underlying DRGS in pain relief are different from those 
of conventional SCS. The modulation of a GABA mediated “Gate Control” in the DRG itself, 
functioning as a prime Gate of nociception, is suggested and discussed.  
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IInnttrroodduuccttiioonn  

In the western world, the prevalence of chronic pain is 30%1, and about one fifth of these 
persons has predominantly neuropathic pain.2–4 Neuropathic pain is described as pain 
caused by a lesion or a disease of the somatosensory nervous system.5 One of the most 
common neuropathic pain conditions is diabetic polyneuropathy (DPN), which is most 
typically a chronic, symmetrical, length-dependent sensory motor polyneuropathy.6 Up 
to 1/3 of all diabetic patients acquire painful diabetic polyneuropathy (PDPN),7 and 
pharmacological pain therapy is often insufficient in these patients.8 Conventional Spinal 
Cord Stimulation of the dorsal columns (hereafter labelled SCS) has resulted in significant 
pain reduction in many intractable PDPN patients.9–11 However, in about 40% of these 
patients SCS-treatment is not effective.9–11 Conventional Dorsal Root Ganglion 
Stimulation (hereafter named DRGS) acts at the level of the dorsal root ganglion (DRG), a 
promising new location for neuromodulation in managing selected pain conditions – 
among those also PDPN.12 DRGS enables the physician to target a more peripheral, 
selective communication station for all nociceptive signalling from the peripheral nervous 
system to the dorsal horn in the spinal cord, from where the information is further 
processed via the spinothalamic tracts to the brain.13 The DRG plays an important role in 
both neuropathic and nociceptive pain conditions.14 Therefore, while SCS can 
theoretically only modulate Aβ fibre signalling, DRGS might also be able to modulate Aδ- 
and C-type fibre signalling.15 

A key molecule in the processing and modulation of the nociceptive signal in the spinal 
dorsal horn is γ-aminobutyric acid (GABA).16,17 Experimental data demonstrated 
decreased extracellular GABA levels and increased intracellular GABA levels in the dorsal 
horn after peripheral nerve injury.18,19 GABA has been proposed to have a major role in 
nociceptive and non-nociceptive processing according to the Gate Control Theory.20 
Based on this, it was suggested to stimulate non-nociceptive Aβ fibres in the dorsal 
columns (SCS) aiming to turn on the Gate mechanisms and modulate the nociceptive 
input. In an experimental study of allodynic rats, increased levels of extracellular GABA 
were indeed found in the dorsal horns in response to SCS.18,21,22 The pivotal role of GABA 
in the analgesic effect of SCS has furthermore been confirmed by the fact that the 
application of the GABAB agonist baclofen changed ‘non-responders-to-SCS’ into 
‘responders-to-SCS’.23–26 The results of an experimental study of Janssen et al.27 
demonstrated additionally that responders-to-SCS showed decreased levels of 
intracellular GABA-immunoreactivity (GABA-IR) in the spinal dorsal horn in comparison to 
non-responders-to-SCS and Sham-SCS animals. A relation between the release of 
intracellular accumulated GABA in the spinal cord dorsal horn and the analgesic effect of 
SCS was therefore hypothesized.27–30 

The mechanisms underlying DRGS and its ensuing pain relief are as yet unknown, and 
it is likely that it shares some spinal and supraspinal mechanisms with SCS, dependent on 
Aβ fibres activated by both types of stimulation. The present study is therefore aimed to 
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investigate the hypothesis that DRGS induces GABA release from spinal dorsal horn cells. 
We used quantitative immunohistochemical analysis in an animal model of PDPN to study 
the effect of one single DRGS paradigm on the levels of spinal dorsal horn intracellular 
GABA. 

MMeetthhooddss  

Ethical Statement  

The protocols for this study were approved by the Animal Care Committee of the 
Maastricht University Medical Centre (DEC 2013-079). The procedures were conducted 
in accordance with the guidelines of the European Directive for the Protection of 
Vertebrate Animals Used for Experimental and Other Scientific Purposes (86/609/EU). 

Animals 

The study was performed on 48 adult female Sprague-Dawley rats, weighing 170-230 g 
and 8 weeks old at the start of the experiments (Charles River, Maastricht, the 
Netherlands).They were preoperatively housed in pairs and postoperatively individually, 
in transparent plastic cages situated in a climate controlled room under a 12-h light/dark 
cycle with food and water ad libitium. All efforts were made to minimize the number of 
animals used and their suffering, and alternatives to in vivo techniques were considered. 

Induction of Diabetes Mellitus 

All animals fasted overnight before the induction of diabetes. Streptozotocin (STZ, Sigma-
Aldrich, Schnelldorf, Germany) was freshly dissolved in sterile NaCl 0.9% to a solution of 
65 mg/mL. Animals were intraperitoneally injected with the STZ solution (65 mg/kg) to 
induce diabetes mellitus (DM). On day 4 post-STZ injection, blood glucose levels were 
measured from the saphenous vein, using an Accu-Chek Aviva® glucometer (Roche 
Diagnostics GmbH, Mannheim, Germany). Rats developing diabetes, defined as a blood 
glucose level of ≥15 mmol/L,31 were included in the study. 

Development and Assessment of Mechanical Hypersensitivity 

Pain behaviour was assessed by testing mechanical hypersensitivity based on the hind 
limb paw withdrawal response to Von Frey filaments (bending forces 0.6, 1.2, 2.0, 3.6, 
5.5, 8.5, 15.1, and 28.84 g). Rats were placed in individual cages with a wire mesh floor 
and were allowed to acclimate to the experimental set-up for 15 minutes. The 50% 
withdrawal threshold (WT) was determined by use of the up-down method,32 as 
previously described.33 The cut-off value was defined as the absence of the paw 
withdrawal response to a 28.84 g force to prevent tissue damage. The registered 50% 
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WT’s (measured in grams) were then multiplied by 10.000 and logarithmically 
transformed to conform with Weber’s law34 and in order to obtain a linear scale. 

Mechanical hypersensitivity was tested at baseline (pre-STZ injection), and weekly 
during 4 weeks post-STZ injection. Mechanical hypersensitivity, caused by PDPN, was 
defined to be present in case of a decrease of ≥0.2 unit of the log10 (10.000 x 50% WT) 
when compared to baseline. Only animals that developed mechanical hypersensitivity 
were selected for this study and treated with DRGS. 

Implantation of DRGS Electrode 

Under general anaesthesia, bipolar electrodes were implanted unilaterally at the L5 DRG, 
according to the earlier described procedure (adapted from Pan et al.).35,36 In short, via a 
paravertebral incision the intervertebral foramen was exposed, the foramen was opened 
and the anode and cathode were implanted at the DRG. The electrode was then secured 
into the transverse process followed by closure of the incision in layers. 

DRGS 

For comparison with previous experimental studies regarding neurostimulation in PDPN 
animals, we used time and design as in previous (published) experiments.33,36 Animals 
were stimulated for 30 minutes at day 3 and 4 following implantation. The stimulation on 
day 3 was meant to establish the maximal pain relieving effect of DRGS,36 while the 
stimulation on day 4 was performed to activate the mechanisms of action before 
perfusing the animals at the ‘peak of DRGS induced pain relief’. For stimulation the 
implanted electrode was connected to the pulse generator (A-M systems MultiStim 
Model 3800, fitted with an A-M systems 3820 stimulus isolator (A-M systems, Sequim, 
WA, USA)). To assess motor thresholds (MT), the current amplitude was increased during 
stimulation at 2 Hz with a pulse width of 0.2 msec, defining MT as the current at which 
any further increase resulted in hind limb movement. Stimulation was delivered at a 
current set at 66.7% of MT (around 0.18 mA), a frequency of 50 Hz and a pulse width of 
0.2 msec. Amplitude was set at zero for sham stimulation. 

On the third day following implantation, mechanical hypersensitivity was assessed 
pre-DRGS, during stimulation at t=15 minutes and t=30 minutes, and 30 minutes post-
DRGS (t=60 minutes). On the 4th day after implantation, rats received again 30 minutes 
of DRGS, just before being perfused (at the peak of the DRGS induced pain relief). An 
animal was defined as a ‘responder-to-DRGS’ if it developed an increase in the log10 
(10.000 x 50% WT) of ≥0.2 when compared to the pre-DRGS baseline.36 
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Tissue Preparation 

At the peak of DRGS induced pain relief (after 30 minutes of stimulation), 4 responder-
to-DRGS animals and 4 Sham-DRGS animals were anesthetized with pentobarbital (100 
mg/kg) and perfused transcardially with 15% picric acid and 4% paraformaldehyde in 0.2 
M phosphate buffer saline (PBS; pH 7.6). A laminectomy was performed to extract spinal 
cord L4–L6 regions, which were post-fixated overnight (at 4°C) and cryoprotected in 10% 
sucrose for 24 h, and then incubated for 72 h in 25% sucrose in 0.1 M PBS (pH 7.6, at 4°C). 
Thereafter, tissues were frozen using solid carbon dioxide. Transverse cryosections (30 
µm thick) were mounted on gelatine coated glass slides and stored at -20°C until staining. 
The cryosectioning was performed in a blinded fashion for treatment. 

Immunohistochemical Detection of GABA 

Slides were allowed to dry at room temperature for 2 h before being washed with Tris-
buffered saline (TBS, 0.1 M, pH 7.6), including 0.3% Triton X-100 (TBS-T), TBS and TBS-T. 
Thereafter, the slides were blocked for anti-GABA immunohistochemistry by the 
incubation in 2% normal donkey serum (Sigma-Aldrich, Zwijndrecht, the Netherlands, 
D9663) for 1 h, diluted in TBS-T, and then incubated with rabbit anti-GABA polyclonal 
antibody (1:5000 diluted in TBS-T; Sigma- Aldrich, Zwijndrecht, the Netherlands, A2052) 
for 48 h. After rinsing unbound primary antibody with TBS, sections were incubated for 2 
h with the secondary antibody alexa fluor 488 donkey anti-rabbit IgG (1:100 diluted in 
TBS-T; Invitrogen, Breda, the Netherlands, A21206). Lastly, slides were rinsed with TBS 
and coverslipped with TBS/glycerol (20%/80%). 

Immunoreactivity Analysis 

After the GABA-staining protocol was completed, sections were observed under an 
Olympus AX-70 microscope and immunohistochemical analysis was performed, as 
previously described by Janssen et al. (2012).27 Firstly, photomicrographs were taken 
from both ipsilateral and contralateral dorsal horns for the spinal levels L4-L6 using the 
Provis AX70 fluorescent microscope (Olympus) with a U-CMAD-2 black and white camera 
(Olympus) with CellP imaging software. Images were merged using Adobe Photoshop and 
grayscale values were analysed (blinded for treatment) using AnalySIS software. Regions 
of interest for the analysis of GABA-IR were lamina of Rexed 1-3 of the dorsal horn.37 
Grayscale values were calculated for these laminae. The outcomes should depict the 
intracellular GABA content in the dorsal horns. 

Statistical Analysis 

The assay and the data-analysis were performed in a blinded fashion in an identical mode 
as published before.27 Data are represented as mean ± standard error of the mean (SEM). 
Statistical analysis of grayscale values was performed using GraphPad Prism software. A 
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Wilcoxon signed-rank test was used for comparison of mechanical hypersensitivity pre-
STZ injection and pre-implantation. For comparisons of grayscale values between levels 
(L4 vs. L5 vs. L6), treatments (DRGS vs. Sham-DRGS) and left-right differences (ipsilateral 
vs. contralateral), a two-way analysis of variance (ANOVA) was used, followed by a Sidak’s 
multiple comparisons test. A P value <0.05 was considered significant. 

RReessuullttss  

Description of Cohorts of Animals 

Forty-three of the 48 animals (90%) that were injected with STZ developed DM (blood 
glucose ≥15 mmol/L). Twenty-two out of the 43 diabetic animals developed painful 
neuropathy (51%, ≥0.2 decrease in log10 (10.000 x 50% WT), and were implanted with a 
DRGS system. Two animals were excluded from the study because of high MT (MT>1mA), 
and two due to a connector breakage. Eleven animals were selected for treatment with 
DRGS and 7 for treatment with Sham-DRGS.36 Of these animals, 4 responders-to-DRGS 
animals and 4 Sham-DRGS animals were selected for the GABA-IR analyses.  

Development of PDPN and Effect of DRGS on PDPN 

In the DRGS group, the log10 (10.000 x 50% WT) dropped significantly from 5.059 pre-STZ 
injection to 4.376 pre-DRGS (p< 0.01). In the Sham-DRGS group, the log10 (10.000 x 50% 
WT) dropped also significantly from 5.041 pre-STZ injection to 4.416 pre-Sham-DRGS (p< 
0.05).36 The mean log10

 (10.000 x 50% WT) value of the animals that were selected for 
GABA-IR analyses (n=8) decreased from 4.99 ± 0.05 pre-STZ injection to 4.50 ± 0.06 pre-
implantation (4 weeks post-STZ injection, p<0.01). Motor thresholds were tested prior to 
DRGS (to select the appropriate amplitude). Normal responses were observed indicating 
no effect on motor behavior. We described the efficacy of DRGS in an earlier publicized 
study.36 In short, DRGS induced a complete reversal of mechanical hypersensitivity during 
stimulation. A return to pre-DRGS values was noted after cessation of DRGS at t=60 
minutes. Sham-DRGS did not induce a reversal of mechanical hypersensitivity. Eight out 
of the 11 DRGS animals responded to DRGS (73%) at t=15 minutes and 10 out of 11 (91%) 
at t=30 minutes. All 4 DRGS animals that were selected for the GABA-IR analyses of the 
current study, were responders-to-DRGS. At 15 minutes of DRGS, 2/4 animals (50%) 
responded to DRGS, while at 30 minutes 4/4 animals (100%) responded. At 60 minutes 
(30 minutes after cessation of DRGS), 1/4 animals (25%) still displayed a slight effect of 
the DRGS. 
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Comparison of Mean Gray Values L4-L6

The anti-GABA immunohistochemical analysis showed a strong GABA-IR, prevalently in 
laminae 1-3 of the spinal dorsal horn (Fig. 1, the contralateral staining results are not 
shown). No differences were found between ipsilateral and contralateral GABA-IR for
both the DRGS group as well as the Sham-DRGS group in lamina 1-3 on spinal level L4-L6 
(Fig. 2). Additionally, no differences in GABA-IR were found between DRGS and Sham-
DRGS in lamina 1-3 of spinal level L4-6, neither ipsilaterally nor contralaterally (Fig. 2).

FFiigguurree 11. Representive images of the immunohistochemical staining of the upper laminae of the DH in animals 
implanted with DRGS electrode. No differences in GABA-IR were observed for the Sham-DRGS group (A) and 
DRGS group (B) in the upper laminae of the L4-L6 spinal segments. Additionally, no differences in GABA-IR were 
observed between the ipsilateral and contralateral DH in both the Sham-DRGS and DRGS group. 
Scale bar = 100 μm.
GABA, γ-aminobutyric acid; DRGS, Dorsal Root Ganglion Stimulation; DH, Dorsal Horn; GABA-IR, GABA-
immunoreactivity.
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FFiigguurree 22. Average gray values of both the ipsilateral and contralateral dorsal horn in lamina 1-3 of spinal level 
L4-L6. Data are expressed as means ± SEM.
GABA, γ-aminobutyric acid; DRGS, Dorsal Root Ganglion Stimulation; DH, Dorsal Horn.

Comparison of Mean Gray Values per Level

No differences in terms of ipsilateral GABA-IR were observed between DRGS and Sham-
DRGS on all analysed levels (L4: p>0.99; L5: p>0.99, L6: p=0.77). Similarly, no differences 
were found in terms of ipsilateral GABA-IR for both DRGS (L4 vs. L5 p=0.64; L4 vs. L6 
p=0.98; L5 vs. L6 p=0.78) and Sham-DRGS (L4 vs. L5 p=0.60; L4 vs. L6 p=0.58; L5 vs. L6 
p>0.99) between each analysed level (Fig. 3).

FFiigguurree 33. Average gray values of the ipsilateral dorsal horn in lamina 1-3 per spinal level (L4, L5 and L6). Data 
are expressed as means ± SEM.
GABA, γ-aminobutyric acid; DH, Dorsal Horn; DRGS, Dorsal Root Ganglion Stimulation.
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No differences in terms of contralateral GABA-IR were observed between DRGS and 
Sham-DRGS on all analysed levels (L4: p>0.99; L5: p=0.57, L6: p=0.58). Similarly, no 
differences were found in terms of contralateral GABA-IR for both DRGS (L4 vs. L5 p=0.13; 
L4 vs. L6 p=0.99; L5 vs. L6 p=0.25) and Sham-DRGS (L4 vs. L5 p=0.60; L4 vs. L6 p=0.27; L5 
vs. L6 p>0.92) between each analysed level (Fig. 4).

FFiigguurree 44. Average gray values of the contralateral dorsal horn in lamina 1-3 per spinal level (L4, L5 and L6). Data 
are expressed as means ± SEM.
GABA, γ-aminobutyric acid; DH, Dorsal Horn; DRGS, Dorsal Root Ganglion Stimulation.

DDiissccuussssiioonn 

This is the first experimental study to assess intracellular GABA levels in the spinal dorsal 
horn at the peak of the DRGS pain relieving effect in a neuropathic pain model of PDPN. 
The results of this study indicate that DRGS does not result in decreased levels of 
intracellular GABA-IR in the spinal dorsal horn and thus does not induce GABA release. 
Dorsal column SCS has been demonstrated to induce GABA release from the spinal dorsal 
horn cells in agreement with the Gate Control Theory,18,27 while our results instead point 
to a different mechanism involved in DRGS and its production of pain relief. The assay 
and data-analysis utilized during our study were performed in an identical way as the 
previous study regarding GABA release in SCS,27 with the difference that the previous 
study did not concern PDPN animals but neuropathic pain animals with a partial sciatic 
nerve ligation (according to the Seltzer model). From these data it was concluded that 
the assay used for this study is sensitive enough to detect changes in GABA-IR in the spinal 
dorsal horn.
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The dorsal horn is an essential and second order relay station for the integration and 
modulation of pain.16 The Gate Control Theory includes the pivotal role of inhibitory 
GABA-ergic interneurons modulating the nociceptive afferents and with this acts as the 
major regulatory component of the mechanism underlying SCS of dorsal columns.16,18–

20,27,38 Electrical stimulation of the ascending branch of the non-nociceptive large Aβ 
fibres located in the dorsal column induces antidromic activation and generates synaptic 
interactions with GABA-ergic interneurons that inhibit the transmission of nociceptive 
signals entering the spinal dorsal horn via the slow-conducting C fibers.16,38 The GABA-
ergic inhibitory interneurons in the superficial laminae of the dorsal horn can be activated 
by Aβ-fibre inputs, which results in enhanced GABA release in the dorsal horn and an 
increase of extracellular GABA (Janssen et al., 2012).27 Peripheral nerve injury is known 
to induce a dysfunction of the natural GABA-ergic inhibition and a neuronal 
hyperexcitability in the spinal dorsal horn, which are among the major underlying causes 
of neuropathic pain.18,30,39–41 The theory that nerve injury induces a loss in GABA-ergic 
inhibition in the spinal dorsal horn, causing neuropathic pain, is sustained by 
experimental studies that showed that pharmacological antagonism of GABA-ergic 
inhibition either via the GABAA, but mainly via the GABAB receptor in the spinal cord 
induced mechanical hypersensivity.42–44 Prior experimental studies confirm that SCS 
reduces the neuronal excitability and spinal pain transmission.16 The role of GABA was 
furthermore substantiated by experimental and clinical studies demonstrating that the 
intrathecal application of GABA-B receptor agonists like baclofen further potentiate the 
analgesic effects of SCS,24–26 while at the same time local perfusion of GABA-B receptor 
antagonists, like bicuculline, abolish this effect.21 Therefore, analgesic effects of SCS may 
be especially attributed to the activation of the GABA-B receptor.21 An experimental study 
of Janssen et al.,27 demonstrated additionally a decrease of intracellular dorsal horn 
GABA-IR in responders-to-SCS, confirming a relation between the release of intracellular 
accumulated GABA and the analgesic effect of SCS. 

Conventional SCS is not successful in all patients and pain relieving effects can decline 
over the years.9,11 Lack of anatomic specificity of the painful area and positional variations 
in stimulation are furthermore well known drawbacks of conventional SCS therapy. The 
DRG appears to be an appealing site for neurostimulation,45 and clinical evidence 
indicates that DRGS provides efficacious pain relief in neuropathic pain sufferers,46–50 
which is confirmed by experimental studies.35,36 In comparison to SCS, DRGS has been 
demonstrated to have a better anatomic specificity of the painful area.50 Furthermore, 
with DRGS the electrical fields have a direct  effect on the neural tissues that are 
pathophysiologically involved in the chronic pain disease condition. Since the location of 
stimulation is completely different with DRGS (local stimulation at the DRG) as compared 
to SCS (stimulation of the dorsal column) the question remains if both stimulation 
paradigms act via the same mechanism. Our quantitative immunohistochemical data 
indicate that, even though DRGS and SCS resulted in a similar decrease of PDPN,36 DRGS 
does not act via the stimulation-induced GABA mediated mechanisms in the dorsal horn. 
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Clearly, DRGS does probably not only directly act via modulation of Aβ-fibres, but also 
of Aδ- and C-type fibers.15 As Aβ-fibres are stimulated, one might expect that the 
analgesic effect of DRGS, like that of SCS,27 is also linked to activation of intracellular GABA 
release in the dorsal horn. However, the results of the current study suggest that the 
analgesic effect of DRGS is not linked to GABA release in the dorsal horn. A hypothetical 
explanation for this could be that the modulation of a GABA mediated Gate Control 
mechanism with DRGS actually takes place in a primary Gate for nociceptive control, 
namely at the DRG itself, instead of in the dorsal horn. This hypothesis is supported by a 
recently published experimental study of Du at al.,51 which confirmed that key 
components of the GABA-ergic transmission are expressed in the DRG. Their study 
showed that depolarizing stimuli induce GABA release in the DRG. Additionally, their 
study demonstrated a reduction of the neuronal excitability in the DRG in response to 
GABA. Furthermore, focal infusion of GABA or GABA reuptake inhibitors into the DRG 
alleviated neuropathic pain, and the delivery of GABAA receptor antagonists to the DRG 
on the other hand exacerbated peripherally induced nociception.51 These results indicate 
that there is a endogenous GABA-ergic control in the DRG,52,53 and analgesic effects of 
focally applied GABA mimetics suggest that DRGS acts via the modulation of a GABA 
mediated Gate Control at the level of the DRG. 

In conclusion, DRGS does not induce GABA release in spinal dorsal horn of 
neuropathic (PDPN) rats. With this observation we suggest that the mechanism 
underlying DRGS-induced pain relief is different from that of dorsal column SCS. Further 
research is warranted to elucidate the mechanism underlying DRGS in pain relief. The 
modulation of a GABA mediated “Gate Control” in the DRG, functioning as a prime Gate 
of nociception, is suggested. 
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SSuummmmaarryy  aanndd  DDiissccuussssiioonn  

The aim of the research as described in this thesis was to establish and improve the 
effectiveness of dorsal root ganglion stimulation (DRGS) for pain relief in painful 
polyneuropathy (see General Introduction Chapter 1, section 6.1, Aim of the Thesis). 
Additionally, an animal model is developed for DRGS in painful polyneuropathy which is 
aimed to further understand the mechanism of DRGS in pain relief in painful 
polyneuropathy and with that to increase effectiveness of this therapy.  

The first research question (RRQQ  11) of this thesis is the question if DRGS results in pain 
relief in patients with painful polyneuropathy. This question is addressed and studied in 
CChhaapptteerrss  22  and  33. In CChhaapptteerr  22 a 74-year-old male patient is presented, which suffered 
from severe intractable pain, dysesthesia and allodynia of the left foot caused by 
idiopathic small fiber neuropathy (SFN), confirmed by skin biopsy. The pain was not 
satisfactory controlled by pharmacological pain management. Hence, a DRGS lead was 
implanted at the left L5 DRG and connected to an external pulse generator (EPG). After a 
successful trial, a permanent implantable pulse generator (IPG) was implanted and 
significant pain reduction was noted for at least 20 months. The results from this case 
report suggested that the DRG is a promising target for neurostimulation to treat 
localized SFN. This resulted in a design and execution of a small-scale prospective pilot 
study on the effect of DRGS in painful polyneuropathy at our Pain Management Center 
at Lugano, which is presented and discussed in CChhaapptteerr  33. Interestingly, during the 
conduction of this study, two small retrospective case series were published, one related 
to DRGS treatment for painful diabetic polyneuropathy (PDPN),1 and the other 
concerning DRGS treatment for hereditary and idiopathic polyneuropathy.2 Both studies 
showed a significant pain reduction with DRGS treatment, which remained stable during 
follow up of 12 and 6 months, respectively.1,2 

The primary aim of the study presented in CChhaapptteerr  33 was to analyze effectiveness of 
conventional DRGS (frequency 20 Hz; pulse width 0.2-0.4 ms; amplitude 0.6 mA) on pain 
relief in patients with intractable localized painful polyneuropathy in the lower limbs. 
Treatment was defined to be successful if there was a reduction of ≥50% in daytime 
and/or night-time pain intensity. Six out of the 7 implanted patients (85.7%) showed 
stable treatment success during the follow up period of 6 months. This responder rate is 
significant increased as compared to the reported 60% responder rate in dorsal column 
SCS studies in patients with PDPN.3–5 

The majority of literature examining SCS in the treatment of painful polyneuropathy 
relates to PDPN patients,3,5–13 while several case reports/series showed positive results 
of SCS and DRGS also in painful polyneuropathy of other etiologies than PDPN.14–16 An 
important aspect of our prospective study as compared to published clinical studies on 
effectiveness of SCS in PDPN is thus the fact that the etiology of polyneuropathy in our 
study was heterogeneous and not exclusively PDPN. In our study, the significant pain 
relieving effect in the subpopulation of the 2 PDPN patients was similar as compared to 
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the 5 patients with polyneuropathy of other etiologies (idiopathic, chronic inflammatory 
demyelinating polyneuropathy, chemotherapy-induced peripheral neuropathy). This 
suggest that DRGS has the ability to not only successful manage pain in PDPN but also in 
other etiologies of painful polyneuropathy. This is even more important as the prevalence 
of other conditions leading to painful polyneuropathies is rising.17–19 Therefore, we feel 
that impact of our prospective study is significant as it provides data on effect of DRGS 
on painful polyneuropathy of other etiology and thus may induce larger scale randomized 
studies to confirm effectiveness, eventually in comparison to SCS.  

The understanding of the spinal mechanisms of action underlying pain relief with SCS 
or DRGS is still incomplete. In neuropathic pain, multimodal wide-dynamic range (WDR) 
cells in the spinal dorsal horns express hyperexcitability,20 which seems to be related to 
an increased release of excitatory amino acids such as glutamate, and a dysfunction of 
the (natural) gamma-amino-butyric acid (GABA)ergic inhibition.21–24 According to the 
Gate Control Theory, electrical stimulation of the large myelinated non-nociceptive Aβ 
fibers in the spinal dorsal column induces the spinal inhibitory interneurons to release 
GABA, inactivating the WDR neurons,20 subsequently leading to an inhibition of the spinal 
nociceptive signal (“closing the gate”) from the small nociceptive Aδ and C fibers to the 
brain (see General Introduction Chapter 1, section 4.1, Spinal Cord Stimulation and 
section 4.3.2, Analgesic Effect of SCS or DRGS: Mechanism of Action and a Role of 
GABA).20,24–27 Furthermore, experimental SCS has not only shown to inhibit dorsal horn 
WDR hyperexcitability and induce a release of GABA in the dorsal horn, but also to lead 
to a decrease of the interstitial glutamate concentration.20,22,24 Within the dorsal horn of 
the spinal cord, not only WDR projection neurons are involved in pain processing but also 
nociceptive specific (NS) projection neurons (Figure 1).28–30 While NS neurons respond to 
high-intensity input, WDR neurons are able to give long range responses to a much 
broader range of stimuli (therefore called ‘wide dynamic range’).28 

The Gate Control Theory only partially explains the mechanism of SCS-induced pain 
relief. It is for example not fully understood why SCS does not affect the perception of 
acute pain, as the Gate Control Theory predicts that activation of large myelinated fibers 
should mask all pain.29 The fact that SCS does not affect the perception of acute pain 
might be explained by the assumption that WDR and NS neurons may respond differently 
to SCS: NS neurons being active during noxious stimuli while unresponsive to SCS.29  

Additionally, also supraspinal mechanisms have been shown to play an important role 
in the pain-relieving effect of SCS.24,31 SCS gives rise to orthodromic activation of a 
supraspinal network, finally resulting in descending inhibition of the dorsal horn 
nociceptive network.24 As a matter of fact, SCS has been shown to activate brainstem 
nuclei which are involved in the modulation of the incoming nociceptive signal in the 
spinal dorsal horn via descending serotonergic, noradrenergic, and dopaminergic 
fibers.32–35 

Not only brainstem nuclei are activated by SCS of the dorsal columns but also 
supraspinal cortical nuclei and areas, as has been demonstrated by imaging studies. 
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Functional MRI studies have shown that SCS leads to decreased connectivity between 
somatosensory and limbic areas.36 This suggests that pain relief from SCS may include 
and reduce negative emotional processing associated with pain. Other functional MRI 
studies suggest the thalamus as potential mediator in the pain relieving mechanisms of 
SCS treatment.37,38 

There is also evidence that SCS causes peripheral vasodilatation relieving ischemic 
pain and improving peripheral blood flow.39–42 Considering the vascular mechanisms that 
are involved in PDPN pathology, it is expected that improved blood perfusion of tissue 
leads to a better functioning of nervous tissue in PDPN patiens.42,43 Peripheral 
vasodilatation is mediated by antidromic release of calcitonin gene-related peptide 
(CGRP) through activation of predominantly small unmyelinated C-fibers, but also CGRP 
positive Aδ fibers (Figure 1).44,45 Other vasodilatory pathways should also be taken into 
account, such as a decreased sympathetic outflow during SCS.46–48 
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FFiigguurree 11..  
Cartoon representing the anatomical basis for the known segmental working mechanism of dorsal column SCS 
in PDPN related to pain relief and vasodilation. Within the spinal dorsal horn there are two main types of 
projection neurons involved in pain processing: nociceptive specific (NS) located in the superficial laminae of 
the dorsal horn and wide dynamic range (WDR) neurons located in the deeper laminae of the dorsal horn. The 
projection neurons are located in lamina I (NS-neurons) and in laminae III-V (WDR) neurons and receive inputs 
from primary afferents (directly and via spinal interneurons), and from descending pathways (not shown). 
Among the primary afferents are large-diameter, myelinated non-nociceptive Aβ fibers, thinly myelinated 
nociceptive Aδ fibers, and small-diameter unmyelinated nociceptive C-fibers. The spinal nociceptive network 
also contains different excitatory (not shown) and GABA-ergic inhibitory interneurons, involved in “gating” 
sensory input to the brain (“Gate-Control theory”). Electrical stimulation of the dorsal columns results in 
antidromic impulses propagating along the large-diameter Aβ fibers activating the dorsal horn nociceptive 
network including the GABA-ergic inhibitory interneurons.
Neuromodulatory effects in the dorsal horn include suppression of WDR projection neurons via GABA release 
(1), antidromic activation of CGRP+ nociceptive afferents (2) and sympathetic inhibition (3). The release of CGRP 
from the free nerve endings and decrease in noradrenaline release from sympathetic fibers results in peripheral 
vasodilation.
SCS, Spinal cord stimulation; PDPN, painful diabetic polyneuropathy; NS, nociceptive specific; WDR, wide 
dynamic range; GABA, gamma-amino-butyric acid; CGRP, calcitonin gene-related peptide.
With permission from reference [43]and artist impression by Rogier Trompert Medical-art Inc.
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The DRG is the first relay station in the nociceptive network and mediates nociception 
from the peripheral nerves to the central nervous system,49 and thus may form an 
appealing new location for neurostimulation. The DRG is of pivotal importance in the 
development and maintenance of chronic pain, as it exhibits pathophysiologic changes 
during chronic pain states, like altered electrophysiological membrane properties, 
changes in the expression of integral membrane proteins, and altered gene expression.50–

52 Elevated excitability of sensory neurons in the DRG contributes to the pathogenesis of 
chronic pain that follows peripheral nerve injury,53 and treatment at this specific site is 
interesting as it may interact with this pathogenic processes.  

Furthermore, the DRG represents the sensory gateway to the spinal cord, containing 
sensory neuron somata for all sensory modalities and fiber types: not only the non-
nociceptive Aβ cell bodies but also the Aδ and C-type nociception related cell bodies 
(figure 1). While with SCS only the Aβ fibers in the dorsal columns are stimulated, DRGS 
very likely stimulates not only Aβ but also the Aδ or C-fibers.24,54 Additionally, it is expected 
that the vasodilating effect of SCS also occurs with the application of DRGS. As described 
above, a decreased sympathetic outflow during SCS is thought to be (at least partially) 
the cause of vasodilatation. Animal studies have shown sympathetic fibers to sprout into 
the DRG after peripheral nerve injury thereby forming abnormal connections with 
sensory neurons.55–57 It is reasonable to assume that this sympathetic fiber sprouting into 
the DRG also occurs in patients with painful polyneuropathy and therefore DRG might be 
a better target for neurostimulation. 

Conventional SCS of the dorsal columns (frequency 20-80 Hz; pulse width 0.2-0.5 ms; 
amplitude 3.6 to 8.5 mA)13,58 is often unable to cover difficult-to-reach areas like the feet 
and the groin without generating extensive paresthesias or motor side effects (see 
General Introduction Chapter 1, section 4.1, Spinal Cord Stimulation).59 DRGS, on the 
other hand, has been shown to cover these difficult-to-reach areas better (see General 
Introduction Chapter 1, section 4.2, Dorsal Root Ganglion Stimulation).59–62 As in painful 
polyneuropathy the pain is initially mainly located in the lower extremities (feet),63 we 
hypothesize that stimulation of lumbar DRG is more effective as compared to SCS and 
this is tested in relation to  RRQQ22 in an animal model. With RRQQ22AA we intended to  develop 
an animal model for DRGS in PDPN and the results are presented in CChhaapptteerr  44:: DRGS 
bipolar leads were manufactured according to a procedure previously described by Pan 
et al.64 With various technical improvements and adapted surgical technique an animal 
model for DRGS in PDPN was established. This system was successfully tested in an 
already operational and meticulously tested PDPN animal model at the Maastricht 
University Medical Center+ with female Sprague-Dawley rats,42,65,66 and with this we 
established a reproducible animal model for DRGS in PDPN.  

After responding positively to RRQQ22AA, the answer to RRQQ22BB could be assessed. RRQQ22BB  
questioned whether DRGS is more effective in pain relief than SCS in experimental PDPN. 
In the study presented in CChhaapptteerr  44, DM was induced in the animals with an 
intraperitoneal injection of 65 mg/kg streptozotocin (STZ) (n=48). Mechanical paw 
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withdrawal thresholds were assessed with von Frey testing (see General Introduction 
Chapter 1, section 4.3, Stimulation Parameters, Mechanism of Action and Experimental 
Research).65 From the results of the study we conclude that effectiveness for pain relief 
with DRGS and SCS with conventional parameters (frequency 40-50 Hz, pulse width 0.2 
ms, amplitude 0.19) is similar in PDPN animals. However, we underscore that the 
experiments for this study were only based on short-term stimulation paradigms (30 
minutes), which might be a limitation in the translation to the clinical situation where 
long-term stimulation protocols are used. Additionally, the concept underlying DRGS 
differs from SCS and therefore it is important to test also other stimulation settings like 
different frequencies and amplitude in an experimental model.  

As the anatomical location of the DRG offers a closer proximity of the electrodes to 
the nociceptive and non-nociceptive fibers as with SCS of dorsal columns, reduced charge 
is required for similar electrical field.59,67–69 With SCS the presence of highly conductive 
cerebrospinal fluid (CSF) around the spinal cord can shunt electrical current away from 
the targeted region,70 while there is a scarcity of CSF around the DRG.71 Therefore, in 
clinical practice for DRGS lower amplitude (and charge) is required than for SCS, leading 
to longer battery life and therefore lower health care costs. Indeed, in clinical studies 
effective DRGS treatment is achieved at lower amplitudes, requiring on average about 
15% of the power output of SCS.72 Still, in our animal study intensity of DRGS and SCS was 
similar (CChhaapptteerr  44)) (amplitude: 0.18 ± 0.05 mA and 0.19 ± 0.01 mA, respectively). Both 
DRGS and SCS stimulation intensities were applied at 66.7% of motor threshold (MT). MT, 
defined as the lowest amplitude that induce contractions of the lower trunk or hind limbs, 
was thus determinative for amplitude high. The standardization of amplitude in the DRGS 
and SCS animals in our study enabled us to objectively compare results of DRGS and SCS 
with conservative settings.  

A first attempt to study the effect of intensity of SCS and pain relief has been made 
by Meuwissen et al.,73 who studied the effect of the intensity of conventional SCS 
(comparing 33, 50 and 66% of MT) in an experimental model of peripheral neuropathy. 
From this study it was concluded that the efficacy and pain relief of conventional SCS was 
linearly related to increasing amplitude. 

Our model for DRGS in PDPN animals allowed future research on effectiveness of 
other clinically relevant stimulation paradigms and hence RRQQ33 was formulated 
questioning whether frequency is an important parameter in DRGS for pain relief in an 
animal model of PDPN. Novel advances in neurostimulation frequencies for SCS have 
emerged in the latest years, like high frequency SCS (with frequencies up to 10 kHz) and 
burst SCS (40 Hz provided in bursts of five pulses, with an internal frequency of 500 Hz).24 
Previous studies showed that SCS at higher frequencies (500Hz and 200 Hz) significantly 
increased cutaneous blood flow in comparison to changes induced by lower 
frequencies.74,75 This suggests that higher frequencies could benefit SCS treatment in 
PDPN.  
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In 2013, Pluijms et al. published the results of a study assessing the effect of SCS 
frequency (low frequency(LF): 4-10Hz / mid frequency(MF): 35-55Hz / high 
frequency(HF): 150-375 Hz) on pain relief in the acute phase of experimental PDPN.65 
Subsequently, van Beek et al. evaluated the effect of SCS frequency (5Hz / 50Hz / 500 Hz) 
on mechanical hypersensitivity in the chronic phase of experimental PDPN.66 Although 
earlier studies suggest that higher frequencies could benefit SCS treatment in PDPN, SCS 
was equally effective on mechanical hypersensitivity when applied at LF, MF and HF both 
in the acute phase and in the chronic phase of experimental PDNP.65,66 Nevertheless, a 
delayed wash-in and wash-out effect on mechanical hypersensitivity was noted with use 
HF-SCS (500 Hz) in the chronic PDPN animals when compared with LF-(5 Hz) and MF-SCS 
(50 Hz). It was hypothesized that mechanisms by which HF-SCS alleviates pain 
predominantly result secondary to an effect of SCS on vasodilation, which might explain 
why alleviation of mechanical hypersensitivity started later as compared with LF- and MF-
SCS.66 Yet, although HF-SCS resulted in higher responder rates as compared to MF-SCS 
and LF-SCS (70% versus 65% and 60%, respectively), HF-SCS did not imply a significant 
superior pain relieving effect.66 

There is little data available about the pain relieving effect of different frequency 
settings in DRGS. Only in one case report and one small pilot study in patients with chronic 
back pain, a high frequency was applied for DRGS (2-10kHz) resulting in positive 
results.76,77 In previous DRGS-animal studies conventional frequencies of 20-50Hz were 
used, resulting in a significant reversal of neuropathic pain behavior.64,78 RRQQ33 provided 
the background for the study presented in CChhaapptteerr  55, which aimed to compare effect of 
the conventionally used MF-DRGS (20Hz)- with LF-DRGS (1 Hz)-, HF-DRGS (1000Hz) and 
sham-DRGS on mechanical hypersensivity in the animal model of PDPN. It is reasonable 
to assume that the increased vasodilatating effect of described in HF-SCS might also occur 
with the application of HF-DRGS. Therefore, one could hypothesize that HF-DRGS leads 
to superior pain relief and a higher rate of responders in comparison to DRGS with lower 
frequencies. However, in the study presented in CChhaapptteerr  55  HF-DRGS did not lead to a 
significant superior pain relieving effect in comparison to MF-DRGS and LF-DRGS.79 
Although HF-DRGS led to higher responder rates compared to MF-DRGS and LF-DRGS 
(80% versus 60% and 50%, respectively),  LF-DRGS led to an delayed wash-out effect as 
compared to MF-DRGS and HF-DRGS. This suggest that LF-DRGS is the most optimal 
setting in PDPN as compared to MF-DRGS and HF-DRGS. We hypothesize that this 
difference between SCS and DRGS in experimental PDPN (HF leads to a delayed wash-out 
effect in SCS in comparison to lower frequencies,66 whereas LF leads to a delayed wash-
out effect in DRGS in comparison to higher frequencies79) might be related to the location 
of stimulation (DRG versus dorsal column). 

It should be taken in consideration that the frequencies used in SCS-studies of PDPN 
animals65,66 differed from those applied in the present DRGS-study and this makes 
comparison of results and effect of stimulation frequency difficult. It is important to note 
that the frequency of 1000Hz as used in our study for HF-DRGS, in comparison to the 
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frequency of 375Hz or 500Hz as used for HF-SCS,65,66 comes closer to the high frequencies 
as used in clinical settings.80,81 In SCS studies HF was limited to 500Hz as this frequency 
was earlier shown to effectively increase SCS induced vasodilatation.74 Additionally, at 
higher frequencies the animals showed signs of discomfort possibly related to use of 
monophasic pulses with SCS and a monopolar electrode. On the contrary, in the chronic 
PDPN study of van Beek et al.,66 and also in the study presented in CChhaapptteerr  55, biphasic 
pulses were applied through a quadripolar paddle lead.66 The pulse width in all these 
three studies (Pluijms et al.65, van Beek et al.66 and the current study) did not differ and 
was 200 μsec. 

As described above (and in the General Introduction Chapter 1, section 4.1, Spinal 
Cord Stimulation and section 4.3.2, Analgesic Effect of SCS or DRGS: Mechanism of Action 
and a Role of GABA), it is known that GABA is a key molecule in the processing and 
modulation of the nociceptive signal in the spinal dorsal horn with SCS,27,82 and GABA has 
been proposed to have a major role in nociceptive and non-nociceptive processing 
according to the Gate Control Theory.25 From experimental studies it is now concluded 
that SCS of Aβ fibers in the dorsal column (with conventional settings) results in enhanced 
GABA release in spinal dorsal horn and this blocks nociceptive fibers.21,22,83–87 It was also 
demonstrated that intrathecal administration of a GABAB receptor agonist (baclofen) 
enhances the analgesic effect of SCS.88 These experimental findings were translated to 
the clinic.89–91  

Detailed understanding of how DRGS in particular may modulate chronic neuropathic 
pain is still limited. It is likely that DRGS shares some spinal and supraspinal mechanisms 
with SCS, depending on Aβ fibres activated by both types of stimulation. With DRGS the 
neurons in the DRG, including large Aβ neurons, are stimulated and then this effect might 
be similar to that observed with Aβ fiber stimulation and antidromic effect in dorsal horn. 
Therefore, with  RRQQ44 of this thesis the question was addressed whether spinal dorsal horn 
GABA release is also involved in the mechanism underlying the pain relieving effect of 
DRGS, likewise SCS. RRQQ  44 is tackled in CChhaapptteerr  66. We used quantitative 
immunohistochemical analysis in order to investigate the effect of DRGS on intensity of 
intracellular GABA-staining levels in the L4-L6 spinal dorsal horn of PDPN animals. In 
response to RRQQ44,, the results of CChhaapptteerr  66 indicate that DRGS, on the contrary of SCS, does 
not result in decreased levels of intracellular GABA-immunoreactivity (GABA-IR) in the 
spinal dorsal horn. We therefore concluded that the analgesic effect of DRGS is not linked 
to GABA release in the dorsal horn and the so-called the secondary GABA-mediated Gate. 
This suggest that the mechanisms underlying (conventional) DRGS in pain relief are 
different from those of (conventional) SCS. As we now know that key components of the 
GABA-ergic transmission are expressed in the DRG,92 we hypothesize that the pain 
relieving effect of DRGS in PDPN may act via modulation of the so-called “primary” GABA-
mediated gate located in the DRG instead of in the “secondary“ GABA-mediated gate 
located in the dorsal horn (see Chapter 1 section 4.3.2). 
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In conclusion, this thesis aimed to establish and improve the effectiveness of DRGS in 
the treatment of pain in painful polyneuropathy (see General Introduction Chapter 1, 
section 6.1, Aim of the Thesis). Evidence for a pain relieving effect of DRGS in refractory 
painful polyneuropathy was provided in our clinical studies (CChhaapptteerr  22  aanndd  33) and then 
confirmed in a PDPN animal model (CChhaapptteerr  44). We also concluded that effectiveness for 
pain relief with DRGS is similar to that observed with SCS (using conventional settings) in 
PDPN animals. Additionally, we showed that DRGS is equally effective when applied at LF, 
MF- and HF in an animal model of PDPN. However, LF-DRGS, as compared to MF and HF, 
resulted in a delayed wash-out effect, suggesting that LF is the most optimal setting in 
DRGS for PDPN. As lower frequency imply less charge delivered per second, this could 
have important implications for optimal total charge delivery in clinical practice. With a 
lower total charge delivery, battery consumption will decreas and at the same time 
battery life will increase thereby leading to lower health care costs. 

Lastly, another key finding of this thesis is that DRGS, in contrast to SCS, does not 
induce GABA release in spinal dorsal horn of PDPN rats (CChhaapptteerr  66). With this observation, 
we hypothesize that the mechanism underlying DRGS-induced pain relief differs from 
that of dorsal column SCS, and suggest a modulation of a primary GABA mediated Gate 
control within the DRG to be involved. Further research is warranted to elucidate the 
mechanism of action underlying DRGS in pain relief. 

Based on the results of the studies as presented in this thesis, the following 
recommendations for future studies and developments can be made: 

• Large-scale prospective studies comparing SCS and DRGS in a randomized 
controlled trial, are needed to prove the efficacy of DRGS in intractable pain 
associated with polyneuropathy.  

• The efficacy of low frequency DRGS should be investigated for effective pain 
relief in patients with PDPN. 

• The hypothesis that DRGS induced pain relief acts via first GABA-ergic Gate in 
DRG should be tested. 
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VVaalloorriizzaattiioonn  aaddddeenndduumm  

In this addendum, we will attempt to translate the findings of this thesis in terms of 
‘knowledge valorization’. Knowledge valorization of research refers to the process of 
creating value from knowledge, by making it available for social and or societal utilization. 
Diseases associated with chronic pain are increasing in prevalence and are a global cause 
of disability in both the developed and developing countries.1,2 Chronic pain is associated 
with a lowered quality of life (QoL),3,4 and can have an important impact upon mood, 
cognition and emotional functioning,5 leading to restrictions upon functioning during 
daily activities and work.6 Amongst all causes of chronic pain, neuropathic pain is 
particularly cumbersome.7 Additionally, neuropathic pain is widely recognized as one of 
the most difficult pain syndromes to manage.8 

One of the most common causes of neuropathic pain is polyneuropathy, which is 
typically characterized by symmetrical sensory symptoms in the distal parts of the limbs.9 
The overall prevalence of polyneuropathy in the general population ranges from 1 to 3% 
and rises to 7% in the elderly.10 In developing countries the prevalence is lower, possibly 
explained by a smaller proportion of elderly and by differences in the prevalence of 
polyneuropathy risk factors.10 In the last decades, the prevalence of polyneuropathy is 
increasing due to an aging population and the increasing prevalence of risk factors like 
diabetes mellitus (DM) and obesity.10,11 The prevalence of neuropathic pain in diabetic 
polyneuropathy in people with DM ranges from 6 to 34%,12 and this symptom is its most 
costly complication.13–15Other causes of polyneuropathy include toxic agents, such as 
chemotherapeutic drugs, nutritional deficiencies, autoimmune-mediated causes and 
hereditary factors.9,10 Polyneuropathy is furthermore reported to be present in 13–66 % 
of chronic alcoholics,16,17 and in up to 50% an underlying cause cannot be identified.18 

In this chapter, we will address the social and economic relevance of our research 
results. For this purpose, will we first present the impact of pain on patients with 
polyneuropathy and its impact on society. 

WWhhaatt  iiss  tthhee  iimmppaacctt  ooff  ppaaiinn  oonn  ppaattiieennttss  wwiitthh  ppoollyynneeuurrooppaatthhyy??  

Painful polyneuropathy has a huge impact on patients. Despite other symptoms like 
paresthesias and dysesthesias, pain is a primary indicator for worsening QoL and 
diminished overall wellbeing in patients with polyneuropathy.19 A study regarding PDPN 
patients showed that PDPN patients had a significantly worse QoL compared with DM 
patients without pain and DM patients with non-neuropathic pain.20 QoL is inversely 
associated with neuropathic pain severity and pain duration in patients with painful 
polyneuropathy.21 The etiology of polyneuropathy does not influence levels of 
neuropathic pain-related compromise of QoL.19   
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Painful polyneuropathy is a disabling disease and is related to poor sleep and 
symptoms of anxiety and depression.19,20,22 Pain intensity in polyneuropathy patients is 
positively associated with disability.22 Pain in these patients can considerably affect daily 
life by reducing the ability to walk and perform general everyday activities.12 It can have 
a major impact on recreational activities, work, social activities, mobility, and experienced 
stress.23,24 Studies have demonstrated that PDPN patients score 4.8 for overall pain 
interference on the brief pain inventory (BPI) (0 is no interference and 10 is complete 
interference).12 The subscales for general activity and walking ability were generally most 
affected.12,25 However, the subscales for sleep, mood and enjoyment of life were almost 
equally highly impaired.25 Painful polyneuropathy is often associated with sleep 
disturbance due to the fact that most patients have nocturnal pain. Studies of PDPN 
patients report that 72–96% of the patients are moderately to severely affected in their 
sleep.,26 Higher pain severity is significantly correlated with higher interference of 
sleep.12,27 In addition, studies have shown that 24.5–72.1% of PDPN patients have 
symptoms of depression and/or anxiety pain,12 and PDPN has been shown to be a greater 
determinant of depression than other DM-related complications and comorbidities.28 

Despite this great patient burden of pain caused by polyneuropathy, pain in 
polyneuropathy patients is often not well recognized and treated.29 The effectiveness of 
pharmacological treatment is often minor and frequently accompanied by unacceptable 
side effects.30 In addition, patients with painful polyneuropathy are more likely to have 
medication incompliance, like inappropriate polypharmacy and misuse of prescribed 
medications.19 Many patients require pain treatment with more than one medication, 
which increases the risk of additional adverse events and incorrect use of medication.31 
Furthermore, concomitant medication use is high in these patients. For instance, a 
patient survey has shown that 43% of PDPN patients received prescription medications 
for sleep disturbance, anxiety and/or depression.32  

WWhhaatt  iiss  tthhee  iimmppaacctt  ooff  ppaaiinn  iinn  ppaattiieennttss  wwiitthh  ppoollyynneeuurrooppaatthhyy  oonn  
ssoocciieettyy??  

Painful polyneuropathy is associated with greater health care utilization in 
comparison to not painful polyneuropathy. Examples of health care utilization are 
outpatient clinic visitations, overnight hospitalizations, and the use of a nursing or 
rehabilitation home.19 To give an example, the resource use of PDPN patients results in 
mean annual per patient UK health care costs of €2,963.33 Of these costs, 41% is 
accounted for inpatient care. The annual costs found in the UK were comparable to those 
found in Spain.34 The costs of medications account for approximately 30% of the 
healthcare costs.33,34 In addition, in patients with painful polyneuropathy a large number 
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of hospital admissions are related to medication side effects.19 Higher pain severity in 
PDPN patients is significantly correlated with higher resource use and direct costs.25,33,35 

Painful polyneuropathy can result in additional costs for society because it can lead 
to absence from work or reduced functionality at work.12 In a European study regarding 
634 PDPN patients, disturbance in employment status resulted in productivity losses of 
€10,484 per patient per year.36 PDPN severity was significantly associated with lost 
productivity, which was higher with increasing severity, and resulted in significantly 
higher costs. Productivity losses were similar among the countries France, Germany, Italy, 
and the UK, and were primarily driven by presenteism (impairment while working). In a 
UK study, 35% of the PDPN patients reported disruption in employment status due to 
pain, and 59% of the working patients was less productive at work.25  

Generally, neuropathic pain reduction, as a result of treatment, is related to 
improvement in QoL.37  

The humanistic and economic burden from painful polyneuropathy appears to be 
higher with increasing pain severity. Therefore, it is of particular importance to recognize 
painful polyneuropathy in patients and to optimize pain treatment.19 Emerging 
neuromodulation options for painful polyneuropathy are spinal cord stimulation (SCS) 
and dorsal root ganglion stimulation (DRGS),38–42 being a last resort treatment method 
when conventional therapies have failed.38,39,43,44 SCS has been shown to be effective in 
PDPN.38,45–49 Treatment with SCS has also been shown to be effective in intractable 
painful polyneuropathy due to other causes, like HIV infection and chemotherapy.43,44 
Slangen et al. performed an economic evaluation comparing SCS with best medical 
treatment (BMT) in PDPN patients.50 Incremental cost-effectiveness ratios were based 
on: 1) societal costs and quality-adjusted life years, and 2) direct health care costs and 
the number of successfully treated patients, respectively. Although SCS was considerably 
more effective compared with BMT, Slangen et al. concluded from the results of their 
study that SCS was not cost effective compared with BMT at the 12-month follow-up, 
mainly because of the substantial initial investment costs of SCS. However, secondary 
analyses showed that the incremental cost effectiveness ratios decreased considerably 
when correcting for baseline differences in costs, and extending the depreciation period 
of the SCS material to 4 years.50 

There are limits to the effectiveness of conventional SCS in the treatment of painful 
polyneuropathy. To illustrate, this treatment is known to provide approximately 50% pain 
reduction to only 60% of PDPN patients.38,45,46,49 Forty percent of the patients is therefore 
not responding to this therapy. Furthermore, the analgesic effect of SCS treatment is 
known to decrease over time,51 and SCS is often unable to cover the pain in the so-called 
“difficult-to-reach areas”, like the feet.52,53 In view of these limitations, optimization of 
neurostimulation therapy is needed and the new location of stimulation at the DRG 
(dorsal root ganglion stimulation, DRGS) is shown to be a promising new option for 
treatment of PDPN. Early findings from one retrospective case series in painful diabetic 
polyneuropathy patients suggested that DRGS is an effective neuromodulation modality 



8

Valorization Addendum 

125 

to improve painful symptoms.41 Furthermore, the results of another small retrospective 
case series suggest that DRGS may be an effective treatment option for painful hereditary 
and idiopathic axonal polyneuropathy.42 Except the fact that DRGS seems provide a better 
coverage of the difficult-to-reach areas, it offers several other potential benefits over SCS 
systems like lack of positional and movement effects on stimulation and reduced 
migration rate, because of better lead stability.52,54 Additionally, as the anatomical 
location of the DRG offers a closer proximity to the electrodes compared to the spinal 
cord and its dorsal columns, reduced power is required.52,54 Nevertheless, more clinical 
evidence is warranted to confirm the efficacy of this treatment for painful 
polyneuropathy. 

WWhhaatt  iiss  tthhee  ssoocciiaall  aanndd  eeccoonnoommiicc  rreelleevvaannccee  ooff  oouurr  rreesseeaarrcchh  
rreessuullttss??    

If DRGS can effectively reduce pain in intractable painful polyneuropathy, not only the 
individual patient would benefit, but also the burden on medical care systems would be 
lessened. Hence, the research described in this thesis focused upon establishment and 
optimization of treatment with DRGS in painful polyneuropathy patients, and further 
understanding the underlying mechanism.  

A major conclusion of the results in this thesis is that DRGS seems to be established 
for pain relief in painful polyneuropathy in humans and in a PDPN animal model (Chapter 
2, 3 and 4). Our results furthermore showed that effectiveness for pain relief is similar 
with DRGS and SCS in PDPN animals (Chapter 4).  

To further optimize effectiveness of DRGS in the treatment of pain in painful 
polyneuropathy, we explored and compared the effectiveness of different DRGS 
frequencies and concluded that DRGS is equally effective when applied at low-, mid- and 
high-frequency, at least in an animal model of PDPN (Chapter 5). Nevertheless, as low-
frequency DRGS resulted in a delayed wash-out effect, this frequency might be the most 
optimal setting in DRGS for PDPN as compared to mid frequency and high frequency. 
Moreover, the use of LF-DRGS will lead to a prolonged battery life as compared to MF- 
and HF-DRGS and thus has important consequences for costs-effectiveness of this 
treatment.  

Lastly, understanding of the working mechanism underlying SCS- and DRGS-induced 
pain relief may enable optimization of treatment and result in better treatment 
outcomes. In relation to this, another key finding of this thesis is that DRGS, in contrast 
to SCS, does not induce γ-aminobutyric acid (GABA) release in spinal dorsal horn of PDPN 
rats (Chapter 6). With this observation we suggest that the mechanism underlying DRGS-
induced pain relief is different from that of dorsal column SCS and the modulation of a 
GABA mediated “Gate Control” in the DRG, functioning as a prime Gate of nociception, is 
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suggested. Further research is warranted to elucidate the mechanism underlying DRGS 
in pain relief. 

To conclude, painful polyneuropathy patients are subjected to a significant 
physiological, psychological and functional burden. It is essential to raise awareness of 
painful polyneuropathy and to encourage healthcare providers to better identify patients 
with painful polyneuropathy to, as this condition deeply affects patients’s quality of life 
and disability. If new treatment options like DRGS can effectively reduce pain in painful 
polyneuropathy patient, the humanistic and economic burden of painful polyneuropathy 
would be lessened. With the research of this thesis, we established and tried to optimize 
DRGS in the treatment of painful polyneuropathy patients. Furthermore, our research let 
us a little bit closer to understanding the underlying mechanism of DRGS, hopefully 
enabling future optimization of treatment, resulting in better outcomes. 
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