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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 



7

Summary and Discussion 

111 

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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