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Painful conditions, particularly due to head pain, spinal disease, and neuropathic pain, are highly
prevalent in modern society, resulting in a significant impact on the individual due to the disability
of the condition and the direct cost of associated treatments. Additionally, indirect costs to society
result from the loss of work productivity of the individual due to pain. For musculoskeletal pain alone,
the related costs in the USA are estimated at $215 billion, of which 41% are from direct medical care,
and the remaining are indirect costs associated with the condition [1]. The impact on society of head
pain is manifest by the fact that this chief complaint is the fifth leading cause of visits to the Emergency
Department and an even more common chief complaint for women aged 15-64 years [2].

In this Special Issue of Brain Sciences, the included manuscripts have explored several causes of
pain and disability, their diagnosis, and treatment. Cantone et al. evaluated the disability that can result
from mucopolysaccharidosis related cervical myelopathy [3]. The authors found that motor evoked
potential measured from transcranial magnetic stimulation is a promising diagnostic tool to evaluate
for early myelopathy before symptoms become overt. Trigeminal neuralgia is a severe and disabling
face pain that can be effectively treated surgically in most people when medicines fail. Boling et al.
reported their experience with different radiosurgery dosing protocols to target the root entry zone of
the trigeminal nerve in the treatment of medically intractable trigeminal neuralgia [4]. The authors
found that a higher dose regimen of 85Gy was the most effective and durable treatment for the facial
pain. Spinal cord injury is an important cause of disability due to paralysis and loss of function as well
as frequently associated neuropathic pain. Jermakowicz et al. evaluated the mechanisms underlying
low-frequency electrical stimulation and the ability of stimulation to improve motor recovery and
lessen allodynia related to spinal cord injury [5]. In the experiments performed, rats received a spinal
cord injury at the cervical spinal level. The authors then identified that low-frequency electrical
stimulation of the animals” hindbrain nucleus raphe magnus resulted in decreased counts of cells
related to neuro-inflammation and an increase in radial glia, which serve as a scaffold for neuronal
migration in the area of injury. The findings of this study suggest a potential role for neuromodulatory
therapies in the management of spinal cord injury and its sequelae. Hall et al. described an iatrogenic
injury related to the treatment of a painful spine condition, then reviewed the literature of the treatment
options available [6]. Vertebral artery injury is a rare but potentially devastating complication of
surgery of the cervical spine. Surgery of the cervical spine is most commonly performed for pain related
to instability, arthritic degenerative disease, or radicular pain resulting from nerve root compression.
The authors reviewed treatment options and concluded that antiplatelet or anticoagulation were
both options for the treatment of iatrogenic vertebral artery injury, and neither medical management
approach has been found to be superior. Coccidioidomycosis is a fungal infectious disease caused by
the Coccidioides species endemic to the Southwestern United States. Although this disease is rare, in
endemic regions, Coccidioidomycosis can spread to the bone and spine, resulting in a destructive spinal
disease. Ramanathan et al. described their institutions experience with spinal Coccidioidomycosis and
reviewed the modern treatment approaches to this potentially devastating disease [7]. McGilvery et al.
presented an unusual case of acute cervical disc herniation causing neurological deficit that resulted
from self-manipulation of the cervical spine [8]. Heinrich et al. described a rare case of a primary

Brain Sci. 2020, 10, 62; d0i:10.3390/brainsci10020062 1 www.mdpi.com/journal/brainsci



Brain Sci. 2020, 10, 62

osseous tumor of the spinal column of a 15 year old patient that required surgical decompression [9].
The authors described the surgical approach to a destructive lesion in C1 and the histopathology and
radiology of a benign giant cell tumor of the spine. Chronic cluster headaches are a disabling form of
headache characterized by severe unilateral pain in short-duration episodes, which are associated with
ipsilateral autonomic symptoms primarily involving the temporal, supraorbital, and infraorbital head
areas. Navarro-Fernandez et al. described the value of a multimodal approach to treat this severe form
of headache, which can include pharmacology, neurostimulation, and physiotherapy [10]. The authors
presented a patient from their clinic who benefitted from a novel treatment combination of occipital
nerve neurostimulation and physiotherapy approaches for chronic cluster headache. The authors went
on to describe a mechanistic hypothesis for the headache resolution resulting from the different modes
of treatment. The enormity of the topic of spine disease, pain, and disability could never be adequately
covered in a single publication. However, this Special Issue provides valuable insights into a few of
the most disabling pain conditions that affect mankind.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Purpose: A variety of treatment plans including an array of prescription doses have
been used in radiosurgery treatment of trigeminal neuralgia (TN). However, despite a considerable
experience in the radiosurgical treatment of TN, an ideal prescription dose that balances facial
dysesthesia risk with pain relief durability has not been determined. Methods and Materials:
This retrospective study of patients treated with radiosurgery for typical TN evaluates two treatment
doses in relation to outcomes of pain freedom, bothersome facial numbness, and patient satisfaction
with treatment. All patients were treated with radiosurgery for intractable and disabling TN.
A treatment dose protocol change from 80 to 85 Gy provided an opportunity to compare two
prescription doses. The variables evaluated were pain relief, treatment side-effect profile, and patient
satisfaction. Results: Typical TN was treated with 80 Gy in 26 patients, and 85 Gy in 37 patients.
A new face sensory disturbance was reported after 80 Gy in 16% and after 85 Gy in 27% (p = 0.4).
Thirteen failed an 80 Gy dose whereas seven failed an 85 Gy dose. Kaplan-Meier analysis found that
at 29 months 50% failed an 80 Gy treatment compared with 79% who had durable pain relief after
85 Gy treatment (p = 0.04). Conclusion: The 85 Gy dose for TN provided a more durable pain relief
compared to the 80 Gy one without a significantly elevated occurrence of facial sensory disturbance.

Keywords: trigeminal neuralgia; tic douloureux; radiosurgery; Gamma Knife

1. Introduction

Trigeminal neuralgia (TN) is a chronic neuropathic pain condition that affects the regions of the
face innervated by the trigeminal nerve. Typical TN causes severe and sudden volleys of shock-like
facial pain that lasts a few seconds to a few minutes in the distribution of one or more divisions of the
trigeminal nerve. When patients experience attacks of pain that come on repeatedly, the result is a pain
condition that is disabling in nature. Typical TN will have a trigger in the trigeminal nerve division
distribution the pain is felt in, which often leads to aversive behavior by the patient to avoid the pain.
For example, a trigger inside the mouth may make eating so difficult that poor nutrition results.

Atypical forms of face pain have symptoms that are not shock-like in nature, do not follow the
trigeminal nerve distribution, and/or do not have an associated trigger. Atypical face pain my certainly
be disabling in nature, however, the treatment options available to typical TN patients are less likely to
benefit individuals with atypical face pain.

The etiology of typical TN in most cases is due to vascular compression at the nerve root entry zone
as the trigeminal nerve exits the pons. In these cases, microvascular decompression surgery (MVD) in
which a small sponge is placed as a cushion between the trigeminal nerve and the offending vessel
has a high success rate in eliminating the TN pain. However, the associated risks and inconvenience
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related to the open surgical procedure of MVD lead many individuals with disabling pain, in particular
more elderly and frail individuals, to seek out less-invasive treatment approaches such as radiosurgery
and percutaneous rhizotomy. Both these approaches have a good success rate in eliminating the pain
of TN, but pain recurrence is generally more common compared with MVD.

Lars Leksell introduced radiosurgery as a treatment of trigeminal neuralgia (TN) at the Karolinska
Institute in the 1950s [1]. Although interest waned in treating TN with radiosurgery until the early
1990s when there was a substantial increase in the published literature concerning radiosurgery for TN.
There is now over the past couple of decades considerable patient experience with radiosurgery in the
treatment of TN with the vast majority of publications demonstrating benefit for the severe disabling
facial pain [2], particularly in the elderly population who make up the majority of individuals with TN
treated by radiosurgery [3].

Radiosurgery treatment variables that have potential to impact both long-term pain relief and
occurrence of treatment side-effects include the radiation dose delivered to the nerve, volume or extent
of the nerve treated, and anatomical localization of the treatment target. Of these variables, treatment
dose has been most frequently studied. Yet, despite a substantial experience in the radiosurgery
community, the optimum radiosurgery prescription dose for TN has not been determined.

Herein, the authors present results from their patients with medically intractable TN treated using
Gamma Knife radiosurgery (GKR). A retrospective comparison of two treatment dose plans of 80 and
85 Gy was analyzed for the treatment of typical TN. The variables assessed were pain relief, side-effect
profile, and patient satisfaction.

2. Material and Methods

2.1. Patient Population

All patients were treated for medically intractable TN by the authors at a single institution over
a seven year period. Patients (or a family member if the patient was deceased or unable to provide
answers to a questionnaire) were contacted by phone or had a face-to-face interview to compete a study
questionnaire at follow-up time points after treatment had been completed. The questionnaire inquired
about timing of pain relief after GKR, quality and severity of pain, and side effects or complications
related to GKR. The patient’s subjective assessment of GKR and treatment satisfaction was evaluated
by asking two questions: “Are you pleased with GKR?” and “Would you have the procedure again?”.

2.2. GKR Treatment Plan

Gamma Knife Model 4c (Elekta, Stockholm, Sweden) was used for all treatments. The treatment
plan centered the maximum dose on the root entry zone (REZ) of the proximal trigeminal nerve with
the 30% isodose line just contacting the brainstem. Treatment was performed using a 4 mm collimated
single shot. The earlier treatment plan was with a prescription maximum dose delivered to patients of
80 Gy. Later, the protocol was changed to a prescription maximum dose of 85 Gy in all subsequent
patients. These two dose plans were analyzed and compared in treated patients for variables of pain
relief, facial numbness, complications of treatment, and patient satisfaction (Figure 1).
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Figure 1. Images of typical corresponding dose plans with the maximum dose targeting the root entry
zone (REZ). Green circle is the 15 Gy isodose line.

2.3. Statistics

A Kaplan-Meier statistic analyzed the duration of pain freedom after GKR for low- and high-dose
groups of patients. The Kaplan-Meier (K-M) survival distributions of the two dose groups were
compared using the log rank test. A Fisher’s exact or chi square test compared categorical data, such as
new onset facial numbness after GKR, patient satisfaction queries, and Barrow Neurological Institute
pain intensity (BNI) at last follow-up [4]. p < 0.05 was considered significant.

3. Results

A total of 68 patients were treated with GKR for intractable TN over seven years. Three patients
with multiple sclerosis (MS) (all in the 80 Gy group), and two with no available follow-up after
treatment (one in each group) were excluded from the analysis. Therefore, in patients with typical
TN and post-treatment follow-up, the treatment dose was 80 Gy in 26 individuals, and 85 Gy was
delivered to 37 individuals. Mean patient age was 71 years. Twenty-seven were women. Fifteen
patients had a procedure for TN prior to GKR (10 in the 80 Gy group, p = 0.6). The mean follow-up
after GKR in pain free patients was 37 months (range 6-72 months) in individuals treated with 80 Gy
and 26 months (range 6-52 months) in patients treated with 85 Gy.

A new facial sensory disturbance was reported after an 80 Gy treatment dose in four patients
(16%) and in 10 (27%) after an 85 Gy treatment dose (p = 0.4). Only one individual reported being
bothered by numbness in the 80 Gy group and two reported that the sensory change was bothersome
in the 85 Gy group. Patients answered “No” to either question of treatment satisfaction (Are you
pleased with GKR? or Would you have the procedure again?) in 22% of the 85 Gy treatment group and
in 44% of the 80 Gy treatment group (p = 0.09).

BNI pain scores at last follow-up were evaluated in each patient. Pain freedom without medication
(BNI score of I) was realized in eight individuals treated with 80 Gy and in 21 treated with 85 Gy,
which represented more pain freedom without medication in the 85 Gy group (p = 0.04). In addition,
significantly more patients who received 85 Gy treatment experienced an overall good result (BNI score
I, II, and III) than patients treated with 80 Gy (29 with overall good results in the 85 Gy group versus 14
in the 80 Gy group, p = 0.04).

A survival curve was analyzed for both treatment groups using the Kaplan-Meier statistic (K-M).
Recurrent severe pain despite medication or persisting severe pain after GKR was deemed a treatment
failure. At the last follow-up, thirteen patients (52%) who received 80 Gy treatment dose failed GKR
whereas seven patients (19%) failed GKR after 85 Gy. K-M analysis found at the 29 months time point
that 50% of patients had failed 80 Gy GKR treatment, and at the same time point, 79% of patients
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had continued pain relief after receiving 85 GY treatment (Figure 2). The K-M analysis demonstrated

a significant difference in the achievement of pain relief and durability of response at 29 months
(p =0.04).

GKR trigeminal neuralgia
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Figure 2. Kaplan—-Meier analysis of Gamma Knife radiosurgery for trigeminal neuralgia using two
treatment doses. Log rank test demonstrated improved durability and more patients with pain relief in
the 85 Gy treated group (p = 0.04).

Potential confounders of treatment success were evaluated to determine whether age, new numbness
after GKR, surgery before GKR, or length of follow-up differed by GKR dosage (Figure 3). There were
significant differences in age and prior surgery in the two GKR dosage groups. As a separate analysis,
the effect of dosage on becoming pain free was analyzed while adjusting for potential confounders.
In addition, only the effect of age and prior surgery were evaluated as possible confounders. For both
analyses, the confounders were found to be not significantly contributing to the dose effect on
pain freedom.

80 Gy 85 Gy p-Value
Age (years) 67.77 (13.57)  74.1 (9.78) 0.04
Length of Follow-up 41.3 (26.01)  30.26 (21.60) 0.07
New Numbness after GKR 0.07
No 27 (90%) 27 (71%)
Yes 3 (10%) 11 (29%)
Surgery Prior to GKR 0.002
No 16 (53%) 33 (89%)
Yes 14 (47%) 4 (11%)

Figure 3. Analysis of potential confounders to pain freedom in the two dosage groups. Patient age and
a procedure for trigeminal neuralgia prior to Gamma Knife radiosurgery (GKR) were both found to be
significantly different between the dosage groups.

4. Discussion

Kondziolka et al. identified that patients who received a 70 Gy dose for treatment of TN fared
better with improved pain relief compared to lower prescription doses, and complications were rare [5].
Also, the authors suggested in their patient population that higher treatment doses over 70 Gy yielded
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even better TN pain relief. However, unresolved is the ideal dose that provides the best-possible pain
control balanced with the minimum associated radiation complications (Table 1). Additionally, there is
no agreement in the published reports of dose escalation. Some authors have identified no benefit for
TN or absence of improved pain relief from treatment with higher prescription doses ranging between
50 and 90 Gy [6-12]. For example, although an improvement in absolute pain relief was not found by
Kim et al. with a higher radiation dose, these authors reported 85 Gy provided a more rapid response
of pain relief after radiosurgery compared with the 80 Gy dose [13]. Consistent with our results,
other authors have identified definite improved pain relief with dose escalation [14-18]. Longhi et al.
evaluated radiosurgery for TN targeting the trigeminal nerve root entry zone. The authors identified
higher doses in the 80-90 Gy range to be the most effective radiosurgery dose related to a pain free
outcome that additionally had low risk of sensory disturbance, although this risk was elevated with

the highest treatment dose [14].

Table 1. Studies of prescription dose comparison in radiosurgery of trigeminal neuralgia. * Linear

accelerator radiosurgery, REZ = dorsal root entry zone, RG = retrogasserian.

Dose Related Pain Facial Numbness Radiosurgery
Study Max Dose to Nerve Freedom Dose Related Target
Kondziolka et al. <65 Gy Yes > 70 Gy S
5] 70 Gy =002 No relationship REZ
70 Gy . Yes. Numbness and
Pollock et al. [8] 90 Gy No difference dysesthesia REZ
<80 Gy Yes, with escalating REZ
Alpert et al. [14] 85 Gy doses No relationship +second shot
>90 Gy p <0.001 3-4 mm more distal
Sheehan et al. [9] 50-90 Gy No difference No relationship REZ
Tawk et al. [10] 70, 80, or 90 Gy No difference Trend to dose relationship REZ
Morbidini-Gaffney <80 Gy Yes < 85 Gy REZ
etal. [18] 85 Gy b <0.001 +second shot
>85 Gy 2-4 mm more distal
Régis et al. [11] 70-90 Gy No difference No relationship 75 mmpz[;tsermr to
Fountas et al. [7] 75-85 Gy No difference REZ
. 75-95 Gy Yes > 80 Gy >90 Gy increased
Longhietal. [15] >80 Gy p=0.008 numbness REZ
Chen et al. * [6] 85 or 90 Gy No difference Cisternal nerve
segment
. Trend to more numbness 80 Gy REZ
Matsuda et al. [16] 80 or 90 Gy No difference in 90 Gy RG target 90 Gy RG target
Kim et al. [13] 75 or 85 Gy No difference No relationship REZ
Smith et al. * [17] 70 or 90 Gy Yes, at one year Trend to dose relationship REZ
Cisternal portion of
Zhang et al. [12] 75 or 90 Gy No difference No dose relationship nerve with one or

two isocenters

Kotecha et al. [19]

<82, 83-86, or 290 Gy

Improved > 82 Gy

No dose relationship
prescription doses > 83 Gy

REZ

Massager et al. [20]

70-85 Gy, 90 Gy, or

No, trend to better pain

Yes. Numbness related

Anterior cisternal

90 Gy with shielding ~ freedom in higher dose with higher dose nerve segment
Villavicencio et al. Range of 50-80 Gy, Yes, related with longer Y REZ
*[21] median 75 Gy nerve segment treated s

Morbidini-Gaffney et al., in a follow-on study of patients reported in Alpert et al. [14], assessed
patients treated with TN in order to evaluate efficacy of two versus one-isocenter treatment plans
as well as an evaluation of radiation dose escalation [18]. The results were that two isocenters plus
patients receiving greater than 85 Gy had a longer duration of good treatment response compared with
lower treatment doses and a single isocenter. There were no identified facial dysesthesias although
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11% reported mild facial numbness. In a conflicting report from Zhang et al. patients with refractory
TN were treated with a maximum dose of 75-90 Gy using either one (1 = 41) or two (n = 32) isocenters.
The authors found no difference in pain relief or sensory disturbance with higher dose, but the patients
with multiple-isocenter treatment plans did experience more numbness or paresthesia in the trigeminal
distribution [12].

Smith et al. used linear accelerator-based radiosurgery to treat TN [17]. Over an initial time
period, 28 patients received doses between 70 and 85 Gy. The subsequently treated 82 patients were
prescribed a radiation dose of 90 Gy, with a treatment plan of the 30% isodose line touching the
brainstem. The treatment plan was further modified later with the goal of increasing the dose at the
root entry zone so that the 50% isodose line was tangential to the pons in 59 patients. Patients treated
with 90 Gy had superior pain relief at one year follow-up and more rapid resolution of pain relief
after treatment. There was no significant difference in facial numbness between the treatment groups.
Young et al. reported over a five year follow-up after 90 Gy GKR treatment for TN that over 70%
of patients were pain free with or without medication [22]. The authors concluded that higher-dose
treatment was effective in treating TN, that pain relief was more likely in patients with facial numbness
post treatment, and the authors commented that a 90 Gy prescription dose may be associated with an
increase in bothersome sensory complications in comparison with lower treatment doses. Pollock et al.
also identified increased numbness and dysesthesia in their patients treated with 90 Gy compared
with lower doses [23]. The University of CaliforniaSan Diego TN treatment experience was reviewed
by Taich et al., who identified elevated risk of bothersome facial numbness with treatment doses
greater than 85 Gy [24]. Radiosurgery dose escalation was studied retrospectively in 870 TN patients
by Kotecha et al. who analyzed patients divided into groups of delivered doses: <82, 83-86, and
>90 Gy [19]. The investigators identified that dose escalation above 82 Gy resulted in improved pain
relief, but with elevated risk of treatment-related facial numbness. However, facial numbness resulted
in similar proportions in patients treated at prescription doses >83 Gy. Massager et al. [20] analyzed
358 patients with GKR-treated TN that targeted the anterior cisternal portion of the trigeminal nerve.
The Brussels study divided patients into three different dosimetric treatment groups, which revealed
rates of trigeminal numbness and pain relief closely related to the radiation dose delivered to the
retrogasserian portion of the nerve. A similar relationship was reported by Villavicencio et al. [21].
This group treated TN using CyberKnife (Accuray Inc., Sunnyvale, CA, USA) radiosurgery, which
resulted in better pain relief and increased hypesthesia rates in those patients receiving higher radiation
dose with a longer nerve segment treated.

High-resolution MRI or CT myelography allows for the trigeminal nerve to be clearly delineated
from its exit at the brainstem to Meckel’s cave. The imaging well-defined anatomy of the trigeminal
nerve allows for accurate radiosurgery targeting at any point along its course in the subarachnoid
cistern. The REZ has been the most common radiosurgery treatment site of TN likely because the REZ
has a long history in neurosurgery as a lesioning target for a variety of pain conditions. However,
in an effort to reduce the pontine radiation dose, some radiosurgery users have moved the target
more anteriorly along the nerve [17]; although, few investigators have critically analyzed anatomical
targeting differences related to outcome from treatment of TN (Table 2). Among the few authors who
have critically evaluated a more anterior treatment plan, Matsuda et al. found no difference in pain
freedom and a trend to more facial numbness using an anterior retrogasserian target in comparison
to a REZ target, although the anterior target received a higher dose in their patients [16]. Park et al.
identified no difference in pain freedom or facial numbness in patients treated with REZ versus an
anterior retrogasserian target [25]. Rashid et al. treated with 90 Gy maximum dose to REZ and
retrogasserian targets. Comparison of the two treatment groups identified improved pain freedom in
the REZ target patients, and no difference in the development of new facial numbness [26]. Xu et al.
retrospectively evaluated 141 patients with TN treated using GKR prescribed to a maximum dose of
80 Gy targeting either the REZ or the retrogasserian nerve. Their analysis revealed the REZ provided
more durable pain relief with similar initial efficacy, but that facial numbness was more common in the
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REZ-treated patients [27]. Sharim et al., using linear accelerator-based radiosurgery, found no benefit
in regard to face hypesthesia and no difference in pain relief rate with trigeminal nerve targets more
anterior to the REZ [28]. Strategies such as anterior nerve targeting as well as techniques to correct
dosimetry are effective in reduction of the brainstem total dose [29], and there is limited evidence that
the risk of facial numbness may be reduced with a more anterior treatment target. This topic was
reviewed by the International Radiosurgery Society Practice Guideline committee, which concluded
that there is level II evidence that an anterior target reduces radiosurgery-related facial numbness with
a similar benefit of pain reduction compared to REZ [30].

Table 2. Comparison studies of radiosurgery targets in the treatment of trigeminal neuralgia (TN).
REZ = dorsal root entry zone.

Radiosurgery Target and . Facial Numbness
Study Max Dose to Nerve Pain Freedom Target Related
80 Gy REZ . Trend to more numbness in
Matsuda etal. [16] 90 Gy retrogasserian target No difference the anterior target patients
Park et al. [25] 80-90 Gy REZ No difference No relationship

or retrogasserian target
Similar initial pain relief. =~ More facial numbness in the
REZ more durable REZ target patients
90 Gy REZ REZ target better
or retrogasserian target pain control

Xu et al. [27] 80 Gy REZ or retrogasserian target

Rashid et al. [26] No relationship

A few reports have described treating a greater nerve volume in an effort to improve pain-free
results by employing an additional isocenter along the length of the nerve (Table 3). In a prospective
randomized study, Flickinger et al. found an elevated risk of facial numbness with a two-isocenter
treatment plan without improved pain relief [31]. However, in other published studies, Pollock et al. [8]
and Alpert et al. [14] identified no relationship between nerve volume treatment and the development
of facial numbness. Morbidini-Gaffney et al. [18], in a follow-on study from Alpert et al. [14], described
in their patient population a significant positive correlation of multiple isocenters and higher treatment
dose with pain freedom. They reported mild numbness in 11% of patients, although the hypesthesia
risk associated with different treatment plans was not clear in the publication. Zhao et al. reported
247 patients who underwent a multi-isocenter GKR treatment of two adjacent 4 mm shots distributed
along the trigeminal nerve with a maximum dose of 88 Gy [32]. In this group of patients treated,
facial numbness occurred in 32.0%, of which 3.6% were identified as bothersome. Wolf et al. found in
their TN patents treated with GKR no relationship of pain freedom with nerve length or nerve volume
treated [33]. The authors did identify a relationship of better durability of pain relief at one year in
patients with higher treatment dose delivered to smaller nerve volumes. Overall new facial numbness
was reported in 23.6%, although only 3.6% experienced bothersome numbness. The preponderance
of published studies analyzing multiple-isocenter treatment plans found no difference in pain-free
outcome from more than one treatment shot, and that treatment-related facial numbness is not a
consistently identified relationship with multi-shot treatment plans. However, the best evidence to
date was from a single prospective randomized study [31], which found a significantly elevated risk of
sensory changes related with a two-isocenter plan.

Hypesthesia was rare in our patients (22% of all individuals treated for TN) with no difference
between the two treatment doses. Most individuals treated by the authors who developed a sensory
disturbance were not bothered by the numbness, typically patients commented that an improved
quality of life resulting from resolution of the disabling pain was more relevant compared to the sensory
change. Some patients also commented that a new facial numbness was an acceptable trade-off for
pain relief. However, it should be noted that in three patients (21% of patients with a post-treatment
sensory disturbance and 5% of all treated patients) bothersome sensory change was GKR treatment
related, and the resulting dysesthesia in these individuals is reasonably regarded as a toxicity of the
radiosurgery treatment. Seventy-eight percent of patients treated with 85 Gy maximum dose to the
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trigeminal nerve responded that they were pleased with the GKR and would choose the treatment
again, which is similar to other reports of patient satisfaction. Debono et al. reported 86.5% patient
satisfaction with LINAC radiosurgery of 90 Gy dose for trigeminal neuralgia [34].

Table 3. Radiosurgery studies of multi-isocenter treatment plans. REZ = dorsal root entry zone.

Study

Max Dose to Nerve

Pain Freedom

Facial Numbness

Radiosurgery Target

Flickinger et al.
[31]

75 Gy one or two
isocenters

No difference

Increased numbness
with two isocenters

REZ
+second shot 2-4 mm
distal to brainstem

Pollock et al. [23]

70-90 Gy
one or two isocenters

Trend for longer length
of treated nerve

No relation with nerve
volume treated

Single anterior target
+second shot along
nerve

Alpertetal. [14]

<80, 85,
or 290 Gy
one or two isocenters

Improved with
escalating dose,
two-shot treatment
received higher dose

No relation with nerve
volume treated

REZ
+second shot 34 mm
more distal

Morbidini-Gaffney
etal. [18]

<80,
85,
or >85 Gy
one or two isocenters

Improved in >85 Gy
dose and number of
isocenters treated

11% mild numbness,
unknown relation to
number of isocenters

REZ
+second shot 24 mm
more distal

Zhang et al. Neurol

75-90 Gy, one or two

No difference detected in
dose delivered or

Numbness or paresthesia
increased with two

Cisternal portion of

India, [12] isocenters number of isocenters isocenter treatment trigeminal nerve
32% numbness Two adjacent 4 mm
Zhao et al. [32] 88 Gy and two isocenters 3.6% bothersome shots commencing at
numbness the REZ
80-90 Gy initial GKR, No relationship to nerve
65-70 Gy length or volume treated Numbness in 23.6%
Wolf et al. [33] repeat GKR, 80 Gy & D REZ

shorter-nerve treatment, 85

More durable in higher

bothersome in 3.6%

11 1
Gy longer-nerve treatment dose to smaller volume

Interventions that impact neural function are typically described as either ablative or modulatory.
This has been discussed by other authors in regard to treatment of TN [35,36]. A seeming contradiction
in discussions of radiosurgery for TN is that facial numbness resulting from radiosurgery is commonly
labeled a treatment complication. A degree of facial numbness in the trigeminal branch of pain is a
desired result of an ablative technique such as radiofrequency lesioning, which correlates positively
with pain relief [37]. In fact, radiosurgery is more likely to yield pain relief in patients experiencing a
facial sensory deficit, a fact that argues for an ablative mechanism [22,38]. However, neuromodulation
is a better description of radiosurgery in the majority of patients who are able to realize pain relief
without a sensory disturbance. Likewise, a dose-response relationship with hypesthesia has not been
clearly demonstrated in studies of dose escalation (Table 1). In animal models of radiosurgery, a
histopathological dose relationship has been demonstrated [39,40]. Minor changes become evident
at about 80 Gy and necrosis is seen after the delivery of 100 Gy to the trigeminal nerve. In general,
investigations up to now support elements of both neuromodulation and ablation as the physiological
mechanism underlying radiosurgery treatment of TN, particularly at the radiation doses used to
treat patients.

The optimal radiosurgery treatment dose for TN should strike a balance between providing
the most robust pain relief and the least possible risk of radiation-induced complications. The only
radiation-related complication identified in our patient population was hemifacial dysesthesia, which
was rare (4% in the 80 Gy treatment group and 5.4% in the 85 Gy group) and not significantly different
between the two prescription doses. However, the patients who received the higher treatment dose of
85 Gy did realize a more robust treatment response compared with those who received the 80 Gy dose
(79% versus 50% pain relief, respectively, at 29 months, K-M analysis, p = 0.04). The major limitations
of our study are a retrospective analysis of outcome measures and a shorter follow-up period in the
high-dose, 85 Gy, treatment group.
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5. Conclusions

We identified in our patients with typical TN that a GKR prescription dose treatment of 85 Gy
provided a longer lasting and more robust pain relief compared to a dose of 80 Gy. A facial sensory
change occurred in 11% more of the individuals in the 85 Gy treatment group, although the difference
did not reach statistical significance (p = 0.4). Dysesthesia or a bothersome facial numbness was rare,
and these complications were equally distributed between the treatment groups. The majority of
patients were satisfied with radiosurgery for TN and, as expected, patients treated with the more
effective dose of 85 Gy demonstrated a trend of greater treatment satisfaction. However, there is no
agreement in the published studies of efficacy of dose escalation for the radiosurgical treatment of TN,
and determination of the ideal dose prescription that maximizes pain relief and minimizes dysesthesia
will likely require a randomized prospective clinical trial.
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Abstract: Background: Cervical myelopathy (CM) is a common cause of morbidity and disability
in patients with mucopolysaccharidosis (MPS) and, therefore, early detection is crucial for the
best surgical intervention and follow-up. Transcranial magnetic stimulation (TMS) non-invasively
evaluates the conduction through the cortico-spinal tract, also allowing preclinical diagnosis and
monitoring. Methods: Motor evoked potentials (MEPs) to TMS were recorded in a group of eight
patients with MPS-related CM. Responses were obtained during mild tonic muscular activation by
means of a circular coil held on the “hot spot” of the first dorsal interosseous and tibialis anterior
muscles, bilaterally. The motor latency by cervical or lumbar magnetic stimulation was subtracted
from the MEP cortical latency to obtain the central motor conduction time. The MEP amplitude from
peak to peak to cortical stimulation and the interside difference of each measure were also calculated.
Results: TMS revealed abnormal findings from both upper and lower limbs compatible with axonal
damage and demyelination in six of them. Notably, a subclinical cervical spinal disease was detected
before the occurrence of an overt CM in two patients, whereas TMS signs compatible with a CM of
variable degree persisted despite surgery in all treated subjects. Conclusions: TMS can be viewed as
an adjunct diagnostic test pending further rigorous investigations.

Keywords: motor evoked potentials lysosomal disorders; cortical-spinal tract; spinal cord
compression; cervical myelopathy; clinical neurophysiology

1. Introduction

1.1. Mucopolysaccharidosis: A Brief Overview

Mucopolysaccharidosis (MPS) encompasses a group of inherited rare lysosomal diseases due
to defective catabolism and storage of glycosaminoglycans (GAG) in the skeleton and soft tissues.
MPS shows a wide and heterogeneous spectrum of clinical manifestations and severity, ranging from
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severe to very mild phenotypes that may be recognized only in adulthood. Diagnosis is based on the
demonstration of elevated urinary excretion of mucopolysaccharides, enzyme deficiency, and genetic
testing [1]. Enzyme replacement therapy (ERT) is available for MPS I, II, IVA, VI, and VIL

MPSI (Hurler or Scheie syndrome) and type II (Hunter syndrome) are the most common MPS types.
The typical presentation is a pre-school age patient with developmental delay, short stature, recurrent
ear and respiratory infections, and hepato-splenomegaly. Over time, the child develops hearing
loss, cardiac valve disease, airway obstruction, skeletal contractures, distinctive facial appearance
(macrocephaly, thick eyebrows, gingival hypertrophy, macroglossia, thickening of the lips and nasal
alae), psycho-motor regression, and intellectual disability [1,2]. The characteristic radiographic findings,
collectively termed dysostosis multiplex, include J-shaped sella turcica, oar-shaped ribs, pointing of
the proximal metacarpals and metatarsals, and poorly developed acetabulum [3]. Untreated, the life
expectancy is the second or third decade. Milder forms of MPS I and II have less prominent somatic
findings and no CNS disease or intellectual disability [4].

MPS 111 is characterized by the predominance of neuropsychiatric rather than somatic problems,
with developmental delay and intellectual disability manifesting early on [2]. In severe cases,
development plateaus between 36 and 40 months, and these patients never learn to speak more than
a few single words [5,6]. As the disease progresses, significant cognitive-behavioral (aggression,
hyperactivity, decreased attention span, anxiety, and destructive behaviors) and sleep disturbances
(difficulty falling asleep and frequent nighttime wakening) occur [5]. The progressive GAG deposition
in the brain leads to seizures, spasticity, and feeding difficulties, gradually causing loss of language
and ambulation till a vegetative state [4].

MPS IV (Morquio syndrome) includes type A and B, which are difficult to distinguish clinically,
although the former is far more common. The age of onset is generally in the first few years of
life [1]. Clinical manifestations are: short stature, pectus carinatum, forearm deformity, genu valgum,
scoliosis, hip dysplasia, odontoid hypoplasia with atlanto-axial instability, and dental abnormalities.
Non-skeletal features include corneal clouding, hearing loss, obstructive or restrictive lung disease,
and cardiac dysfunction, whereas the intellect is normal [4]. A considerable spectrum of severity exists,
and mildly affected individuals may have normal height and few clinical complications [7].

MPS VI (Maroteaux-Lamy syndrome) is characterized by storage of dermatan sulphate, but
heparan sulphate metabolism is not impaired and, therefore, the intellect is generally normal [1].
This type shares many of the features of MPS I and II, including short stature, coarse facies, corneal
clouding, airway obstruction, cardiac valve abnormalities, visceromegaly, inguinal and umbilical
hernias, dysostosis multiplex, joint contractures, carpal tunnel syndrome, and hip dysplasia. The age
of onset and disease progression are variable [4].

MPS VIl is an ultra-rare disease. Notably, 40-45% of patients present with non-immune fetal
hydrops [8,9], which is considered a relatively suggestive finding for MPS VIL. In patients who survive
beyond the neonatal period, common clinical features include intellectual disability, coarse facies,
dysostosis multiplex, joint contractures, hepato-splenomegaly, scoliosis, corneal clouding, obstructive
airway disease, cardiac valve disease, and cardiomyopathy [8].

1.2. Cervical Myelopathy in MPS

Cervical myelopathy (CM) is most frequently observed in MPS I, II, IV, and VL. It is the main cause
of neurological morbidity and disability in these patients [10], with a significantly negative impact on
their course of disease and quality of life [11]. CM is due to vertebral canal narrowing, which often
results from the thickening of the dura mater and ligaments after GAG accumulation and fibrosis,
epidural lipomatosis, and vertebral soma degeneration. Atlanto-axial subluxation due to odontoid
hypoplasia may contribute to spinal cord compression and related clinical manifestations.

Although the effectiveness of ERT has been proven on different systemic complications of MPS,
thus improving the lifespan of these patients, it does not have any effect on CM [12]. Given that an
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early detection of CM is associated with the best surgical outcome and post-operative course, both an
accurate diagnosis and strict monitoring are recommended [13].

Magnetic resonance imaging (MRI) and computed tomography are the methods of choice to
display spinal cord compression and vertebral abnormalities, respectively, although they do not
provide any information on the functional status. In this context, motor evoked potentials (MEPs)
to Transcranial Magnetic Stimulation (TMS) are diffusely used in clinical practice for the in vivo and
real time non-invasive estimation of the excitation state and conduction velocity of the cortico-spinal
tract [14], also allowing a preclinical diagnosis and monitoring [15-22]. In particular, MEP latency
and central motor conduction time (CMCT) are viewed as reliable measures of the cortical-spinal
myelination, whereas the MEP amplitude is known to reflect the status of excitation of the neuronal
axons from the motor cortical areas to the spinal motoneurons till the muscles [14].

While several and robust TMS evidences are available in patients with different neurological
disorders affecting the central motor system, to date few neurophysiological studies have been
carried out in MPS-related CM [23-27]. Here, we applied TMS in patients with MPS to detect any
electrophysiological sign, even at a subclinical level, of CM.

2. Materials and Methods

2.1. Subjects and Assessment

Eight patients (two males; median age 14.5 years, range 13.0-41.0) with a clinical, biochemical,
and genetic diagnosis of MPS [28] were consecutively recruited from the “Referral Center for Inherited
Metabolic Diseases, Department of Clinical and Experimental Medicine” of the University of Catania,
Italy. Among these subjects, six (patient 1-6) had MPS IVA, whereas the remaining two (patient 7 and
8) had MPS VL.

As shown in Table 1, six subjects (1-4, 7, and 8) had previously received surgical decompression
due to clinical and MRI evidence of CM, although four of them (1, 3, 7, and 8) still complained of
neurological deficits. Regardless of previous surgery, at the time of the study, four patients with MPS
IVA (2,4, 5, and 6) did not have radiological evidences of CM. Finally, the two subjects with MPS VI
had been treated with ERT for three years. The cervical cord compression and the CM at MRI were
diagnosed by a trained neuroradiologist expert in vertebral and spinal cord diseases.

Table 1. Clinical and demographic characteristics of MPS patients at the time of the study.

Patient 1 2 3 4 5 6 7 8
MPS type IVA IVA IVA IVA IVA IVA VI VI
Sex/age (years) F14  M/15  F16  M/13  F)20 F/40 F/13 F/14
ERT (age, years) - - - - - - +(9) +(10)
Height (cm) 98 100 102 110 150 113 120 110
Spinal cord surgery (age, years)  + (5) +(4) +(8)  +(10) - - +(10) +(11)
Diffuse brisk tendon reflex + - + + - - + +
Limbs paresis/weakness + - + - - - + +
Walking assistance + - + - - B - +
MRI cervical cord compression + + + + - - + +
MRI cervical myelopathy + - + - - - - +

MPS = mucopolysaccharidosis; F = female; M = male; ERT = enzyme replacement therapy; MRI = magnetic
resonance imaging; + = present; - = absent.

This research was performed according to the Declaration of Helsinki and all participants

(or parents) gave their informed consent for inclusion before they participated in the study. This
investigation was part of a larger multi-center study on clinical and molecular characterization
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of patients with MPS. The Ethics Committee of the “Azienda Ospedaliero-Universitaria
Policlinico—Vittorio Emanuele” of Catania, Italy (PRIN 2012 code 20122EK9SZ_005) approved the study.

2.2. Transcranial Magnetic Stimulation

MEPs to TMS is included within the conventional diagnostic work-up of patients with suspected
or overt CM, as well as in the peri- and post-operative course [14].

For diagnostic TMS, a high-power MagStim 220 mono-pulse stimulator (The Magstim Co., Ltd.,
Whitland, Dyfed, UK) connected to a 90 mm circular coil with an inner diameter of 5 cm, was employed
to generate the motor responses. In a conventional exam, the patient is seated or lying on an armchair
while recordings from distal limb muscles are performed. Standard EMG silver/silver chloride cup
surface electrodes (9 mm diameter), jelly filled and applied over the first dorsal interosseous (FDI) and
tibialis anterior (TA) muscles in a conventional belly tendon montage, were used for MEPs recordings
from the contralateral side of stimulation [14].

The handle of the coil was pointing backward, whereas the coil center was positioned tangentially
over Cz (international EEG 10-20 system) for MEP recordings from the FDI muscle and over Fz for MEP
recordings from the TA muscle. A MEP to TMS in the relaxed muscle was first recorded. After that,
MEPs with higher amplitude and shorter latency compared to the first response were obtained while
patients produced a transient tonic muscular activity just enough to overcome gravity (approximately
10-20% of the maximal muscular activity). According to international guidelines, the shortest MEP
latency was used for CMCT estimation. Similarly, only the MEP with the largest peak-to-peak size was
considered for the analysis, given that a routine TMS exam evaluates the transcranially-induced motor
response with the biggest amplitude. To determine the peripheral motor conduction time (PMCT), a
motor nerve root stimulation was performed in all participants. The coil center was applied on the
7th cervical and 4th lumbar spinous process for upper and lower limbs, respectively. The time of
conduction from the neurons within the motor cortex to those within the anterior horn of the spinal
cord defines the CMCT, thus reflecting the central motor conductivity from the upper to the lower
motoneuron. The PMCT by cervical or lumbar magnetic stimulation was subtracted from the MEP
cortical latency to obtain the CMCT [14].

Given that the stimulation threshold for a 2.0 T magnetic stimulator (as that used in this study) is
about 50-65% of the maximal output [29-31], motor responses were all obtained at 80% of the maximum
stimulator output. The amplification and filtering (bandwidth 3-3000 Hz) of the motor responses were
carried out by using a 2-channel Medelec Synergy system (Oxford Instruments Medical, Inc., Surrey, UK).
As reference MEP values, we referred to those used in our TMS Lab, which were obtained from a large
cohort of clinically and neuroradiologically intact subjects divided by age, height, and sex [32].

3. Results

Table 2 summarizes the patients” neurophysiological features. Overall, TMS was well tolerated
and none complained of significant side-effects or discomfort during or after the examination. Figure 1
shows examples of both normal and pathological MEP recordings.

Among those who had underwent surgery for CM (patient 14, 7, and 8), MEPs were bilaterally
absent from FDI and TA muscles in both patients with MPS VI (7 and 8), who already had a neurological
impairment before treatment. In the treated patients with MPS IVA (1-4), MEPs were bilaterally absent
from TA muscle in patient 3 as well as from the left TA muscle of patient 1. In the same patients (1-4),
MEPs also showed reduced amplitude and polyphasic shape. Overall, CMCT was increased in three
of the treated subjects from upper limbs (1, 2, and 4), whereas responses to cervical root stimulation
could not be evoked in the other three (3,7, and 8).

Regarding the four subjects without overt neurological symptoms (2, 4, 5, and 6), MEPs were
abnormal in terms of reduced amplitude, increased latency, or polyphasic shape in at least one of the
examined muscles in two of them (patient 2 and 4), whereas they were entirely normal in the other two
(patient 5 and 6).

18



‘sanfea [edrdoroyjed = proq ur s1oquuNu [z¢] soneA 9dULIdJAI = SOI[LII UT SIDQUINU {(UWn[0d JDHJAD) UOTR[NWILS JOOI dAIIU Jequiny IO [eTATID
£q asuodsai a1} Jo dUBSqE B} 10 (UWN]0d AdUd)e] JHIA) dSU0dsar 10J0W PadNPUI-A[[EIURIISULI] S} JO USSR U} 0} NP [EPIOIII JOU dN[LA = IU QW) UOHONPUOD JOJOUL [EIJUD
= IDAD ‘epmdue = duwre Juasard = + Juasqe = - ‘LOULISJIP SPISIAIUT = (J] 9] = T IS = ¥ ‘spenuajod payoad 10j0ur = SN “Toqunu juaried = N ‘sisoprreypoesAjodoonur = G

19

/ I u / Iu Iu / Iu Iu / Iu u / u Iu / / / I u ]
/ u u / I u / I Iu / u u / I u / / / u I Z
70 (41 Lv1 €0 [4°r4 6'¥C 0T 0¥ 0¢ €0 79 19 20 981 €8T - - €0 qe 8¢ 9
00 911 911 <0 g6l 00¢ 01 09 02 90 09 ¥a <l 91 VLD - - 0T 04 08 <
10 9¢CL qCl €1 861 o8l 70 qC 6'C 0 v'6 96 10 Ll €L + + 0 90 80 14
/ Iu Iu / u Iu / Iu Iu / Iu Iu 1 902 76l + + 10 0 €0 ¢
LT (141 €Cl 61 q'1C 96l ST LT 4 00 '8 '8 90 T'Z1 <91 + - 70 T 9T <
/ I [ x4 / u €'6c / u €0 / ot u 80 00T cel + + 170 10 0 T
0¢> /1> /1> Ir> CIe> CIe> 07> 6°I< 6'I<  G§I>  9/> 9/>  G§I> §c> S>> - - %>  8¢< ENAS

a — L e — LI — LI — L e — L >deys a———

(sur) (sw) (Aw) (sur) (sw) a1seyd-£1od aw) dwy
IDND K>udye SqHN dwry sqgaN IOND K>udye SgHN SIAN
JIISNA] JIOLIdJUY SI[eIqL], JISNJA SNOISSOIU] [esIo(] ISIL]

Brain Sci. 2019, 9, 200

‘syuaryed G Jo srenuajod paxoas I0JOIN ‘T d[qelL



Brain Sci. 2019, 9, 200
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Figure 1. Examples of MEPs recordings in MPS patients. (A) normal MEP from the upper limb;
(B) MEP with reduced amplitude and polyphasic shape from the upper limb; (C) normal MEP from
the lower limb; (D) absence of transcranially-induced motor response from the lower limb. MPS =
mucopolysaccharidosis; Magnetic stim = transcranial magnetic stimulation; R ULNAR = right ulnar
nerve; R COMM PERONEAL = right common peroneal nerve; FDI = first dorsal interosseous muscle;
TA = tibialis anterior muscle; MEP = motor evoked potential; 50 ms = temporal resolution of the screen
(sweep) for upper limb recordings; 100 ms = temporal resolution of the screen (sweep) for lower limb
recordings; 500 uV = amplification factor of the screen.

CMCT could not be bilaterally assessed at four limbs in three patients (3, 7, and 8) due to the
absence of the evoked response by cervical or lumbar nerve root magnetic stimulation. Finally,
no significant right-to-left difference was found for any of the TMS variables considered.

4. Discussion

In the present study, we found abnormal TMS findings from upper and/or lower limbs in six out of
eight MPS patients, consistent with both diffuse axonal damage and demyelination. This suggests that
a cervical spinal disease was clinically present before the occurrence of an overt CM and persisted, with
a different clinical and neurophysiological level of severity, despite surgery. In this context, it should
be acknowledged that patients with MPS may suffer from a wide spectrum of neurological symptoms
that involves both CNS and the peripheral nerves and the musculo-skeletal system. In particular, they
usually need neurosurgical intervention for CM or vertebro-spinal anomalies, although a spinal cord
compression may occur and progress even in the absence of overt neurological symptoms [33].

Notably, MEPs response were bilaterally absent at four limbs from the two patients with MPS
VI. This finding is compatible with a severe CM-related involvement of the cortico-spinal tract and
suggests that this MPS type is particularly associated with an early-onset CM and related complications.
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Accordingly, recent recommendations from the “MPS VI Clinical Surveillance Program” conclude that
patients with MPS VI, even from an early age, are all at high risk to develop CM and that, from the
time of the diagnosis, monitoring with MRI should be performed [34]. Moreover, management of
peri-operative course of MPS VI patients is often challenging and, therefore, the electrophysiological
studies play a significant role in providing both surgical indication and proper timing, as well as in the
monitoring of post-operative course. MEPs analysis also revealed a functional impairment even in two
patients without a clear evidence of CM, thus allowing a preclinical diagnosis [23]. Therefore, TMS can
be viewed as an extension of clinical examination and the functional counterpart of the neuroimaging
techniques in assessing spinal cord disease, including the very early stages.

To date, the role of electrophysiological studies in detecting compressive myelopathy in patients
with MPS has been investigated by few previous reports [23-25], and one study only has used TMS
for the evaluation of the post-operative follow-up in a single patient with MPS VI [23]. In this
frame, the intraoperative neurophysiological monitoring by using MEPs and somatosensory evoked
potentials seems to be of pivotal interest as it provides relevant functional information during surgical
procedures [27]. Since cervical cord compression in MPS is progressive and may produce rapid loss of
sensory-motor functions in these patients (especially in those with type VI), surgery is indicated as
soon as myelopathy is detected, even subclinically, as severely myelopathic subjects show little or no
recovery after the operation [24,35], also at the TMS level, as confirmed by the present investigation.

It is worthwhile to mention that histological examination in a mice model of MPS type I showed a
storage of GAG in the cortex and cerebellum, along with the evidence of a progressive inflammatory
response that can contribute to the neurological deficit [36]. Based on its intrinsic properties, TMS
might be considered as an additional tool able to disclose subclinical CNS involvement related to a
neuroinflammatory status in MPS, a finding which has also been demonstrated in other autoimmune
and metabolic disorders [37-39]. In this view, innovative neuromodulatory protocols based on
non-invasive brain stimulation techniques might be applied to transiently modulate cortical excitability,
synaptic plasticity, and functional connectivity [40-44].

The main limitation of this study is the small sample size, although MPS is a rare disorder.
Nevertheless, these findings have to be interpreted with caution, since the small and heterogeneous
data set does not allow to draw definite conclusions. Another caveat is that only patients with severe
MPS VI phenotype were included, thus we cannot compare these findings with those from patients
with mild phenotype. Finally, long term MEP data, before and after surgical intervention, are needed
to confirm the role of TMS for prognostication purposes. Therefore, the results provided here should
be considered descriptive and to be used as an adjunct test pending further rigorous investigations.
Future studies and longitudinal exams are needed for early diagnosis, accurate prognosis, and
adequate monitoring.
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Abstract: Spinal cord injury (SCI) is a major cause of disability and pain, but little progress has
been made in its clinical management. Low-frequency electrical stimulation (LFS) of various
anti-nociceptive targets improves outcomes after SCI, including motor recovery and mechanical
allodynia. However, the mechanisms of these beneficial effects are incompletely delineated and
probably multiple. Our aim was to explore near-term effects of LFS in the hindbrain’s nucleus raphe
magnus (NRM) on cellular proliferation in a rat SCI model. Starting 24 h after incomplete contusional
SCI at C5, intermittent LFS at 8 Hz was delivered wirelessly to NRM. Controls were given inactive
stimulators. At 48 h, 5-bromodeoxyuridine (BrdU) was administered and, at 72 h, spinal cords were
extracted and immunostained for various immune and neuroglial progenitor markers and BrdU at
the level of the lesion and proximally and distally. LFS altered cell marker counts predominantly
at the dorsal injury site. BrdU cell counts were decreased. Individually and in combination with
BrdU, there were reductions in CD68 (monocytes) and Sox2 (immature neural precursors) and
increases in Blbp (radial glia) expression. CD68-positive cells showed increased co-staining with
iNOS. No differences in the expression of GFAP (glia) and NG2 (oligodendrocytes) or in GFAP cell
morphology were found. In conclusion, our work shows that LFS of NRM in subacute SCI influences
the proliferation of cell types implicated in inflammation and repair, thus providing mechanistic
insight into deep brain stimulation as a neuromodulatory treatment for this devastating pathology.

Keywords: neuromodulation; inflammation; serotonin; neural progenitor cell; deep brain stimulation

1. Introduction

Spinal cord injury (SCI) involves widespread damage of local and distal neuronal networks [1,2].
It is a major cause of disability worldwide, leading to impairments in motor and autonomic function as
well as debilitating mechanical allodynia [3-5]. A key difficulty in treating SCI arises from the diversity
of cellular processes and physiological functions affected. However, since some degree of functional
improvement occurs naturally in the weeks following injury, it is possible that the sequelae of SCI
may be overcome to some extent by interventions that enhance endogenous beneficial processes [2,6,7].
Chronic low-frequency electrical stimulation (LFS) of various brain and spinal targets has long been
known to influence the perception of chronic pain in select patients [8-10]. However, more recently,
LFS of several of these targets and their inputs has received attention for its ability to improve functional
outcomes in laboratory and clinical models of SCI [6,11-15]. A critical impediment to the clinical
adoption of these treatments is lack of insight into the therapeutic mechanisms involved.
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We have previously shown that LFS of the nucleus raphe magnus (NRM) or its primary midbrain
afferent, the periaqueductal gray (PAG), improves functional and anatomic recovery from incomplete
SCI in rats, while increasing myelination and expression of serotonin- and CGRP-containing axons
around the injury site [6,16]. This includes improvements in cutaneous mechanical allodynia [15].
Other sequelae of SCI, such as reduced gastric motility and autonomic dysreflexia, appear to be
influenced with LFS of NRM as well [16]. This has led to the proposal that the raphe nuclei of the
brainstem, which collectively constitute a system of fibers that diffusely project to most areas of the
nervous system, form a key link in a centralized restorative feedback system. The NRM provides a
major spinal projection for this system. In support of the generality of this proposed repair model,
LFS in the midbrain raphe has been found to improve outcomes in a rat model of traumatic brain injury
while LFS in the mouse’s NRM ameliorates experimental autoimmune encephalitis (EAE) [14,17].

The mechanisms invoked by brainstem LFS are likely multiple, addressing the multifarious
nature of traumatic injuries [2,7,18]. We have previously shown that 2 h of NRM LFS three days after
incomplete SCI restores cyclic adenosine monophosphate (cAMP), an intracellular signaling molecule
implicated in inflammation and repair, to pre-injury levels [19]. This effect on cAMP is blocked by
the non-specific 5-HT7,4 antagonist pimozide and is accompanied by increases in phosphorylated
PKA and CREB, as well as changes in the expression of various genes implicated in inflammation
and repair [6,17,19]. We hypothesize that the result is an activation of conserved pathways that
blunt secondary injury and enhance restorative processes. To further test this concept, the present
study explores whether LFS of NRM initiates changes in the proliferation of immune and neuroglial
progenitor cells after incomplete bilateral SCI in the rat.

2. Materials and Methods

2.1. Animal Procedures

This study was conducted under protocols approved by the local Institutional Animal Care and
Use Committee. Subjects were young adult female Sprague-Dawley rats (225-250 g), all with injuries.
Animals were randomly assigned to two groups: Control (7 = 11) and LFS (n = 10). One rat in the LFS
group was lost unexpectedly 12 h after injury. Subgroups were randomly selected for certain markers:
eight control and six LFS for the NG2 stain and six control and five LFS for the Blbp/Sox2 stains.

Surgical procedures are described in detail elsewhere [17]. Briefly, under isoflurane anesthesia
rats were placed in a stereotaxic holder and cervical laminectomy performed. An Infinite Horizon
Impactor (Lexington, KY) produced a midline C5 contusion with a force of 200 kdyn, velocity of 1 m/s,
tissue displacement of 0.5 mm, and contact diameter of 2.5 mm. Following impact, the overlying
muscle and skin were approximated with nylon sutures. Animals then received a stimulator, which was
not activated until 24 h after injury (Figure 1A,B). For controls, stimulators were implanted but never
activated. 48 h after injury animals were given a single intraperitoneal dose of bromodeoxyuridine
(BrdU, 50-70 ug). Seventy-two hours after injury rats underwent phenobarbital euthanasia and
paraformaldehyde perfusion.

2.2. Stimulators

To place stimulators [20], a craniostomy was drilled dorsal to the NRM (2.2 mm caudal, 0 mm
lateral, and 1 mm ventral to the interaural line in the horizontal plane). The wireless epoxy-encapsulated
stimulator, which measures 12 X 8 x 5 mm and weighs 2 g, was fixed to the skull with screws and dental
cement. Two electrodes protrude directly from the capsule: A tungsten microelectrode (cathode) with
a resistance of 0.5 megohm at 1 kHz targeted to the NRM, and a stainless-steel wire (anode) attached to
a skull screw. Parameters are controlled by a pulsed magnetic field, and it communicates its status
via width-modulated infrared pulses received by a custom detector. Status was checked twice daily
during the two days animals received LFS. The output consisted of fixed-amplitude 30 nA monopolar
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pulses with a width of 1.0 ms. The microprocessor cycled between 5 min of 8 Hz stimulation and 5 min
of rest during 12 daylight hours [6,14,16,17].

A Timeline C
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Figure 1. Experimental protocol. (A) Experimental timeline. Stimulators were implanted during
the same procedure as the C5 contusion but activated one day later in the low-frequency electrical
stimulation (LFS) group. (B) Schematic illustrating the size and position of the nucleus raphe magnus
(NRM) stimulator relative to the rat brain. (C) Hematoxylin and eosin-stained sections showing
a representative C5 lesion cavity 1 mm rostral to the lesion epicenter (i), at the lesion epicenter
(ii), and 1 mm caudal to the lesion epicenter (iii). Scale bar is 1 mm. BrdU, bromodeoxyuridine;
LFS, low-frequency stimulation; SCI, spinal cord injury.

2.3. Histological Analysis

Spinal cords were extracted, post-fixed overnight, embedded in paraffin, and sectioned coronally
at 12 um. Slides were deparaffinized with xylene and rehydrated with ethanol and phosphate buffered
saline (pH 7.4). Hematoxylin and eosin staining was used to grossly visualize spinal cord lesions
(Figure 1C). For immunohistochemical analyses, antigen retrieval was performed in a steam bath with
sodium citrate buffer (pH 6.0) for 20 min. Immunostaining was carried out for BrdU, Sox2, Blbp, NG2,
GFAP, CD68, iNOS, arginase-1 (arg-1), doublecortin (DCX), NeuN, and APC (Figure 2, Table S1 for
antibody details). To reveal BrdU, slides were placed in 4% paraformaldehyde for 20 min, followed by
2 M HCl solution at 37 °C for 30 min prior to application of the primary antibody. Primary antibodies
were applied overnight, and secondary antibodies were applied at 1:500 dilution for 2 h. The following
markers were co-labeled with BrdU: CD68, GFAP, NG2, Sox2, and Blbp. Other co-labeling combinations
were CD68 with Argl and iNOS, and NG2 with APC. Staining of nuclei with DAPI was sometimes
included. Negative controls using isotype-matched antibodies were examined for each batch of slides.

Cell counts were done by an investigator blinded to animal treatments using epifluorescence
microscope-based stereology (Stereo Investigator, Williston, VT). At the level of the lesion, three sections
spaced 21 pm apart were used for stereology. For analyses of BrdU, CD68, and GFAP in caudal or rostral
tissue, one section 0.75 cm from the lesion epicenter was examined for each location. Separate regional
counts were obtained for dorsal white (DWM), ventral white (VWM), and grey matter (GM) after
manually tracing these regions at 10x. For each of the three sections, a sampling grid of 225 X 225 um
was placed over each of the three contoured subregions. Within each grid box an area of 75 X 75 um
was selected by the software as the counting frame and cell markers were counted at 60x. The number
of counting frames used for each subregion varied between sections but typically ranged from 60 to 90
for DWM, 120 to 180 for GM, and 190 to 270 for VWM.

To examine whether injuries delivered to LFS and control animals differed in intensity, volumetric
analyses of lesion cavities was done by tracing sections spaced by 105 um and aggregating them into a
single 3D structure using Callesion software (v1.03) [21].
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GFAP/Brdu

Figure 2. Immunohistochemical analyses. (A) Representative immunostain at 60X of an

LFS-treated animal showing CD68-positive cells (red) co-labeled with arginase-1 (green) at the lesion.
(B) Immunostain at 60x of an LFS-treated animal showing cells co-labeled for NG2 (green) and APC
(red). (C) 10x micrograph through DWM and the lesion cavity showing GFAP (red) and BrdU (green)
cells for a control animal. The lesion is seen in the bottom right corner of the image. (D) Unipolar
GFAP/BrdU cell at 60x for an LFS-treated animal. (E) Multipolar GFAP/BrdU cell at 60x for an
LFS-treated animal. (F) Immunostain at 60x for Blbp (green), Sox2 (red) and DAPI (blue) at the lesion
for an LFS-treated animal. The specific immunostains examined and their corresponding colors are
shown in the bottom right corner of each panel, except for D and E where this is shown in between the
panels. Scale bars are 20 um for A, B, and F, 100 um for C, and 10 um for D and E.

2.4. Statistical Analyses

Quantitative analyses were performed using SPSS (IBM Corporation, Armonk, NY, USA) or
spreadsheet calculations, with p < 0.05 used as the criterion for significance. Comparisons of means,
whether for two or three groups, were performed using bootstrap analysis, by resampling data with
replacement 1000 times. Multivariate analyses of treatment effects were performed using multinomial
logistic regression. In order to have a complete dataset for multivariate analyses, we included only the
six LFS and five control rats that were stained for Blbp/Sox2. Stepwise logistic regression analysis was
used to define multivariate models that best captured LFS effects.

3. Results

3.1. Did SCI Lesions Differ Between LFS and Control Groups?

Following moderate C5 contusion, flaccid, incomplete quadriplegia was always observed.
All animals had shown some recovery of function by the time the animals were euthanatized.
Histological analysis showed small dorsally located cavities with larger surrounding zones of necrotic
tissue. Lesion cavities were generally confined to the DWM and GM, with minimal extension observed

28



Brain Sci. 2019, 9, 124

into VWM. Volumetric analysis revealed no difference in volume of the lesion cavity between LFS and
control animals (0.075 + 0.016 mm? vs. 0.077 + 0.016 mm?, p = 0.38).

3.2. Were Cellular Effects of LFS Specific to the Injury Site?

BrdU, CD68, and GFAP cell counts were all highest at the lesion as opposed to rostrally or caudally
(Table 1, above). The association of LFS with changes in cell counts tended to be greatest at the lesion
(p = 0.10, three-factor bootstrap). With all spinal cord subregions included, pairwise bootstrap analysis
revealed significantly fewer CD68-positive cells (p = 0.05), but not BrdU-positive cells (p = 0.08), at the
lesion in LFS vs. control animals. Significant differences in the counts of these cell markers were not
observed for LFS vs. control animals rostral or caudal to the lesion.

Table 1. Effects of LFS of NRM on cell counts for the different spinal cord locations examined.

Marker Spinal Cord Location
Rostral Lesion Caudal
Control LFS Control LFS Control LFS
BrdU 135+ 14 147 + 17 587 + 50 519 + 49 237 + 24 209 + 21
CD68 33+8 34+7 300 +39* 224 +28* 90 + 21 74 + 11
GFAP 175 + 19 206 + 31 187 +29 185 + 29 114 + 20 101 +23
DWM GM VWM
Control LFS Control LFS Control LFS
BrdU 105+9 88 + 11 239 £ 24 % 187 +16* 243 + 27 234 +22
CD68 61 +13* 39+8* 114 +15* 71+ 8% 125 + 11 114 + 12
CD68/iNOS 4+£2% 11+4* 6+2 10+3 6+2 9+3
CD68/Arg-1 5+1 9+3 8+3 13+3 8+2 14+5
GFAP 28 +6 28+7 73 £ 11 64 +10 86 + 12 93 +12
NG2 81 +22* 149 + 39 * 46 +9 48 +10 54 +10 55+ 15
Sox-2 101 + 16 91 +13 155 +22 % 78 +12* 128 +23* 81+17*
Blbp 68 + 15 102 + 21 51+8* 140 £ 25 % 62 + 15 107 + 21

Shown are mean (+ SE) counts for the various cellular markers examined. The top rows show the counts along
the rostro-caudal axis of the spinal cord. The bottom rows show counts at the injury site for the three different
spinal cord sub-regions analyzed. P values were estimated for individual comparisons using bootstrap analysis
and comparisons with p < 0.05 are marked with *. BrdU, bromodeoxyuridine; DWM, dorsal white matter; LFS,
low-frequency stimulation; VWM, ventral white matter.

When cell counts were compared for the different spinal cord subregions at the level of the
lesion, their association with LFS was consistently greater at DWM and GM than at VWM (Table 1,
below). Given this finding that LFS cellular effects localized predominantly to DWM and GM and
the observation that the lesions were confined to DWM and GM histologically, these two subregions
were grouped for subsequent analyses (see Table S2 for analyses performed with all spinal cord
subregions included).

3.3. Was Immune and Neural Progenitor Cell Expression at the Injury Site Influenced by LFS?

In univariate analysis of the relationship between NRM LFS and the expression of immune and
neuroglial progenitor markers, CD68-positive cells were significantly lower in LFS vs. control animals
(Figure 3A). CD68-positive cells co-labeled with iNOS were higher in the LFS animals, but CD68 cells
co-labeled with arginase-1 did not significantly differ (p = 0.20) (Figure 3B,C). GFAP-positive cells
typically showed an astrocytic morphology with one or more long processes and with no significant
differences in the number of processes between LFS and control animals at the lesion (Figure 3D).
In the caudal but not the rostral or lesioned region, the number of GFAP positive cells was increased in
the LFS group. NG2-staining cells at the lesion, which typically co-expressed APC suggestive of an
oligodendrocyte fate, did not differ between the control and LFS animals (Figure 3E) [7]. Sox2 was
predominantly observed in nuclei of ependymal and subependymal cells of the central canal, though
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positive cells were distributed throughout most areas of the injured cord. The expression of Sox2 was
reduced in the LFS animals by about 50%, while Blbp conversely was roughly doubled (Figure 3EG).
Doublecortin-positive cells were not seen in the injured spinal cord.
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Figure 3. Effects of LFS of NRM on the expression of immune and neuroglial progenitor cell markers at
the lesion. Scatter plots comparing cell counts for animals in the control (blue) and LFS (red) groups.
Results are shown for CD68 (A), CD68/iNOS (B), CD68/Arg-1 (C), GFAP (D), NG2 (E), Sox2 (F), and Blbp
(G). Only cell counts from DWM and GM are included. The thick horizontal gray bars show the mean
of the counts. The thin horizontal gray bars show standard error. Asterixis above the graphs show
statistical significance, if present, which was computed using bootstrap analyses. C, control; LFS,
low-frequency stimulation.

Multivariate logistic regression analysis using all immune and neuroglial progenitor cell markers
implied a significant LFS-related effect (F; = 20.0, p = 0.016), and stepwise logistic regression gave
the following best-fit model for the relation between NRM LFS and changes in cell counts after SCI
(F3 =69.2, p <0.001):

NRM LFS ~ Sox2 + Blbp + CD68 1)

3.4. Was LFS Associated with Changes in Cellular Proliferation?

The total BrdU count was lower at the lesion for rats treated with LFS of NRM compared
to the control animals (Figure 4A—C). At the lesion, BrdU co-labeled with many of the markers
examined, including CD68, GFAP, NG2, Blbp, and Sox2, although NeuN did not co-localize with BrdU
(Figure 4D-H). CD68 and BrdU co-labeled cells did not achieve statistical significance (Figure 4D)
(p =0.07). Univariate analysis indicated a significant relation between LFS and changes in the
expression of cells co-localized with Sox2 and BrdU, which were lower in the LFS animals (Figure 4G).
Multivariate logistic regression analysis with all regressors found a significant relationship between LFS
and the expression of all BrdU co-labeled cells (Fs = 7.8, p = 0.033), prominently involving CD68/BrdU
(p = 0.055) and Blbp/BrdU (p = 0.056), although stepwise logistic regression did not produce a model
with a significant fit for the effect of LFS on BrdU co-labeled cells.
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Figure 4. Effects of LFS of NRM on cellular proliferation at the lesion. Representative sections through
DWM and GM of LFS-treated (A) and control (B) animals showing the expression of BrdU-positive cells
surrounding the lesion cavity. The scatter plots compare cell counts of BrdU (C) and stains co-labeled
with BrdU, namely CD68 (D), GFAP (E), NG2 (F), Sox2 (G), and Blbp (H), for animals in the control
(blue) and LFS (red) groups. Only cell counts from DWM and GM are included. The thick horizontal
gray bars show the mean of the counts and thin horizontal gray bars show standard error. Asterixis
above the graphs denote statistical significance, which was tested for using bootstrap analyses. Scale
bar for A and B is 200 um. C, control; LFS, low-frequency stimulation.

4. Discussion

The present study suggests that treatment of incomplete cervical SCI with two days of LFS in
the NRM leads to changes in cellular proliferation in the subacute injury period. Contrary to our
expectations, post-injury proliferation was reduced, which we attribute to the treatment reducing
inflammation. Other published studies have also shown immune effects of direct or indirect brainstem
neuromodulation. LFS of brainstem (PAG, NRM, C1 neurons) or its inputs (vagal nerve, fastigial
nucleus) is anti-inflammatory in diverse models of neurologic (Stroke, SCI) and non-neurologic
(rheumatoid arthritis, Crohn’s disease, sepsis) illness [17,22-24]. Studies of analgesic LFS have also
implicated anti-inflammatory mechanisms [25]. In a murine EAE model, our laboratory found that
stimulation of NRM prevents disease exacerbation and is associated with reduced spinal cord immune
infiltration and cytokine expression [17]. Similarly, vagal nerve stimulation has been shown to reduce
disease burden in clinical trials for multiple sclerosis. This neuroinflammatory reflex has been proposed
to involve the autonomic nervous system and hippocampal-pituitary-adrenal axis [22-24], but the
serotonergic system may be involved as well, as it has been linked to immune control. Serotonin
and its receptors are present on numerous cells of the adaptive and innate immune systems and are
implicated in microglial activation [26-28].
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Although the decreased expression of CD68 is suggestive of anti-inflammatory stimulation effects,
the increased co-expression of iNOS and CD68 is inconsistent with this, since iNOS is traditionally
a marker of pro-inflammatory macrophages [2,29]. This is likely due to the complex dynamics of
macrophage polarization in vivo and our use of the three-day time point. Recent work suggests that
sequential activation of both M1 (pro-inflammatory) macrophages, which predominate the first few
days after injury, and M2 (anti-inflammatory) macrophages is important for repair after injury [30,31].

Our work also suggests that NRM stimulation influences neuroglial progenitors after SCI. Radial
glia, which are increased by LFS in this study, serve as scaffolds for neuronal migration during
development and can give rise to new neurons [18,29,30]. Radial glia are associated with repair after
injury and they improve functional recovery when injected after SCI in rats [18]. The decrease in Sox2
was unexpected. Sox2 is expressed in immature NPCs of a neuronal lineage. It is co-expressed with
Blbp, though Blbp expression is lost earlier in neuronal development. Sox2 maintains the proliferative
and developmental potential of NPCs and inhibits the progression from radial glial cell to immature
neuron [18,30,31]. We speculate that the depletion of Sox2-positive NPCs here could be caused by
increased progression towards a neuronal fate without adequate short-term replenishment, or by the
shifting of regenerative resources away from the production of neurons.

The present findings as a whole provide additional support to our hypothesis that the brainstem
raphe nuclei are key central links in restorative feedback responses to injury, potentially playing a role
in the restorative and analgesic effects of LFS reported previously [6,14,16,17]. Consistent with this
model, raphe neurons respond to physiologic correlates of injury, such as pain, low blood pressure,
and circulating cytokines, and send diffuse projections to all regions of the neuraxis [26,32]. Although
our stimulation protocol precludes elucidation of the precise circuitry, our prior work shows that LFS
of NRM leads to synaptic release of serotonin at the SCI site and that therapeutic effects are blocked
with a 5-HTy, antagonist, suggesting serotonin may be involved [19]. Serotonin is crucial to the
regulation of cell survival during development and is implicated in various protective and trophic
processes [26,33,34]. Raphe neurons also secrete several neuropeptides, including galanin, substance P,
and thyrotropin-release hormone, that are potentially protective after SCI [32,33]. The relation of NRM
LFS to other stimulation targets used for the management of neurotrauma (vagal nerve, periaqueductal
grey, spinal cord), for which the modulation of autonomic function is a commonly proposed mechanism,
is unclear [6,8,14,16,17,19,35]. However, given the established reciprocal connections between these
targets, it is likely that diverse overlapping processes are elicited with each stimulation target [14,26,32].

This study also gives credence to prior clinical and laboratory studies that suggest a potential role
for neuromodulatory therapies in the management of SCI and its sequelae [6,11-13,15]. Although the
elucidation of precise mechanisms of action of NRM LFS was beyond the scope of this work,
the implication of cell markers known to be involved in inflammation and repair is intriguing,
since these processes have been commonly targeted before in attempts to restore function following
SCI [13,25,36]. Neuromodulatory treatments of SCI, in general, would be welcome by the clinical
community, since deep brain and spinal cord stimulation and the associated devices are already
accepted as safe and effective for various other neurologic indications, reducing potential regulatory
hurdles to their approval for SCI [10].

One limitation of this study was the analysis of a single time point at three days. This time point
was used because it allowed us to obtain a broad snapshot of protective and restorative processes at a
critical post-injury period when these processes are often at their peak [2,7]. Additionally, our prior
studies found molecular, genetic, and behavioral effects of NRM LFS on injured spinal cord to be
maximal when applied during this post-injury period. Another limitation was lack of behavioral
data, which was not included due to the short post-injury survival period used here and because our
prior work has shown that the therapeutic effect of NRM LFS reveals itself over longer experimental
periods [6,16,17]. Another limitation is that, because this was a correlational study, the cellular effects,
if any, that would contribute to or result from the improvements in functional recovery are unclear.
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5. Conclusions

A satisfactory treatment for pain and other signs of incomplete SCI does not yet exist but
will ultimately require not only inhibiting detrimental secondary processes, such as edema and
inflammation, but also recruiting cells that support regeneration. The targeting of brainstem centers
that have multiple beneficial effects is a potential means towards accomplishing these goals, with the
major strategic advantage that a single existing clinical tool is used. Prior to clinical application of this
therapy, however, it will be important to better define the treatment’s mechanisms and their influence
on recovery, for both the NRM and for various other promising stimulation targets. This approach can
not only provide hope for improving the devastating outcomes associated with SCI but also improve
our basic understanding of the brain’s central responses to SCI and their role in coordinating the
necessarily incomplete process of natural recovery.
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Abstract: Vertebral Artery Injury (VAI) while performing cervical spinal reconstruction surgery is
rare, but it can lead to catastrophic events. Treatment for this injury with regard to antiplatelet versus
anticoagulation therapy is controversial. The purpose of this report is to discuss two cases of VAI that
occurred during the performance of cervical reconstruction surgery and provide a guideline based
on a literature review about whether to use anticoagulant or antiplatelet therapy for treatment of
asymptomatic VAI In case 1, iatrogenic injury occurred to the left C5 vertebral artery (VA) during
high speed burr removal of an osteophyte on the left C5/6 uncovertebral joint, resulting in VAL
This patient was treated with Heparin resulting in respiratory complication. Case 2 encountered
VAI while using the kerrison rongeur to perform a right sided C5/6 foraminotomy. Antiplatelet
therapy was administered. Fourteen publications relevant to Antiplatelet versus Anticoagulation
treatment were reviewed. Anticoagulation has similar results to antiplatelet therapy. Studies are
limited; there were no common guidelines or parameters concerning the utilization of Antiplatelets
versus Anticoagulants. Anticoagulation achieved similar results as Antiplatelet therapy; based on the
limited relevant data, the superiority of one treatment over the other cannot be concluded in VAI
after cervical spinal reconstruction surgery.

Keywords: antiplatelets; anticoagulation; vertebral artery injury; cervical surgery

1. Introduction

Vertebral Artery Injury (VAI) can be a devastating event due to causing the following—arterial
dissection, hematoma formation, aneurysm or vascular occlusion. This in turn can result in fatal
ischemic injury or potentially permanent neurological impairment. Unilateral damage to the vertebral
artery (VA), fortunately, is rarely deadly due to the contribution of collateral circulation (contralateral
VA and the Circle of Willis) [1]. Injury to this artery is common in cervical blunt trauma [2]. During
surgical procedures, such as an anterior corpectomy or anterior cervical fusion, the VA remains
vulnerable due to its unique anatomical location within the C2-C6 transverse foramina. Various
clinical syndromes can manifest from this injury, such as lateral medullary syndrome (Wallenberg
Syndrome) [3].

Treatment options for VAI are—observation, anticoagulation or antiplatelet therapy. No preferred
method has been proven to be superior [4]. The controversy of anticoagulation versus antiplatelet
therapy is a topic of interest in the field of spine surgery. Literature concerning this controversy is
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limited. In our case presentations, we decided to treat with anticoagulation therapy in one patient, and
with antiplatelet therapy in the other.

2. Materials and Methods

We report two cases of VAI after anterior cervical surgery at our institution from 2015 to 2017.
The radiographic features, presenting symptoms, clinical characteristics, type of management and
outcomes of the patients were all studied. A literature review was also conducted to evaluate the current
management and treatment of asymptomatic VAI—observation, anticoagulation or antiplatelet therapy.

3. Results
3.1. Case Reports

3.1.1. Case Illustration 1

Patient is a 78 year-old male presenting with history of cervical myelopathy—frequent falls over
the past 12 months, difficulty with bowel and bladder control and complaints of diminished dexterity
of the hands.

3.1.2. Imaging

Plain X-rays revealed large anterior osteophytes most prominent from C4-C7 with severe
spondylosis. MRI images show spinal cord compression from C4-C7 and myelomalacia at C5-C6,
retrolisthesis at C4-C5, and severe multilevel disk degeneration (Figure 1).

Figure 1. Pre-op Sagittal Magnetic Resonance Image (MRI) (Cervical Spine).
3.1.3. Surgical Plan

Stage 1—anterior corpectomy at C5, fibula structural allograft, anterior discectomy at C6-C7
and a C4-C7 anterior fusion instrumentation. Stage 2—posterior C4 to C7 posterior decompressive
laminectomies, fusion, instrumentation and bone graft.

3.1.4. Surgical Complication

During Stage I surgery, pulsatile bleeding was encountered when using a high speed burr to
remove an osteophyte on the left of C5/6 uncovertebral joint vertebral body. Bone wax was applied to
regain hemodynamic control. Four hundred ml of blood was lost but the remainder of the surgery
was uneventful.

The patient was asymptomatic immediately post-op. Computed tomography (CT) angiography
showed anterolateral bony defect at C5 (Figure 2). The study also revealed 50% focal narrowing of
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the left VA at C5; consistent with focal thrombus versus external compression possibly due to bone
wax (Figure 3). The study confirmed acceptable cervical alignment, operative decompression, and
hardware placement.

Figure 2. Computed tomography (CT) Scan (arrow denoting bony defect C5).

Figure 3. Angiogram (arrow denoting filling defect).

3.1.5. Case Illustration 1

The patient was admitted to the intensive care unit and Mean Arterial Pressures (MAPs) were
maintained at 90 mmHg, and he was fully anticoagulated with a heparin drip. He, however,
developed significant airway edema and respiratory distress within 24 h after anticoagulation and
hypertensive therapy. The patient thus required emergent intubation and subsequent operative
hematoma evacuation. Lateral radiograph 1-year post operation shows C4-C7 fusion hardware and
resolution of hemodynamic instability (Figure 4).
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Figure 4. Lateral Radiograph Post Op 1 Year.

3.1.6. Case Illustration 2

The patient is a 57 year-old female with a past medical history (PMH) positive for a pacemaker and
an embolic cerebral vascular event (CVA) at age 50. She presented with a 9-month history of cervical
radiculopathy manifested by severe neck pain, right shoulder and arm pain, along with mild weakness
in the right biceps. Sensory deficits noted in the C5 and C6 dermatomes. She had failed conservative
management (physical therapy, chiropractic manipulation, acupuncture) and cervical epidural.

3.1.7. Imaging

Plain radiograph showed multi-level cervical spondylosis. CT myelogram of the cervical spine
from an outside institution demonstrated cervical stenosis, worst at the C4/5 and C5/6 levels (Figure 5).
Magnetic Resonance Imaging (MRI) was unable to be performed due to lack of insurance authorization.

Figure 5. CT myelogram.

3.1.8. Surgical Plan

C4/5 and C5/6 anterior cervical discectomy and fusion (ACDF) with central and foraminal
decompressions at corresponding levels.
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3.1.9. Surgical Complication

During the right sided foraminotomy at C5/6, brisk bleeding was noted while using a kerrison
rongeur to remove the medial uncovertebral joint. Hemostatic agents and cottonoids were used in
unison to control the bleeding. A total of 500 mL of blood was lost. Despite a brief decrease in blood
pressure, hemodynamics was stabilized with rapid crystalloid and albumin infusion. Neuromonitoring
signals (transcranial MEPs and SSEPs) were stable throughout. The surgery was completed—interbody
allograft cages placed, and 2-level plate implanted from C4-Cé6.

3.2. Case Illustration 2

The patient was extubated and taken to the recovery room. Her blood pressure and pulse rate
were within normal range. Her neurologic exam was intact with regard to mentation, coordination
and motor function. Sensory deficits were unchanged from pre-operative exam. She was taken to the
angiography suite and this revealed occlusion of the right VA (Figure 6). She had a contrast brain
CT 48 h later, and no evidence of ischemia or infarct was noted. She subsequently was started on
Aspirin (ASA) therapy on post-op day # 3. Serial exams throughout her 5-day hospitalization remained
unchanged except for improvement in pre-operative sensory deficit. Follow up angiogram 6 months
later showed recanalization of right VA (Figure 7).

Figure 6. Angiogram post-op.

Figure 7. Angiogram 6 months post-op.

4. Discussion

Case 1 details a case of respiratory distress and airway complications due to postoperative
anticoagulant therapy which necessitated emergent intubation and hematoma evacuation. In this
case, we decided to treat with anticoagulant (Heparin) therapy after asymptomatic operative VAL
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According to the literature, anticoagulant management post VAI has traditionally led to hemodynamic
stabilization [5-7].

Case 2 also encountered VA this time while using the kerrison rongeur to perform a right sided
C5/6 foraminotomy. We decided to treat this patient with delayed antiplatelet therapy due to a lack of
postoperative neurologic deficits.

Lunardini et al. [8] published a cervical spine research society (CSRS) cross-sectional study where
members were surveyed and the incidence of VAI was reported as 0.07% (111/163,324) of cervical
surgeries. The specific surgical procedures were extrapolated—posterior instrumentation of the cervical
spine (32.4%), anterior cervical corpectomy (23.4%), and posterior cervical exposure (11.7%), anterior
discectomy (9%). Outcomes of the VAI showed no permanent neurologic sequelae in 90% of patients,
permanent neurologic sequelae in 5.5%, and death in 4%. It was also concluded that less experienced
surgeons (performed fewer than 300 cervical lifetime cases) had a fivefold increased risk of causing an
iatrogenic VAL Guan et al. [9] performed a systematic review of 25 papers reporting VAI injury in 54
patients after anterior cervical surgery for the following conditions: degenerative disease (64%), tumor
(14%), and trauma (9%). They concluded that preoperative evaluation (including angiography) and
real time radiographic guidance reduced VAl risk. They also cautioned against the use of tamponade
as definitive treatment since there is a 48% pseudoaneurysm risk.

In our case series, neither patient was asymptomatic after sustaining iatrogenic VAL In both cases,
we did not feel the need for endovascular repair. The issue, then is how to manage the complications.
The use of antiplatelet vs anticoagulation therapy for management of VAI remains a controversial
topic, there is no substantive literature displaying superiority of a particular pharmacologic modality.

5. Literature Review

5.1. Anticoagulation Therapy

General guidelines of asymptomatic VAI management involve observation, anticoagulation or
antiplatelet modalities [10]. A case series by Schellinger et al. [11] evaluated 4 patients with VAL
Two (50%) patients suffered ischemic mortality from observation without therapy while 1 (25%)
symptomatic patient received Heparin leading to resolution of symptoms and 1 (25%) symptomatic
patient received no therapy resulting in symptom resolution [11].

In another case series, Willis et al. [12] evaluated 12 asymptomatic patients with VAL Nine of 12
(75%) patients suffered vertebral artery occlusion (VAO) only to be treated with observation, none
suffered ischemic complications. Three of the 12 (25%) patients had evidence of pseudoaneurysm or
dissection successfully treated with systemic Heparin [12].

Biffl et al. [5] found that VAI patients treated with systemic Heparin were associated with improved
neurological outcomes and decreased incidence of neurological deterioration from onset injury to
discharge. Of the 16 VAI patients treated with systemic heparin within the study, 2 (13%) improved,
only 4 (25%) increased to higher injury grade and 10 (63%) remained unchanged [5].

5.2. Antiplatelet Therapy

Conversely, in another study by Colella et al. [13], 9 patients with mural carotid injury were treated
with antiplatelet therapy resulting in 8 (88%) patients recovering neurologically without deficits. Jang
et al. [7] conducted a study to evaluate the management of asymptomatic VAO in 8 patients needing
cervical fracture surgery. Five of 8 (62%) patients were treated by observation alone while 2 of 8 (25%)
patients were treated with aspirin post-operatively, all making a complete recovery without heparin
use [7].

5.3. Anticoagulation vs. Antiplatelet Therapy

A randomized control trial by the Cervical Artery in Dissection Stroke Study(CADISS)
investigators [14] assessed the efficacy of antiplatelets versus anticoagulants in the treatment of
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extracranial VA dissection. No statistical difference between the two treatments was appreciated
(p = 0.2). Of the 126 patients treated with antiplatelet modalities, 3 (2%) experienced death or stroke
while 1 patient experienced stroke of the 124 treated with anticoagulant modalities (odds ratio [OR]
0.335, 95% CI 0.006-4.233; p = 0.63) [14].

6. Conclusions

The overall risk of VAI in cervical surgery is low. The majority of VAI have no permanent
neurologic impairment, yet this injury serves as a cautionary tale. At our institution, we are currently
considering routine preoperative angiography for high risk cases such as anterior cervical corpectomy.
We are also starting to implement intraoperative navigation for such cases. First line medical
management for asymptomatic VAI includes—observation, anticoagulation and antiplatelet therapy.
The therapeutic management of VAI regarding anticoagulation versus antiplatelet modalities are
controversial. Conflicting evidence based on the literature makes establishing a preferred method in
the management of asymptomatic VAI difficult. The definitive establishment of anticoagulation over
antiplatelet therapy or vice versa as the superior method in asymptomatic VAI treatment, is inconclusive.
Due to the increased variability in outcomes of asymptomatic VAI treatment; the controversy between
antiplatelet and anticoagulation therapy remains.
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Abstract: Coccidioidomycosis is a fungal infectious disease caused by the Coccidioides species endemic
to Southwestern United States. Symptomatic patients typically present as community-acquired
pneumonia. Uncommonly, in about 1% of infections, hematogenous extra pulmonary systemic
dissemination involving skin, musculoskeletal system, and meninges occur. Disseminated spinal
infection is treated with antifungal drugs and/or surgical treatment. A retrospective review of medical
records at our institution was done between January 2009 to December 2018 and we present three cases
of spinal coccidioidomycosis and review the current literature. Disseminated coccidioidomycosis
can lead to spondylitis that can present as discitis or a localized spinal or paraspinal abscess. Spinal
coccidioidomycosis is typically managed with antifungal treatments but can include surgical treatment
in the setting poor response to medical therapy, intractable pain, presence of neurological deficits due
to compression, or structural spinal instability.

Keywords: Coccidioidomycosis; spinal infection; spinal pain

1. Introduction

Coccidiomycosis is a fungal infectious disease caused by the Coccidioides species endemic to
Southwestern United States. Also known as Valley fever, it is caused by Coccidioides immitis or
Coccidioides posadasii. These organisms survive well in areas of low rainfall, few winter freezes, and
alkaline soil in Arizona, New Mexico, West Texas, San Joaquin Valley of California, and parts of Mexico
and South America. The primary method of infection is through inhalation of aerosolized arthrospores,
although rarely, infection from a direct cutaneous inoculation is possible. The majority of infections
are asymptomatic and self-resolving. Symptomatic patients typically present as community-acquired
pneumonia with symptoms of fever, rash, and flu like symptoms. Uncommonly, in about 1% of
infections, hematogenous extra pulmonary systemic dissemination involving skin, musculoskeletal
system, and meninges occur. Involvement of the spine can range from discitis and paravertebral soft
tissue infection to vertebral body erosion and neural compression [1-3]. Extrapulmonary disseminated
coccidioidomycosis with involvement of the spine, either localized or multiple segments is treated with
antifungal drugs and/or surgical treatment. In this article, we present cases of spinal coccidioidomycosis
treated at our institution and review the current literature.

2. Materials and Methods

We conducted a retrospective review of medical records of all patients treated for spinal
coccidioidomycosis at our institution. We queried the medical records of all in-patient admissions in
our institution between January 2009 and December 2018 for the diagnosis of spinal coccidioidomycosis.
We retrospectively reviewed patient demographics, clinical characteristics, presenting symptoms,
radiological features, management, and outcomes of all patients treated for spinal coccidioidomycoses.
Radiographic features of infection in the spine including the location of infection, characteristics of
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magnetic resonance imaging (MRI), number of vertebral segments involved, and involvement of
neural elements and paraspinal structures were studied. An Institutional Review Board was done at
our institution.

3. Results

A total of 373 patients of coccidioidomycosis (pulmonary or systemic disseminated) were treated
from January 2009 to December 2018 at our institution. There were three cases (male = 3, 0.80% of
patients) of coccidioidomycosis infection of the spine during the same period. All three patients
presented with pain symptoms in the spine, and two patients had neurological deficits. We describe
the presentation, management and outcomes in these cases.

3.1. Case Illustration 1

A 28-year-old man presented with a one-month history of lower back pain, worsening shortness of
breath, and intermittent fevers over a period of the month. He was initially treated with azithromycin
at an outside facility, which failed to resolve his symptoms. The back pain was progressively severe
and radiated to both lower extremities, limiting his ambulation. He had no history of sick contacts,
travel, or history of exposure to tuberculosis patients. Initial treatment included empiric antibiotics
and screening tests for HIV, tuberculosis with PCR, legionella, and a endemic mycosis serology panel
that included histoplasmosis, blastomycosis, and coccidioidomycosis. A CT scan of the chest revealed
lucencies throughout mid-thoracic spine with adjacent prominence of paraspinal soft tissues suggestive
of osteomyelitis and discitis. MRI of the T spine revealed abnormal marrow enhancement seen
with varying degrees of paraspinal soft tissue enhancement, the most significant being at T6 where
diffuse marrow enhancement and vertebral height loss was seen (Figure 1a,b). A biopsy of the lesion
confirmed the coccidioidomycosis (Figure 1c). He was initiated on antifungal therapy—voriconazole
and amphotericin B—followed by surgical debridement and stabilization.

@)
Figure 1. Cont.
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Figure 1. (a) Axial T1-weighted magnetic resonance (MR) images with contrast showing extensive
vertebral body and soft tissue enhancement with compression of the spinal canal at T6. (b) Sagittal
T1l-weighted MR Images with contrast showing extensive enhancement throughout the vertebral
bodies and soft tissue but most significantly at T6-7. (c) Hematoxylin and eosin (H&E) staining
of the thoracic bone specimen showing acute osteomyelitis with abundant coccidioides organisms.
Multinucleated giant cells with engulfed coccidioides spherules is a characteristic finding. Abundant
acute inflammatory changes was noted in the marrow cavity.

He underwent bilateral T7-9 laminectomies and foraminotomies for decompression of the spinal
cord. The abscess was identified and noted to be fibrous and adherent to the duramater. Caseating
tissue was noted epidurally extending more in to the left lateral recess. Debridement and washout
of all extraneous infected tissue was performed. Four days later, the patient underwent a transnasal
approach for incision and drainage of pre-clival and retropharyngeal abscess. At 1-year follow-up,
he continued to have moderate to severe axial sharp pain in the neck and lower back. An MRI
demonstrated persistent marrow changes in lumbar spine and pelvis, as noted previously.

3.2. Case Illustration 2

A 62-year-old man with past medical history of pulmonary fungal infection presented with a
seven-month history of back pain. He was initially diagnosed with coccidioides pneumonia seven
years ago and was placed on a fluconazole long-term treatment, which was later discontinued by
another physician due to renal adverse effects. He presented with symptoms of severe lower back pain,
which exacerbated when sitting or lying down. The symptoms of pain were associated with weakness
in the lower extremities and poor balance while walking. He had chronic non-radiating back pain.
MRI of the lumbar spine revealed L1-2 discitis and osteomyelitis with a paraspinal abscess (Figure 2a).
Antibiotics therapy and fluconazole were started preliminarily. Animage-guided interventional biopsy
demonstrated coccidioidomycosis infection. Neurologically, having motor deficits and severe pain with
imaging confirming compression of neural elements warranted surgical treatment. A lateral approach
to the lumbar spine was undertaken to perform corpectomy of the L1 and L2 vertebral bodies along
with discectomy and insertion of an expandable cage with a morselized bone graft. This construct was
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reinforced with a posterior instrumented fusion extending two segments superiorly and inferiorly
(Figure 2b). The intraoperative specimen showed coccidiodes spherules within the bone specimen,
consistent with dissemination of the infection to the spine (Figure 2c).

Figure 2. (a) Sagittal T1-weighted MR images with contrast showing extensive disc space destruction
at L1-2 with epidural enhancement. (b) Sagittal T-L junction X-ray showing postoperative changes
with a L1-2 corpectomy and instrumented fusion. (c) H&E staining of the intraoperative vertebral
body specimen demonstrating the spherules within bone indicating osteomyelitis.

3.3. Case Illustration 3

A 54-year-old man with a past medical history of hypertension, C3-4 osteomyelitis,
prevertebral/epidural abscess, and left septic knee who presented initially to his primary care physician
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with left upper extremity and lower extremity weakness, left knee pain, and lab results remarkable
for elevated white blood cell count. Infectious disease workup and joint aspiration of the left
sternoclavicular joint infection with coccidioidomycosis were confirmed. He was treated with
intravenous fluconazole and vancomycin. The MRI and CT scan for evaluating the weakness revealed
osteomyelitis/discitis of C3—4 and a focal epidural abscess (Figure 3a,b). In addition, he was diagnosed
with a left septic knee and underwent aspiration of joint effusion. A repeat MRI of the cervical spine
later revealed improvement in the size and inflammation of the epidural abscess, and the patient was
discharged on IV liposomal amphotericin B 50 mg per day. A few weeks later, the patient presented to
the emergency room with fever, tachycardia, and tingling in the bilateral upper extremities. MRI of the
cervical spine revealed retrolisthesis of C3 and C4, spinal canal stenosis, and cord compression due to
extension of the epidural abscess into the level of the C5 vertebra. Furthermore, extensive discitis and
osteomyelitis with collection in both the epidural and prevertebral regions were noted. The patient
was clinically noted to have motor weakness in the left upper extremity and was transferred to our
institution for a higher level of care and management. The abscess was surgically treated with incision
and drainage of the prevertebral abscess, a C4 corpectomy, C3-5 fusion with placement of a cage, and
an anterior plate from C3-5. Figure 3a shows the Coccidiodes spherules in the ventral epidural abscess.
During the hospitalization, he also underwent several debridement procedures and arthrocentesis of
his infected left knee.

(b)

Figure 3. Cont.
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Figure 3. (a) Sagittal T1-weighted MR images with contrast showing extensive disc space destruction
at C3-4 with epidural enhancement. (b) Sagittal cervical spine CT showing postoperative erosion
of the C4 vertebral body significant retrolisthesis of C3 onto C4. (c) H&E stain of the cervical
spinal pathologic specimen demonstrating the Coccidioides spherules within soft tissue, which is
morphologically compatible with coccidioidomycotic osteomyelitis.

4. Discussion

Coccidioidomycosis is a fungal infection that is asymptomatic in a majority of patients. Patients
with symptomatic infection generally present with isolated pulmonary involvement manifesting as a
flu-like syndrome—headache, night sweats, rash, arthralgia, and myalgia. Disseminated infection
via bloodstream and lymphatics is less common and is noted frequently in immunocompromised
patients. Extrapulmonary disease to the musculoskeletal system has a predilection for the axial bones
and commonly involves the vertebral bodies.

Musculoskeletal involvement is a feature in about half of the disseminated forms with about
2-3% of this population being symptomatic. Vertebral and neurological involvement seems to be
more common among Asian and African-American populations. Spinal coccidioidomycosis should
be diagnosed early to prevent the local spread of infection and involvement of neural elements.
Clinically, vertebral coccidioidomycosis commonly presents with symptoms of back pain or neck pain
with associated radiculopathy, sensory disturbances, and motor weakness [4]. Both symptomatic
and asymptomatic pulmonary coccidioidomycosis infections can lead to spinal coccidioidomycosis,
although it is more frequent in patients with symptomatic pulmonary infection [5]. Therefore,
patients with symptoms of back pain and associated neurological symptoms such as motor weakness
or sensory symptoms, with travel or residence history in endemic areas should be evaluated for
coccidioidomycosis [1,6,7]. Coccidioides species titer serological tests must be obtained early and
is helpful in establishing the diagnosis. IgM elevation is noted in 1-3 weeks of infection, and
IgG elevation occurs in 2-28 weeks, with titers greater than 1 in 128 is suggestive of bone or joint
involvement [3,5]. Erythrocyte sedimentation rates and C-reactive protein, though not sensitive or
specific to coccidioidomycosis, are frequently elevated.

MRI, though not diagnostic, can demonstrate erosive defects in vertebrae and endplates and
vertebral body collapse or paraspinal extension in more advanced cases. An MRI is more sensitive
than a CT scan or plain radiographic films at detecting early changes due to infection. Typically, both
active and necrotic lesions display T1 lengthening with contrast enhancement. Active lesions are
hyper-intense in T2-weighted sequences. MRI cannot differentiate the findings in coccidioidomycosis,
vertebral metastasis, tuberculosis, and other infectious diseases. Biopsy of vertebral lesions, generally
CT-guided, to detect Coccidioides immitis/posadasii spherules is required for definitive diagnosis even with
known involvement of other organ systems to rule out other alternative causes for spinal involvement.
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Several stains, including hematoxylin and eosin and periodic acid-Schiff stains (PAS), calcofluor white
fluorescent, and Gomori methenamine silver, can identify the pathogen microscopically [1,6].

4.1. Medical Therapy

Spinal coccidioidomycosis is managed with pharmacologic and surgical treatment.
All symptomatic patients with spinal involvement are initiated on antifungal therapy for a period of
12 to 18 months [1,2,8-10]. Untreated patients can progress to sepsis and eventual death, and therefore
all patients require medical therapy:.

Amphotericin has been used conventionally to treat coccidioidomycosis. Antimycotic treatment
with azoles is more commonly being used as first line therapy to avoid the adverse effects of
amphotericin, especially in cases with localized spinal infections. Fluconazole is most commonly used
azole antifungal treatment for coccidioidomycosis. Other azole treatments include voriconazole and
itraconazole. Voriconazole has shown to be effective in treating disseminated infection in contrast to
fluconazole or itraconazole [5]. More recently, posaconazole has demonstrated efficacy with superior
osseous penetration [11,12]. Immunocompromised patients and patients with meningitis are treated
lifelong with azoles [1,7,10]. Patients who respond poorly to azoles will them typically progress to
polytherapy that includes amphotericin in addition to multiple azoles. Compliance with multiple
medical therapy is a challenge in treating these patients, which is a major cause of relapse of infection,
although progressive infection and decline are not uncommon while adhering to therapy [5,13-20].

4.2. Surgical Treatment

Surgical treatment is indicated in patients with severe disease or who are poor respondents to
medical therapy or have intractable pain, the presence of neurological deficits, compression, or structural
spinal instability [1,5,9,21-23]. Surgical treatment with medical therapy is noted to be effective in
alleviating pain and symptoms and limiting the disease compared to medical therapy alone [2,5,9,24,25].
Titanium hardware has been safely used for spinal stabilization in coccidioidomycosis as with other
spinal infections. These have been demonstrated to be resistant to biofilm formation and aid in
eradication of infection by limiting spinal mobility in the involved segments [1,26-31]. We have
summarized the treatment details and relevant outcomes in some of the larger case series (with greater
than 10 patients) reported in the literature (Table 1).

Interval MRI should be used to assess for patients’ response to therapy. Surgical treatment is
indicated in patients with spinal instability, neurological deficits or motor weakness, abscess formation,
or osteolysis. Poor response to antifungal therapy or continued intractable pain with an attributable
focus of infection are also additional indications for surgery. Surgical treatment involves debridement
of infected tissue and instrumented fusion.
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5. Conclusions

Disseminated coccidioidomycosis can lead to spondylitis that can present as discitis or localized
spinal or paraspinal abscesses. Early diagnosis with serologic tests helps in preventing disease
extension and systemic complications. Medical management with antifungal therapy is the first line
of treatment for disseminated spinal coccidioidomycosis. In cases of spinal involvement leading to
mechanical instability, compression of neural elements, and intractable pain, surgical treatment with
debridement and/or instrumented stabilization is indicated.
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Abstract: The authors report a case in which a 38-year-old male who presented himself to the
emergency department with a chief complaint of cervical neck pain and paresthesia radiating from
the right pectoral region down his distal right arm following self-manipulation of the patient’s own
cervical vertebrae. Initial emergency department imaging via cervical x-ray and magnetic resonance
imaging (MRI) without contrast revealed no cervical fractures; however, there was evidence of an
acute cervical disc herniation (C3-C7) with severe herniation and spinal stenosis located at C5-Cé.
Immediate discectomy at C5-C6 and anterior arthrodesis was conducted in order to decompress
the cervical spinal cord. Acute traumatic cervical disc herniation is rare in comparison to disc
herniation due to the chronic degradation of the posterior annulus fibrosus and nucleus pulposus.
Traumatic cervical hernias usually arise due to a very large external force causing hyperflexion or
hyperextension of the cervical vertebrae. However, there have been reports of cervical injury arising
from cervical spinal manipulation therapy (SMT) where a licensed professional applies a rotary force
component. This can be concerning, considering that 12 million Americans receive SMT annually
(Powell, EC.; Hanigan, W.C.; Olivero, W.C. A risk/benefit analysis of spinal manipulation therapy
for relief of lumbar or cervical pain. Neurosurgery 1993, 33, 73-79.). This case study involved an
individual who was able to apply enough rotary force to his own cervical vertebrae, causing severe
neurological damage requiring surgical intervention. Individuals with neck pain should be advised
of the complications of SMT, and provided with alternative treatment methods, especially if one is
willing to self manipulate.

Keywords: cervical disk herniation; spinal stenosis; neurosurgery; discectomy; arthrodesis; anterior
approach; self manipulation; cervical spine; spinal manipulation therapy; acute trauma

1. Introduction

The etiology of cervical herniated nucleus pulposus, or herniated discs, most often arise due
to age related degenerative properties such as dehydration and weakening of the posterior annulus
fibrosus and nucleus pulposus, ultimately leading to posterior disc herniation and protrusion into the
spinal canal. A lesser common etiology of cervical herniated nucleus is traumatic, usually associated
with a high energy external force resulting in extreme hyperflexion or hyperextension of the cervical
vertebrae [1]. However, we are currently unaware of any other case where self manipulation (forced
external rotation) of one’s own cervical vertebrae has led to traumatic posterior cervical disc protrusion
and severe central spinal stenosis requiring immediate surgical intervention. This case study has been
submitted to, and approved by Loma Linda University Health’s Institutional Review Board (IRB) in
order to ensure all ethical criterion has been met.
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2. Case Report

A 38-year-old male with a remote history penetrating neck trauma in 2013 presented himself to
the emergency department with a chief complaint of acute posterior cervical neck pain and paresthesia.
Prior to the onset of acute neck pain, the patient had attempted to manipulate his own cervical vertebrae
in order to relieve himself of a continuously nagging “crick in the neck.” After his first attempt of using
both hands (one hand on the anterolateral aspect of his mandible, and the other hand on his occipital
region) to apply external rotation and torsion of his cervical vertebrae, he heard a loud crunching
sound, followed by immediate neck pain. This neck pain worsened with movement, associated with
unilateral radiating pain and paresthesia down his right arm and extending to his right pectoral region,
whole body numbness below his shoulders, and a throbbing component of pain when at rest. Patient
denied any other neurological symptoms including headache, nausea, vomiting, blurry vision, changes
in hearing, loss of balance, aphasia, loss of extremity strength, fecal or urinary incontinence or retention,
and denies any use of aspirin or any other anticoagulation medications.

Physical examination found that the patient had 5/5 strength throughout except a 4+/5 distal
right hand strength. The patient also had decreased sensation to light touch below the neck, which
was worse on the right side. The patient did not have clonus or Hoffman’s sign, no Babinski’s sign,
nor hyperreflexia. Initial MRI results showed a large 5-6 mm traumatic right paracentral posterior
disc protrusion with disruption of the posterior disc annulus at the C5-C6 level with associated severe
central spinal stenosis and ligamentous damage to the posterior longitudinal ligament (PLL). There was
also mild to moderate central spinal stenosis secondary to smaller disc protrusions at the C3—C4 and
C6-C7 levels (Figure 1). Initial MRI showed no osseous fractures of the vertebrae, nor asymmetry in
the alignment of any faucet joints.

(a) (b)

Figure 1. Preoperative MRI (STIR sequence sagittal (Figure 1a) and T2 axial (Figure 1b)) taken in the
emergency department shows the pathology of C5-C6 posterior acute cervical disc herniation with
increased signal in the posterior longitudinal ligament and severe spinal cord compression with cord
signal change status post self-manipulation of neck. The encircled area also shows the protrusion of the
posterior herniated disc causing spinal stenosis. MRI = magnetic resonance imaging.

A discectomy and arthrodesis surgical intervention was opted to be performed on the patient
due to myelopathy upon examination. In addition to this, the patient had radiculopathy and
ligamentous injury.
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3. Surgical Interventions

Given the patient’s presenting symptoms and neurological deficits (hand weakness, numbness),
combined with the MRI findings of an acute disc herniation with severe spinal cord compression,
neurosurgery was consulted. As the patient had acute neurological changes, it was recommended that
the patient undergo urgent surgery for an anterior C5-C6 discectomy and arthrodesis.

After the patient was placed under general anesthesia, electrodes were placed for motor-evoked
potential and somatosensory-evoked potentials. Baseline potentials were then obtained and remained
stable throughout the entire procedure. A transverse right anterior neck incision was made at the
C5-Cé6 level, confirmed by intraoperative X-ray. Once appropriate anatomical structures were divided
and retracted, a large disc fragment was encountered between C5-C6 and removed below the PLL.
Decompression was then confirmed with a nerve hook. A 6 mm cadaveric structural allograft was
then sized and positioned with X-ray. Meticulous disc space hemostasis was obtained.

Copious irrigation was then performed prior to a 12 mm anterior cervical plate being secured
with 4.0 x16 mm screws in C5 and variable screws in C6.

The patient tolerated the procedure well and intraoperative X-rays confirmed proper placement
of the plate screws and interbody device. The incision was then irrigated with antibiotic irrigation and
closed in a layered fashion. The patient was then extubated and transported to postoperative recovery
in a stable condition.

A postoperative CT scan confirmed the proper anterior fixation of the plate screws, interbody
device, and bone graft placement following the patient’s discectomy and arthrodesis (Figure 2).
Postoperative anterior and lateral X-rays (Figure 3b,a respectively) were also obtained in order to
visualize and confirm proper placement of the anterior cervical plate and evaluation of alignment.

On follow up at one month, the patient had resolution of his numbness and paresthesia, however,
he continued to note posterior midline neck pain. He reported cannabinoid and methamphetamine use
despite discussion to avoid drugs while fusion was occurring. He was subsequently lost to follow up.

Figure 2. Postoperative CT scan showing spinal cord decompression following surgical discectomy
and anterior arthrodesis of the C5-C6 vertebrae. CT scan = computerized tomography scan.
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Figure 3. Postoperative X-ray showing postsurgical changes related to anterior fusion at C5-C6,

with interval decrease in prevertebral soft tissue swelling. C1-C7 are visualized on the lateral view
(Figure 3a) for evaluation of alignment. There is straightening of the normal cervical lordosis. Alignment
is otherwise grossly unremarkable when allowing for patient rotation. Anterior instrumentation is
noted at C5-C6 on both lateral and anterior (Figure 3b) views.

4. Discussion

When researching other published literature for similar cases regarding cervical manipulation
resulting in cervical disc herniation and subsequent spinal stenosis, few reports were found. However,
publications like that by Yang [2] indicate the possibilities of cervical spinal stenosis that can arise
from cervical SMT. The most common injuries associated with cervical SMT all seem to be reported
occurring at the C5-C6 level.

Itis our belief that patients should be advised of alternative therapy methods such as physiotherapy
when discussing the treatment of acute cervical neck pain due to the unusually high risk/benefit ratio
of cervical SMT*.

Our case study is relatively unique, as there have been no other reports to our knowledge of the
self-manipulation of one’s own cervical spine leading to severe acute disc herniation and neurological
deficits. Most reports of this sort of injury have been attested due to age related degenerative factors,
and a few cervical SMTs provided by other licensed professionals. In addition to this, it is known that
85% of all patients suffering from symptoms of an acute herniated disc will resolve themselves within
8-12 days without the need of specific treatment [3]. The fact that our patient’s pathology included a
severe herniation causing spinal stenosis with neurological deficits in need of urgent neurosurgical
intervention further attests to the uniqueness of this case.

5. Conclusions

Self manipulation of the cervical vertebrae may result in acute traumatic cervical disc herniation,
severe enough to result in focal neurological deficits. Individuals who feel the need to stretch their
neck in an external torsion or rotary manner should be educated in the possible dangers of doing
so. Individuals presenting with acute neck or arm pain, leg pain, paresthesia, or other neurological
symptomatology post self cervical manipulation or “stretching” should be evaluated for possible
cervical disc protrusions and spinal stenosis via MRI.

Author Contributions: W.M. is noted as the primary author and contributor responsible for external
research/literature review and constructing the manuscript. Both M.E. and A.S. were the consulting neurosurgeons,
and responsible for the surgical interventions and explanations. M.W. was the overseeing physician/author
responsible for the complete paper oversight, management, and for obtaining ethical consent through Loma Linda
University Medical Center IRB.
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Abstract: Primary osseous tumors of the spinal column account for approximately 1% of the total
number of spinal tumors found in the pediatric patient population. The authors present a case
of a C1 benign giant cell lesion that was incidentally found in a 15-year-old patient. A transoral
biopsy was performed followed by treatment with denosumab, with definitive management in the
form of transoral tumor resection with subsequent occiput-cervical three posterior instrumented
fusion. The patient tolerated all of the procedures well, as there were no post-operative complications,
discharged home neurologically intact and was eager to return to school when assessed during
a follow-up visit in clinic. Osteolytic lesions affecting the cervical spine are rare in the pediatric
population. It is of utmost importance to have sufficient background knowledge in order to formulate
a differential diagnosis, as well as an understanding of principles underlying surgical techniques
required to prevent occipital-cervical instability in this patient population. The information presented
will guide surgical decision-making by identifying the patient population that would benefit from
neurosurgical interventions to stabilize the atlantoaxial junction, in the context of rare osteolytic
conditions affecting the cervical spine.

Keywords: pain; spine; spinal disease; transoral; atlantoaxial; surgery

1. Introduction

Spinal tumors comprise approximately 5-10% of all pediatric central nervous system (CNS)
tumors [1-3]. Primary osseous tumors of the spinal column only account for approximately 1% of
the total number of spinal tumors [4]. The authors present a case of a C1 benign giant cell lesion, that
was incidentally found in a 15-year-old patient. Despite the benign pathologic diagnosis, the unusual
location and behavior of the lesion warranted an interesting surgical approach. Including a transoral
biopsy first, followed by treatment with Denosumab, and finally definitive management in the form
of transoral tumor resection with subsequent occiput-cervical three posterior instrumented fusion.
Due to the complex anatomy of the atlantooccipital and atlantoaxial joint spaces and related structures,
treatment of a mass in this region, whether benign or malignant, would necessitate non-surgical
management as first-line treatment. However, if a mass is deemed to be locally destructive, resistant to
medical management, or both, then a definitive surgical approach is necessary. Regardless of treatment
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paradigm, effective dissolution of a lytic lesion in this region can destabilize the atlantooccipital and
atlantoaxial joints endangering key neurovascular structures. Because of this, stabilization of these
joints using instrumented fusion is key to prevention of patient morbidity and potential mortality.

2. Case Description

A 15-year-old female with no significant past medical history presented after being struck in
the face by a ball while playing water polo. The patient felt pain in her jaw, which was the chief
complaint when she presented to the emergency department. Upon neurological assessment, the
patient complained of midline tenderness from the skull base to midline cervical spine over C3;
denied headaches, changes in vision, speech or swallowing, extremity weakness or paresthesias.
A maxillofacial computed tomography (CT) scan did not show evidence of an acute facial fracture.
However, the CT scan did reveal a radiolucent, ovoid-shaped lytic lesion arising in the left lateral
mass of C1, between the anterior tubercle and the transverse process. Magnetic resonance imaging
(MRI) studies further confirmed an enhancing osseous lesion at the left lateral mass of C1, with cortical
breach and extension into the left lateral atlantodental joint space (Figure 1). Of note, three years prior,
patient had a CT cervical spine which, upon retrospective review, demonstrated a similar but much
smaller lesion.

Figure 1. Pre-Operative Imaging Studies. CT of cervical spine, axial view, demonstrating the radiolucent,
ovoid-shaped, lytic lesion (white arrow) arising in the left lateral mass of C1 between the anterior
tubercle and the transverse process (A). CT of cervical spine, coronal view, demonstrating the lesion
(white arrow) (B). Post-contrast MRI T1, axial view, demonstrating an enhancing osseous lesion (white
arrow) at the left lateral mass of C1 with cortical breach and extension into the left lateral atlantodental
joint space (C). Post-contrast MRI T1, coronal view, of the lesion (white arrow) (D).

Differential diagnoses underlying this vertebral cortical erosion included those of infectious
etiology, as well as oncologic lesions, such as giant cell tumor of bone, aneurysmal bone cyst,
osteoblastoma, osteosarcoma or even Langerhans histiocytosis (LCH). Oncology recommended that
the cervical spine lesion be biopsied for tissue diagnosis. Due to the unusual location of the lesion and
risk of locally aggressive pathology, or possible tumor seeding along the biopsy track, interventional
radiology was unable to perform a CT guided needle biopsy. It was therefore decided that the patient
would require open neurosurgical biopsy for diagnosis.

Due to the anterior and lateral location of the vertebral lesion, an anterior transoral approach to the
C1 lesion was performed, in order to obtain a sufficient amount of the contrast enhancing component of
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the mass for pathologic diagnosis. The transoral approach was performed in a multidisciplinary fashion,
during which the otolaryngology team used direct visualization, as well as stereotactic navigation, to
expose the C1 anterior tubercle on the left side. Once exposure was completed, neurosurgery team
utilized a matchstick burr to then drill the anterior outer cortex of C1. Multiple specimens from the
fibrous tumor were taken, with curettes and pituitary forceps.

The sampled tissue did not show features of osteoblastoma or osteosarcoma, nor were there
features of LCH or signs of infection. In the sampled region, the lesion consisted of a proliferation of
nondescript stromal cells with intermixed multinucleated giant cells, and occasional clusters of foamy
histiocytes (Figure 2). Special testing for giant cell tumor of bone (G34W staining) was negative, as was
fluorescence in situ hybridization (FISH) testing for Ubiquitin Specific Peptidase 6 (USP6), making a
primary form of aneurysmal bone cyst unlikely. However, due to the aggressive nature of the patient’s
osteolytic lesion and the significant risk for atlantoaxial instability associated with its location, it was
decided to start the patient on Denosumab. Denosumab is an osteoclast inhibiting pharmaceutical
agent, which was administered to the patient in order to stabilize and consolidate the lesion. Samples
of the patient’s lesion were also sent out to a nationally recognized expert bone pathologist, whose
findings were most consistent with benign giant cell rich lesion with histiocytes.

Figure 2. Histopathology. Hematoxylin and eosin (H&E) stained tissue from the initial biopsy which
showed moderate prominence of histiocytic foam cells (black arrowhead), intermixed spindle cells, and
scattered giant cells (A). H&E stained tissue following Denosumab therapy, showing disappearance
of the giant cells, few foamy histiocytes, and predominance of short spindled cells in a collagenous
stroma (black arrowhead) (B).

The patient was re-assessed three months postoperatively and MRI studies revealed that there
was no interval decrease in the size of the tumor. In fact, there was a slight progression of the lesion
anteriorly, despite treatment with Denosumab. After presenting the patient’s case at our institution’s
multidisciplinary tumor board, it was decided to offer the patient a gross total resection of the offending
lesion. This would inherently lead to significant atlantoaxial instability, therefore a posterior occiput to
cervical three instrumented fusion was also warranted.

The transoral approach was performed in a multidisciplinary fashion, during which the
otolaryngology team used direct visualization as well as stereotactic navigation, to expose the
cervical vertebrae through the posterior pharynx. Fibrous tumor was identified and dissected until
superior, inferior, and lateral margins of tumor resection were confirmed grossly, with fluoroscopy, and
neuronavigation. Additional C1 anterior tubercle eccentric towards the right side was also taken, to
include a normal bony margin. A small rim of tumor adherent to the vertebral artery was left behind.
After the otolaryngology team closed the posterior pharynx, the patient was carefully turned prone,
maintaining spinal precautions. Base of the occiput to cervical three was then exposed. C2 pedicle
screws were placed. C3 lateral mass screws were placed. An occipital plate was sized. Screws into
the occiput were placed. Fluoroscopy confirmed excellent position and spinal alignment. There were
no post-operative complications and the patient was discharged home in good condition. Pathologic
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examination of the resected material at this time showed complete disappearance of the giant cells,
due to Denosumab therapy, with the remaining lesional tissue resembling benign fibrous histiocytoma
(Figure 2). Post-operative imaging studies revealed a stable posterior cervical spine construct, along
with minimal rim-enhancement along the vertebral artery, as expected (Figure 3). At a three-week
follow up visit in clinic, the patient’s incisions were healing well, she was neurologically intact,
tolerating regular diet, and was eager to return to school.

Figure 3. Post-Operative Imaging Studies. Lateral view X-ray of the cervical spine demonstrating
hardware on the occiput connected by rods to pedicle screws in C2 and lateral mass screws in C3
bilaterally (A). Open mouth odontoid view X-ray demonstrates normal symmetry of C1 and C2
articulation (B). Post-contrast MRI T1, sagittal view, demonstrates minimal rim-enhancement within
the left lateral C1 representing mild residual tumor (white arrow) (C). Post-contrast MRI T1, axial view,
of the residual lesion (white arrow) (D).

3. Discussion

The differential diagnosis for a spinal column tumor in a pediatric patient is broad, ranging from
primary osseous lesions like osteochondromas and osteosarcomas, to tumors of soft tissue origin like
rhabdomyosarcoma or neuroblastoma. If the patient’s age is taken into consideration, the most common
primary osseous tumors in the pediatric spinal column are as follows: 0-5 years of age: eosinophilic
granuloma; 5-10 years of age: aneurysmal bone cyst, eosinophilic granuloma, osteoblastoma, osteoid
osteoma, osteosarcoma, and Ewing sarcoma; lastly 10-20 years of age: aneurysmal bone cyst,
osteochondroma, osteoid osteoma, osteosarcoma, Ewing sarcoma [5].

The most common primary osseous tumor in children is osteochondroma, which makes up about
4% of solitary spinal column tumors. They are benign lesions that consist of an abnormal outgrowth of
bone with cartilaginous cap [4]. When these occur in the spine, they occur most often in the cervical
spine and must be considered when evaluating a solitary spinal mass in a pediatric patient [6-8]. Of note,
about 10% of these tumors will undergo malignant transformation to osteosarcoma. These tumors are
usually seen in patients from ages 10-20 and make up about 5% of all spinal lesions [4,9].
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The most common malignant primary bone tumor seen in the spinal column of pediatric patients
is Ewing sarcoma. Interestingly, these lesions can either arise as primary spinal lesions, or metastasize
from other locations to the spine, a characteristic not usually seen in other primary osseous lesions.
Ewing sarcoma has a predilection for the sacrum and are found less commonly in the lumbar, thoracic
spine, and cervical spine, with decreasing frequency [10]. Osteoblastoma and osteoid osteoma are very
pathologically similar primary osseous lesions. They differ mainly in size and behavior, and spinal
lesions are most commonly found in the lumbar region [11]. Osteoblastomas are larger, generally
greater than 2 cm, and tend to be locally aggressive whereas osteoid osteomas tend to be smaller than
1 cm and more latent, tending to “burn out” over time [12,13].

Another benign primary osseous lesion that can arise in the spine is the aneurysmal bone cyst.
These lesions typically present in patients that are 20 years of age or younger and usually affect the
lumbar spine [14,15]. Of note, these lesions can invade the pedicles and vertebral bodies on multiple
vertebral levels [16]. Lastly, Langerhans cell histiocytosis is a common finding that can be seen in any
bone, but occurs in the spine in approximately 10%-15% of cases [5]. The thoracic and cervical spinal
regions tend to be the most common locations for this entity [17,18].

Management of most osseous spinal lesions involves en bloc resection with clear margins to avoid
tumor recurrence and can be followed by adjuvant therapy, if indicated by pathologic analysis [19,20].
However, careful consideration must be taken to determine the best approach to a spinal column tumor,
especially if it is in the cervical region. Tumors in the posterior aspect of the cervical spine usually
require a posterior approach with the patient in the prone position [21]. Tumors along the anterior
aspect of the spine present a more difficult management dilemma. The anatomy in this region is highly
complex and involves many critical neurovascular structures that must be preserved to maintain the
patient’s post-operative functional status. The transoral approach, which was originally pioneered by
Kanavel in 1917, allows for midline access to a wider surgical field with access to multiple cervical
vertebrae from C1 to C4 with less compromise to key neurovascular structures [22,23]. This approach
has been used in the past to access the anterior cervical spine as noted by Tuite et al. in their report
on 27 pediatric patients with occipitocervical junction pathology [24]. They also note that while this
approach could have associated morbidity, such as temporomandibular joint dislocation, pharyngeal
infection, and swallowing complications, when a standard transoral approach is completed and the
hard palate is not compromised, the approach is safe and well tolerated [24,25]. Interestingly, this
anatomic region has also been approached via the trans-nasal route as noted by Grammatica et al.
This approach is well suited for patients with smaller oral cavities, that would limit the transoral
approach and may represent decreased patient morbidity due to the lack of oral retraction during the
procedure [26]. However, in cases where tumor pathology is quite lateral in its extent, trans-nasal
approach would not allow for proper visualization of key neurovascular structures and would hinder
the gross total resection.

To prevent occipitocervical instability, it is often necessary to reconstruct elements of the cervical
vertebral column after tumor extirpation. Instability is usually due to a combination of destruction
of local anatomy by the tumor and correlates to extent of bony and ligamentous removal during
surgery [21]. In these cases, posterior cervical fusion is warranted. In the patient presented here, given
extent of bony C1 removal, compromising the ability to place hardware into C1, an occiput to cervical
three construct was required for adequate stabilization.

4. Conclusions

Here we report a case of an osteolytic lesion that was incidentally found in the cervical spine of a
pediatric patient. The relevant differential diagnosis, as well as surgical techniques involved in treating
this patient, have been thoroughly discussed. Anatomy of the atlantooccipital and atlantoaxial joint
spaces is complex and medical management of osteolytic lesions discovered in this area should be
considered as first-line treatment. However, when the offending lesion is locally aggressive and does
not respond to medical management, one must consider surgical intervention for attempted gross

65



Brain Sci. 2019, 9, 105

total resection, with stabilization of the cranio-vertebral junction. Stabilization of the aforementioned
junction using instrumented fusion is key to prevention of patient morbidity and mortality. It is
our hope that the information presented will guide surgical decision-making. It is critical to be
able to correctly identify the patient population that would most likely benefit from neurosurgical
interventions, in the context of rare osteolytic conditions affecting the cervical spine.
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Abstract: Objective: The aim of this paper is to describe the progressive changes of chronic cluster
headaches (CHs) in a patient who is being treated by a multimodal approach, using pharmacology,
neurostimulation and physiotherapy. Subject: A male patient, 42 years of age was diagnosed with
left-sided refractory chronic CH by a neurologist in November 2009. In June 2014, the patient
underwent a surgical intervention in which a bilateral occipital nerve neurostimulator was implanted
as a treatment for headache. Methods: Case report. Results: Primary findings included a decreased
frequency of CH which lasted up to 2 months and sometimes even without pain. Besides this,
there were decreased levels of anxiety, helplessness (PCS subscale) and a decreased impact of
headache (HIT-6 scale). Bilateral pressure pain thresholds (PPTs) were improved along with an
increase in strength and motor control of the neck muscles. These improvements were present at
the conclusion of the treatment and maintained up to 4 months after the treatment. Conclusions:
A multimodal approach, including pharmacology, neurostimulation and physiotherapy may be
beneficial for patients with chronic CHs. Further studies such as case series and clinical trials are
needed to confirm these results.

Keywords: cluster headache; neurosurgery; pressure pain threshold; physiotherapy

1. Introduction

The cluster headache (CH) has been defined by the International Headache Society as the most
frequent trigeminal autonomic headache [1]. CHs is reported to be found in 0.12% of the population,
with an overall male-to-female ratio of 3:1; episodic CH is more common than chronic CH [2,3].
CHs are characterized by severe unilateral pain in short-duration episodes, which are associated
with ipsilateral autonomic symptoms which primarily encompass the temporal, supraorbital and
infraorbital areas [1,3].

Much research performed in the early 2000s confirmed the involvement of the changes in the
hypothalamus in patients with CH. For instance, May et al. concluded that there were activation
and structural changes in the gray matter of the posterior and inferior parts of the hypothalamus [4].
More recent studies have also shown that there is hypothalamus activation in patients with CH,
but there are no structural changes in the gray matter in that area, unlike other regions in which
morphological changes were found, such as the hippocampus, anterior insula, orbitofrontal cortex,
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cerebellum, temporal lobe, anterior cingulate cortex and the primary and secondary somatosensory
cortex [5]. The convergence theory describes the anatomo-functional convergence of the cervical
(especially C2), somatic trigeminal and dural trigeminovascular afferent neurons on second-order
nociceptors in the trigeminocervical complex [6]. One of the supporting studies found limited duration,
frequency and intensity of cluster attacks after blockades, asserting the theory of convergence [7-9].

These findings could, therefore, be related to the extensive effect of pharmacological treatments
proposed for patients with CH, such as sumatriptan, [3,10,11] other triptans, [12,13] verapamil, [13]
lithium, [3,13] oxygen therapy, [14] onabotulinumtoxinA [15] and alternative treatments such as
valproic acid, topiramate and methylprednisone [13].

The American Headache Society only proposes pharmacological and oxygen therapy as acute
treatment with “A” level recommendation [16]. The lack of evidence makes the inclusion of other
therapies in the evidence-based treatment guidelines more difficult. Moreover, the review of the
effects of the principal drugs used in the treatment of acute CH shows side effects such as chest
pain, paresthesia, dizziness, tingling feeling or numbness of the limbs, heaviness, asthenia, nausea,
unpleasant taste, and somnolence [17,18]. Somatostatin treatment also has some side effects, and the
most frequent among them are hyperglycaemia, nausea, abdomianal pain, diarrhea, and meteorism [18].
Adverse effects are also present in prophylactic treatments. Lithium carbonate produces tremor,
gastrointestinal disturbances, dizziness, olfactory disorders and polyuria in CH patients [18-20].
Even though verapamil has been considered as the first-line prophylactic drug for the treatment of
CH patients with “A” level recommendation [13], it should be used carefully, because verapramil
treatment is noted to have a correlation with the electrocardiographic abnormalities (19% arrhythmias
and 36% of bradycardia incidence) [21].

Limitations of drug treatment are advised in both episodic and chronic CH because 10% to 20%
of CCHs have the chance of becoming drug-resistant headaches [22], and a new line in the research
has been opened to increase the use of non-pharmacological adjuvant treatments for CH.

There are some non-invasive stimulation methods that have been used in CH patients. At first,
the results obtained by Nesbitt et al. in 2015 suggested that non-invasive vagal nerve stimulation can
be used as both acute and prophylactic treatment in ECH and CCH [23]. However, it has recently been
shown that non-invasive vagal nerve stimulation is an effective treatment in ECH when compared
with sham stimulation, but not in the CCH patient group [24]. Additionally, some investigators are
assessing the effects obtained by using transcranial magnetic stimulation techniques in CH [25,26],
but the evidence is still limited [27].

One of the most investigated invasive stimulation methods is sphenopalatine ganglion stimulation
(SPG). This method was used in a study published in 2017, and it was concluded that after 24 months,
45% of the patients with refractory CCH were acute responders and 35% were frequent responders.
Even though 81% of the side effect incidences were reported, they noted that SPG produced 61% of
therapeutic responses and should be considered as an interesting treatment for refractory CCH [28].
Another invasive stimulation method commonly used in CH patients is occipital nerve stimulation
(ONS).Although it has shown that ONS can reduce the frequency and intensity of headache at least by
a 50% in about 60% of the patients [29], there is a lack of randomized controlled trials of ONS for the
treatment of CH [27].

Moreover, manual therapies are being investigated in other primary headache cases; studies have
shown that manual therapy was significantly better in the control group in reducing the intensity and
frequency of headache [30].

Our aim was to describe the management of chronic CH in a patient who is treated by a
multimodal approach including pharmacology, neurostimulation and physiotherapy.

2. Methods

The CARE (case reporting guideline development) checklist was used to prepare this case report
and to complete it to improve quality reports in clinical cases [31].
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2.1. Patient

A male patient of 42 years of age was diagnosed with left-sided refractory chronic CH by
a neurologist in November 2009. The following pharmacological treatment was prescribed by
the neurologist: (1) preventive treatment: verapamil (80 mg), topiramate (100 mg), escitalopram
(15 mg), clonazepam (0.5 mg), lithium (100 mg) and prednisone (25 mg); and (2) abortive treatment:
subcutaneous sumatriptan injection (6 mg) and 100% oxygen. The patient reported loss of memory and
concentration as an adverse effect of the medication. In June 2014, the patient underwent a surgical
intervention in which a bilateral occipital nerve neurostimulator was implanted as the treatment
method for headache.

2.2. Neurostimulator Implantation Procedure

To establish a subcutaneous stimulation of the greater occipital nerve complex, the implantation
of bilateral 8-contact occipital lead was performed, using anatomical and radiological landmarks.

Surgery was performed with the patient lying in the prone position and completely awake. Under
local anesthesia, a midline incision in the back of the neck was made with a small epifascial scalpel.
Guided by an anteroposterior X-ray image, a subcutaneous needle followed the curvature of the skin
from the C1-C2 transition to the mastoid process on one side, avoiding the perforation of the fascia to
prevent subfascial electrode localization on the other side.

The electrodes were placed subcutaneously and the needles were removed. The electrodes were
anchored in the fascia after checking the correct coverage of the target area, and then two loops were
placed. The electrodes were tunneled to the subcutaneous point at the halfway point between the
midline neck incision and the subcutaneous gluteal buttock (on the right or left side, depending on
the patient’s preference), where the another set of loops lay, which were attached to each electrode
and then connected with the extensions (Figure 1). To identified the greater occipital nerve complex
correctly, some serial ultrasound images and videos published by Chang KV et al. were used [32].

Figure 1. (A) Anteroposterior X-ray electrode image, after removing the needles, prepared for
stimulation; (B) fascia anchor in suboccipital level.

The extensions were tunneled to the subcutaneous gluteal buttock, where the implantable pulse
generator was definitively placed after the extensions were connected and the correct impedances and
stimulation were verified. Incision closure was performed when the correct hemostasis had occurred.

2.3. Evaluation

After signing the informed consent, the patient was evaluated before the treatment procedure,
after the treatment, and at the 3rd month and 4th month after the treatment. A blinded experienced
evaluator assessed both physical and psychological variables, which were selected according to
previous observational studies in patients with CH [33]. Physical variables were pressure pain
thresholds (PPTs) assessed bilaterally in the cranial and extracranial areas with a digital algometer [34]
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(Fx. 25 Force Gage, Wagner Instruments, Greenwich, CT, USA); two-point discrimination was tested
in the trigeminal areas with an esthesiometer [35]; and cervical flexor endurance was measured with
a craniocervical flexion test [36]. Psychological variables were as follows: impact of headache on
the quality of life and work performance (HIT-6 scale) [37], pain catastrophizing (PC Scale) [38],
neck disability (neck disability Index) [39] and depression symptoms (Hamilton depression rating
scale) [40]. At each assessment, we measured the impact and outcome of disease in the patient’s daily
life (with a verbal numeric rating scale) [41], the intensity and frequency of pain, crisis duration and
medication used in each episode, and all the data were recorded in a diary.

After observing the values obtained in the first assessment session, such as the reduced endurance
of deep flexor cervical muscles (Table 1), the authors decided to include physical therapy as an adjuvant
treatment for the patients.

Table 1. Data and % of change of physical variables and psychological characteristics.

Pre Post 3 Months 4 Months % of Change
PPT % Pre-4 months
V1right 112 075 1.71 1.49 33.03%
V2 right 1.62 122 2.45 2.77 70.98%
V3 right 1.39 094 25 1.67 20.14%
Temporalis M1 right 258 213 417 2.73 5.81%
Temporalis M2 right 328 3.19 5.7 5.16 57.32%
V1 left 072 0.62 1.52 1.29 79.17%
V2 left 127  1.08 2.86 3.1 144.09%
V3 left 137 088 3.03 241 75.91%
Temporalis M1 left 1.69  2.09 3.28 3.56 110.65%
Temporalis M2 left 285 3.19 5.35 4.64 62.81%
Mastoid P right 354 334 4.54 4.64 31.07%
Mastoid P left 281 214 3.52 42 49.47%
Greater occipital N right 475 3.8 4.68 4.04 —14.95%
Greater occipital N left 434 326 4.64 3.42 —21.20%
Tibialis M right 498 631 17.6 10.96 120.08%
Tibialis M left 584 517 17.08 12.68 117.12%
Craniocervical flexion test
time (s) 3.06 822 12.47 24.06 -
Fatigue 21.5 22 43 60.5 -
Physiological characteristic
differences Pre-4 months
HIT-6 63 61 50 54 -9
NDI 18 12 13 13 -5
PCS 17 10 10 10 -7
PCS rumination 8 7 7 7 -1
PCS magnification 0 0 0 0 0
PCS helplessness 9 3 3 3 —6
HDRS 20 18 14 14 —6

PPT = pressure pain threshold; M = muscle; N = nerve; P = process; HIT-6 = headache impact test; NDI = neck
disability index; PCS = pain catastrophizing scale; HDRS = Hamilton depression rating scale.

2.4. Postsurgical Physiotherapy Approach

The patient received 8 physical therapy sessions in 6 weeks. Manual therapy techniques consisted
of passive mobilization of the anterior—posterior upper cervical region, which can directly influence
the upper three cervical segments (C0-C3), and three sets of 2 minutes of mobilization were performed
with 0.5 Hz frequency and 30 seconds of rest [42]; additionally, the neurodynamic mobilization of the
trigeminal nerve was performed, with 30 repetitions with 0.5Hz frequency (10 global mobilizations
of mandibular opening and 10 mobilizations on each side of the mandibular laterotrusion to ease
the tension to the auriculotemporal nerve) (Figure 2A,B). Finally, home exercises were prescribed to
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improve the motor control of deep flexor muscles, as described by Harris et al., [43], and the patient
was advised to perform three sets of 10-20 repetitions including 5-10 seconds of contraction with
5-10 seconds of relaxation, depending on the patient’s strength.

Figure 2. (A) Neural mobilization (step 1). Craniocervical flexion; (B) neural mobilization (step 2).
Craniocervical extension plus mouth opening.

3. Results and Discussion

This is the first case to be reported to receive treatment as a combination of neurostimulation
and physiotherapy approaches for chronic CH. After analyzing the patient’s case diary of headache,
a decreased frequency of CH attacks was observed at the end of treatment, and the progress was
maintained even 4 months after the treatment; additionally, it was reported that for the first 2 months
there was no pain at all (Table 2). These results could support the use of a multimodal approach as
an adjunctive treatment for occipital nerve neurostimulation (C2-C3). The benefits obtained with
neurostimulation treatment might support the trigeminal-cervical convergence hypothesis [44,45],
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according to which craniofacial pain is generated by the activation of second-order neurons from the
trigeminal nucleus caudalis, [45] a mechanism generated both in animals and in humans. [46] Other
authors have developed studies in which it was observed that stimulation of the superior sagittal sinus,
innervated by the ophthalmic branch of the trigeminus, also take part in the stimulation of second-order
neurons of the trigeminal nucleus caudalis and the dorsal horn of C2-C3. Thus, this supports the
trigeminal-cervical convergence hypothesis and provides the basis for neurostimulation.

Table 2. Evolution of headache diary.

Months Frequency Intensity Duration Abortive Treatment
May 2 9 25 SS-OT
June 3 9.33 23.33 SS
July 7 9.71 31.43 SS-OT
August 2 9.50 35 SS
September 0 - - -
October 0 - - -
November 4 8.50 33.75 SS-OT

SS = subcutaneous sumaptriptan; OT = oxygen therapy.

In addition, physical therapy techniques such as manual therapy, therapeutic exercise or a
combination of both, specifically applied in the upper cervical region, had already caused a decrease
in the frequency and intensity of various primary headaches. [47-49] These results reinforce our
hypothesis that the combination of these techniques might reduce headache frequency due to the
activation or inhibition of sensory input from the trigeminal—cervical system [46] in chronic CH.

The decrease in frequency of attacks after the multimodal program can lead to decreased levels of
anxiety, helplessness (PCS subscale) and impact of headache (Table 1). Ruscheweyh et al. demonstrated
that the frequency of a primary headache is associated with pain-specific disability, quality of life,
anxiety and depression, which are significantly more pronounced in patients with a chronic headache
than in patients who have episodic attacks [50].

Moreover, the patient showed an improvement (increase) in most PPTs bilaterally, except in those
that were examined and assessed on the greater occipital nerve (Table 1). These results could be due to
the analgesic effect generated by the joint mobilization [42,51] or trigeminal neural mobilization, [52]
along with the pharmacological and neurostimulation treatments. However, the decrease in the
occipital nerve PPT coincides with the area of neurostimulator implantation, where the patient had
reported a feeling of numbness (paresthesia) [44] that increased while performing a passive lateral
glide of C0-C1, which suggests that active and passive craniocervical flexion could generate allodynia
at these points, as occurs in CH conditions [53].

Finally, the inclusion of a therapeutic exercise program could also cause an increase in the
strength and motor control of the cervical muscle, which was proved by comparing the pretreatment
assessment and the assessment at the fourth month after the treatment (Table 1), which is supported by
the evidence of the fact that stabilization exercise is effective in reducing pain [54] and might be useful
in the treatment of other primary headaches as well [55]. Instead of longer follow-up, it is better to
make the patient aware of the fact that the combination of neurostimulation and physiotherapy could
be effective in reducing the frequency, duration, and severity of the CH. This may remove their lack of
adherence to the treatment.

Finally, the limitation should be marked that, currently, ultrasound is widely used in assessing
neuromuscular disorders. Some headaches could result from the chronic affection of the para-spinal
and sub-occipital muscles, which can be easily checked by using ultrasound [32]. Unfortunately,
the authors did not use this to examine possible musculoskeletal painful origins in this single case.

In conclusion, a multimodal approach, including pharmacology, neurostimulation and
physiotherapy, could be beneficial in the management of patients with chronic CH.
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Clinical Implications: Most of the current treatments available for patients with a cluster headache are
unsatisfactory. This is the first study that reports the benefits of a multimodal approach, which could be a
promising line of research for this complex problem of patients. Further studies, such as case series and clinical
trials, are needed to confirm these results.
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