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Introduction: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a complex, chronic, multi-system disorder that is characterized by a substantial impairment in the activities that were well tolerated before the illness. In an earlier report, we had described three adult women who met criteria for ME/CFS and orthostatic intolerance, and had congenital or acquired cervical spinal stenosis. All three experienced substantial global improvements in their ME/CFS and orthostatic intolerance symptoms after recognition and surgical treatment of the cervical stenosis. After a several year period of improvement, one of the individuals in that series experienced a return of ME/CFS and orthostatic intolerance symptoms.
Main symptoms and clinical findings: Radiologic investigation confirmed a recurrence of the ventral compression of the spinal cord due to a shift of the disc replacement implant at the involved cervical spinal level.
Therapeutic intervention: Decompression of the spinal cord with removal of the implant and fusion at the original C5-C6 level was once again followed by a similar degree of improvement in function as had been observed after the first operation.
Conclusion: This recapitulation of the outcomes after surgical management of cervical stenosis provides further evidence in support of the hypothesis that cervical spinal stenosis can exacerbate pre-existing or cause new orthostatic intolerance and ME/CFS. Especially for those with refractory symptoms and neurological signs, surgical interventions may offer relief for selected patients with this complex condition.
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Background

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a complex, chronic, multi-system disorder that is characterized by a substantial impairment in the activities that were well tolerated before the illness, leading to a reduction in health-related quality of life (1–7). Other prominent symptoms include profound fatigue, unrefreshing sleep, post-exertional worsening of symptoms (known as post-exertional malaise, PEM), orthostatic intolerance, and cognitive dysfunction. Orthostatic intolerance is identified in up to 96% of adolescents and up to 90% of adults with ME/CFS (1, 5, 8–10). Post exertional malaise--which can be provoked by increased physical or cognitive activity, by orthostatic stress, and by neural strain--can persist for hours, days, or weeks (1, 11–13). Cognitive problems in ME/CFS include difficulty with attention, short-term memory, and processing, and often are worsened during periods of increased exhaustion (1, 14). The mechanism of symptom generation for ME/CFS as a whole is unknown, and there is no uniformly effective pharmacologic therapy. The COVID-19 pandemic has led to an increased prevalence of individuals meeting criteria for ME/CFS as part of their post-acute COVID syndrome (also known as “long COVID”) (15, 16).

Current treatment of ME/CFS is symptomatic and supportive. Several groups have emphasized the association between anatomic abnormalities of the cervical spine or the skull base and ME/CFS or fibromyalgia, a condition characterized by chronic widespread pain and fatigue (17–21). We previously reported a case series of three adult women who had congenital or acquired cervical spinal stenosis (22). All met criteria for ME/CFS. After one-or two-level cervical decompression and disc replacement, all three patients experienced substantial global improvements in their ME/CFS and orthostatic intolerance. We now report that one of the individuals in that series experienced a several year improvement before a return of ME/CFS symptoms. Radiologic investigation confirmed a shift of the disc replacement implant at the involved cervical spinal level, leading to a recurrence of the ventral compression of the spinal cord. Subsequent decompression of the spinal cord was once again followed by a similar degree of improvement in function as had been observed after the first operation. This recapitulation of the outcomes after surgical management of cervical stenosis provides further evidence in support of the hypothesis that cervical spinal stenosis can exacerbate pre-existing or cause new onset ME/CFS and orthostatic intolerance.



Methods

The clinical history and examination methods for this individual were described in detail in the original case series [she was patient 3 in the 2018 publication (22)]. Improvements in health-related quality of life before and after cervical disc replacement surgery were assessed using (1) a clinician-assigned Karnofsky Performance score (possible range 0–100) (23) and (2) the self-reported Medical Outcomes Study 36-item Short Form Health Survey (SF-36) physical function (PF) subscale score (possible range 10–30) (24), a Wellness score (ranging from 0 to 100, with 0 meaning dying and 100 meaning the best one could imagine feeling) (25), and the Wood Mental Fatigue Inventory (ranging from 0 to 36) (26). Higher scores indicate better function on the Karnofsky, SF-36, and Wellness score, while higher scores on the Wood indicate worse cognitive function. The Institutional Review Board of the Johns Hopkins Medical Institutes allows for reporting of clinic data without informed consent if those data were collected as part of routine care.



Case report


Symptom onset

Patient 3 from the 2018 study was healthy and active, working full time until fatigue and lightheadedness developed abruptly at age 31 following international travel. There had been no associated head or neck trauma. She reported episodic nausea, lightheadedness, slurred speech, and blurred vision. A lumbar puncture was normal. Head-up tilt testing to investigate the orthostatic symptoms showed a baseline supine blood pressure of 128/64 with a heart rate of 64 beats per minute (bpm). After being positioned upright to 70 degrees, her heart rate increased to 76 bpm at 10 min. After 25 min upright, she developed syncope and was unresponsive, with a junctional bradycardia (heart rate 45 bpm) and an undetectable blood pressure, consistent with neurally mediated (or reflex) syncope.

She stopped working after 4 months of symptoms, mainly due to persistent fatigue despite normal amounts of sleep. Other symptoms included PEM, right shoulder and neck pain, difficulty with concentration, headaches, nausea, a decrease in appetite, anxiety, and lightheadedness. Lightheadedness was present any time she attempted to rise from a seated position. She had enough cognitive dysfunction and intermittent somnolence that she felt uncomfortable driving. Reading was impaired, and she could not complete crossword puzzles as before. She had impaired name and word recall, and confusion when completing small tasks such as pouring laundry detergent in the appropriate place. She developed PEM after just one brief errand in a day, and required a wheelchair for longer trips out of the house. She reported an overall Wellness score of 35/100. She was minimally responsive to medical, psychiatric, and physical therapy management over a period of 7 years.



Recognition and surgical treatment of cervical spinal stenosis

Abnormal physical examination findings evident early in the course of the illness included 2-3+ deep tendon reflexes, a fine resting tremor, and a positive Hoffman sign bilaterally. At the 7-year point, further investigation of the Hoffman sign with a cervical spine MRI (Figure 1) showed a bulging disc at C5-6 that caused asymmetric compression of the cervical spinal cord, with a spinal cord antero-posterior diameter variously measured as between 7.9–8.5 mm, consistent with cervical canal stenosis. On examination by a spine specialist (CCE II), she had right wrist weakness, and some loss of sensation in the median nerve distribution on that side.
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FIGURE 1
 Cervical spine MRI images. Top left: A transverse image at C4-5 showing normal spinal canal diameter. Top right: A transverse image at C5–6 illustrating the site of cord compression with asymmetrical indentation on the right side of the cord. Bottom left: The sagittal cervical cord MRI image showed a broad right paracentral disc bulge at C5-6 causing mild cord compression and canal stenosis, with an antero-posterior (AP) cervical canal diameter of 7.9 mm at that level. The cervical canal diameter at the radiographically normal level of C4-5 was 12.1 mm. Bottom right: The plain radiograph of the sagittal cervical spine illustrating the original decompression at C5-6 and disc replacement with a mechanical artificial disc implant.




Surgical technique for operation 1

The bulging C5-6 disc was the principal source of spinal cord compression and thus removal of the offending bulging disc was required. Reconstructive options were disc replacement versus fusion. The surgeon’s recommendation and the patient’s preference was for disc replacement. The perceived benefits of disc replacement over fusion were: motion preservation, easier recovery, lower risk of adjacent disc degeneration over time, and the avoidance of fusion-related complications such as nonunion.

Decompression at C5-6 and disc replacement proceeded in the standard fashion as described previously (22). Briefly, a one-inch transverse incision was made in a skin crease to the left of midline on the anterior neck. Using standard techniques under microscopic visualization, the C 5–6 disc annulus, nucleus pulposus, endplate cartilage and posterior longitudinal ligament were removed with a combination of manual curettes and high-speed burr. Posterior projecting endplate osteophytes were thinned and removed. All soft-tissues (disc herniation and fibrocartilage) projecting dorsal to the posterior vertebral endplate were removed so as to thoroughly expand the spinal canal and decompress the spinal cord. The posterior portions of uncovertebral joints were thinned and removed to provide generous space for the exiting C6 nerve roots.

Reconstruction was achieved with placement of a mechanical artificial disc implant (Bryan – Medtronic) under fluoroscopic guidance. Postoperative x-rays demonstrated the implant to be well positioned within the C5-6 intervertebral space (Figure 1).



Operation 1 recovery

She reported resolution of tremor, headache, and right shoulder and neck discomfort in the first post-operative week. Over the next 2 months, she tolerated gradual increases in exercise. Symptom-free standing tolerance improved to 45 min. At 3 months, she was able to participate in intermediate downhill skiing. At 7 months of recovery, she was able to engage in vigorous exercise without developing PEM. Two years after surgery, she sustained a tear in the anterior cruciate ligament (ACL) during a fall while skiing, but recovered from surgery without difficulty. Her cognitive improvements allowed her to resume reading complex texts; word-finding problems were no longer present. She was able to resume driving, cooking, shopping errands, and other normal daily tasks.



Recrudescence of ME/CFS symptoms

Two years after the ACL repair, and 4 years after the original cervical spine procedure, she experienced a gradual re-emergence of fatigue, which limited her participation in physical activities. Subsequent yoga was limited by the inability to maintain arm-overhead poses. Driving required a lowered hand position holding the steering wheel and the patient reported sensations of discomfort with upper limb extension. She noted more fatigue and nausea when physically active, such as with skiing, and she had more falls on ski slopes. Recovery periods following activities increased in duration as fatigue worsened. She had a return of cognitive dysfunction, and myalgias in the limbs, the upper back, and the lower back, along with difficulty with lateral neck rotation, numbness in the upper limbs, and decreased sensitivity to temperature of the fingertips on her left side. Despite adequate amounts of sleep (up to 12 h nightly), she awakened unrefreshed. Lightheadedness and blurred vision became more frequent.

To address symptoms and exam findings that were consistent with neurogenic thoracic outlet syndrome (TOS), she returned to physical therapy, which transiently helped the upper limb symptoms, but fatigue and PEM persisted. TOS symptoms resurfaced over the next year, and could be aggravated by simply wearing a backpack. She experienced periodic numbness in her right hand as well as right shoulder pain. Her energy levels diminished further, and she reported increased lightheadedness and heart rate when squatting and standing. She required a motorized wheelchair to travel longer distances. Hand grip weakness increased, with notable impairment on the right side. Sensory testing suggested facial hypoesthesia in lower two thirds of her face, and hyperesthesia to pinprick in the right arm and leg.



Recurrent cervical stenosis and its treatment

A repeat CT scan of the cervical spine, however, showed a several millimeter shift of the C6 implant plate dorsally compared to the radiographs taken after the first operation, causing recurrent spinal cord compression (Figure 2). Compared to the radiographically normal level of C4-5, the C6 implant shift caused a 33.1% reduction in the cervical canal diameter. There was diminished height of the C6 vertebral body. Bone density was normal. We therefore speculated that the posterior shift of the disc implant had occurred as a consequence of trauma from falls during skiing, and that recurrent cervical spinal stenosis was contributing to her worsening symptoms. She underwent the removal of the original disc replacement implant at C5-6, revisional decompression at C5-6, and placement of an interbody arthrodesis at that level.
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FIGURE 2
 CT scan images at the time of recrudescence of symptoms. Left: The sagittal cervical cord image showing degradation of the mechanical disc with protrusion into the spinal canal. The mechanical disc indents the C6 vertebrae resulting in a reduction of the vertebral height compared to adjacent vertebrae and to the height in Figure 1. Top right: A transverse image at C4-5 with a cervical canal diameter for radiographically imaged hard tissue measured at 14.4–14.5 mm, which is within the range of normal. Bottom right: A transverse image at C5-6 illustrating the site of cord compression resulting from the mechanical disc shift into the spinal canal.




Surgical technique for operation 2

Under general anesthesia, the previous incision was opened and the anterior aspect of the spine exposed. The interfaces between the vertebral endplates and the implant were developed using a microcurrette and an osteotome. The implant was removed. Fibrocartilage that had formed lateral to the implant was scrapped away with microcurrettes so as to restore the space within the spinal canal and foramen for the spinal cord and C6 nerve roots, respectively. With the revision decompression complete, a PEEK strut (Calvary Spine) of the appropriate dimension was selected to restore the intervertebral height. The central portion of the strut was filled with a combination of Infuse bone morphogenic protein (Medtronic) and Grafton demineralized bone matrix (Medtronic) to promote fusion. The strut was placed into the intervertebral space and the segment was stabilized with an Atlantis plate and screws (Medtronic) (Figure 3).

[image: X-ray of a spinal fusion with two vertebrae secured by metal screws and a plate, showing clear bone structure and hardware placement in the spine.]

FIGURE 3
 The x-ray image of the sagittal cervical spine after operation #2 illustrating the decompression at C5-6, disc replacement with a PEEK strut, and fusion.




Operation 2 recovery

At the 2 months post-operative visit, she reported increased energy levels and was fully functional with activities of daily living, without radicular symptoms. By 6 months after surgery, she reported complete resolution of neck and arm pain, as well as improvement in lightheadedness and in her other ME/CFS symptoms. She tolerated daily one-mile walks, prepared three meals a day, and was re-engaged in creative mental activities. Physical examination documented normal upper limb muscle strength, as well as normal symmetric sensation to light touch. Figure 4 illustrates the changes in the quality of life questionnaire scores before and after each surgical procedure, extending to the 9-month follow-up point after the second surgery.
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FIGURE 4
 Pre- and post-operative scores on the Karnofsky, SF-36 Physical Function subscale, and the Wood Mental Fatigue Inventory.





Discussion

This case report describes a woman with a seven-year history of disabling ME/CFS symptoms who was eventually discovered to have single-level cervical spinal stenosis. After recognition and surgical management of cervical spinal stenosis, she experienced a near complete improvement in function, along with resolution of her orthostatic tachycardia. Post-operatively, she was able to engage in vigorous physical activities. Following several years of improvement, however, she noted the insidious return of her main ME/CFS symptoms. Conservative management again was ineffective. Ultimately, imaging identified a shift in the C5-6 disc implant, which was causing recurrent contact with the ventral cervical spinal cord, and was associated with concordant findings of cervical myelopathy.

Removal of the shifted disc replacement, and revision of the C5-6 decompression, this time with fusion, was again followed by a prompt improvement in overall activity and a return to more normal function. She experienced a significant improvement in myelopathic symptoms, lightheadedness, post-exertional malaise, and anxiety levels. As seen in Figure 4, there was a striking improvement in the SF-36 PF, Karnofsky Performance, and Wood Mental Fatigue Inventory scores. These outcomes add to the growing body of evidence that compression of the cervical spinal cord can provoke symptoms of orthostatic intolerance and ME/CFS, either through direct injury to the ventral cervical spinal cord, or through interruption of neural pathways.

Our findings emphasize the importance of careful neurologic examination of patients with ME/CFS. Heffez and colleagues reported a high prevalence of neurologic exam abnormalities and findings consistent with cervical myelopathy or Chiari malformation among referred patients with fibromyalgia (18). Among those who underwent surgical treatment of Chiari malformation or cervical spinal stenosis, there was a significant improvement in symptoms at the 1 year follow-up point, but no notable improvement in those in the non-surgical comparison group (18).

The cervical spinal stenosis observed in our patient is analogous to spinal cord compression occurring in individuals with joint hypermobility and atlanto-axial instability (AAI). Henderson and colleagues observed that excessive rotational movement at C1-2 could be associated with symptoms of headaches, neck pain, hand numbness, lower extremity numbness, arm weakness, syncope, and pre-syncope (21). These symptoms improved significantly upon alignment, fusion, and stabilization of C1-2 (21).

Several groups have hypothesized that neuro-inflammation involving microglial activation is important in the pathogenesis of ME/CFS. Microglial activation can be provoked by acute trauma or collective stressors shifting microglial cells to a pro-inflammatory phenotype, increasing cytokines, neurotoxic factors, and chemokines (27–30). With peripheral nerve injury or trauma to the spinal cord, microglial inflammation can persist or worsen, producing CNS dysfunction (27–29). If the PNS and CNS are already sensitized by microglial inflammation in ME/CFS, the addition of cervical spinal cord compression observed in this series would likely result in heightened symptoms and sensation compared to non-ME/CFS individuals (29).

We caution that surgical treatment is not indicated for all individuals with ME/CFS or with bulging discs. Careful selection of patients for surgery is needed. Disc degeneration is a part of the normal ageing process (31). Bulging discs can be asymptomatic. Boden and colleagues report that 19 percent of asymptomatic individuals demonstrate spinal abnormalities using magnetic resonance imaging (32). Furthermore, asymptomatic spinal abnormalities are observed more in study participants age 40 and greater than in individuals younger than age 40 (28% vs. 14%) (32). An investigation into the prevalence of spinal cord compression studied 1,211 adults aged 20–79 years, none of whom had a history of brain or spinal surgery, comorbid neurological diseases, severe neck pain, or symptoms related to sensory or motor disorders. Among this group, 87.6% had at least 1 mm of cervical disc protrusion posteriorly, with 5.3% having spinal canal compression (33). This study reported that a significant degree of spinal cord compression could be tolerated in otherwise healthy individuals without any symptoms, again emphasizing the necessity to weigh overall impairment, neurologic exam findings, and radiographic results.

This study calls for greater consideration of ME/CFS when evaluating the need for surgical management. There must be radiographic findings, concordant neurological findings, and failure of conservative management in order to justify surgery. However, the increased sensitivity of neurons suggest that physicians ought to carefully examine radiographic images with the understanding and expectation that mild degrees of compression may be significant for individuals with ME/CFS. Henderson and colleagues have advised that neuroanatomic abnormalities should be considered when orthostatic intolerance symptoms are produced by neck flexion, extension, or lateral rotation (21). Furthermore, we recommend collecting dynamic radiographic images in cervical flexion, extension, and lateral rotation for patients with ME/CFS to best observe the degree of compression and movements that increase symptom onset.

As is the case for otherwise healthy individuals, those with a pre-existing diagnosis of ME/CFS or orthostatic intolerance can develop cervical stenosis over time. Without imaging from before the onset of ME/CFS symptoms, we cannot be certain whether the cervical disc degeneration in our patient was present from the outset, causing her entire clinical syndrome, or whether she had true ME/CFS and then the cord compression developed later, complicating and interfering with spontaneous improvements in the illness. The fact that our patient experienced moderate to severe impairment with relatively mild compression of the cervical spinal cord favors the latter explanation, while the robustness and completeness of the improvement would be more consistent with the former. In any event, pathological deep tendon reflexes and the onset of symptoms in association with mild spinal stenosis both call for further investigation into hypersensitivity of the spinal cord of ME/CFS patients with modest cervical myelopathy.



Conclusion

The surgical treatment of ME/CFS symptoms due to mild cervical spinal stenosis and effacement can result in a significant improvement in a wide array of symptoms. A detailed neurological examination should be incorporated into the evaluation of every patient with ME/CFS. In light of the increased incidence of ME/CFS after COVID-19, patients with abnormal neurological examinations or refractory symptoms warrant consideration of cervical spine abnormalities which might otherwise be asymptomatic in healthy individuals. Further research is needed to explore the underlying mechanisms linking cervical spinal stenosis and ME/CFS symptoms, as well as to investigate the effectiveness of surgical intervention in larger cohorts. Nonetheless, these findings highlight the importance of considering cervical spinal stenosis as a potential cause of ME/CFS symptoms and support the concept that surgical interventions may offer relief for selected patients with this complex condition. Due to prevalent ligament laxity in ME/CFS, radiographic images documenting the spinal cord’s condition along its movements play a crucial role in proper discovery in the mechanism of symptoms.
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Headache is a frequent symptom among patients with hypermobility spectrum disorders. This mini review focuses specifically on a challenging aspect of headache evaluation in all patients, but especially those with hypermobility – the orthostatic headache. While the differential for an orthostatic headache is overall limited, patients with hypermobility disorders have risk factors for all of the most commonly encountered orthostatic headache disorders. The most common conditions to produce orthostatic headaches are discussed – spontaneous intracranial hypotension, cervicogenic headache, and postural orthostatic tachycardia syndrome. Less common etiologies of orthostatic headache pertinent to any patient are presented in table format.
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Introduction

Headache is one of the most common symptoms in the world, and it is particular prevelant amongst those with hypermobility disorders, affecting 86% of patients with hypermobile Ehlers-Danlos-Syndrome in one study (1). While most headaches experienced by patients with hypermobility are migraines (1), which are fairly easy to diagnose, the orthostatic headache poses a diagnostic dilemma. An orthostatic headache is defined as a headache that worsens in the upright posture and is relieved by recumbency (2). It needs to be carefully (clinically) distinguished from migraine, which worsens with physical activity but not posture per se (3). Orthostatic headaches are typically caused by spontaneous intracranial hypotension (SIH), cervicogenic mechanisms, and postural orthostatic tachycardia (POTS). Hypermobility is a shared risk factor for all 3 causes, and each may present with overlapping symptoms and “normal” imaging. This mini-review presents the defintion, mechanism of pain, link with hypermobility, clinically distinguishable presentations, diagnostic steps and treatments for the most common causes of orthostatic headache in hypermobility disorders. Less common etiologies of orthostatic headache pertinent to any patient are presented in table format (Table 1).



TABLE 1 Differential diagnosis of orthostatic headache.
[image: A table listing reported conditions along with their postulated mechanisms of pain. Conditions include spontaneous intracranial hypotension (SIH), cervicogenic headache, postural orthostatic tachycardia syndrome (POTS), persistent postural perceptual dizziness (PPPD), cerebrospinal fluid shunt overdrainage, orthostatic hypotension, adrenal insufficiency, iatrogenic cerebrospinal fluid leak, platypnea orthodeoxia syndrome, syndrome of the trephined, suboccipital craniectomy, cerebral venous thrombosis, cerebellar hemorrhage, theoretical condition, and increased compliance of the lower spinal cerebrospinal fluid space. Details include mechanisms like traction of pain-sensitive structures and orthostatic ischemia.]



Discussion


Spontaneous intracranial hypotension

The term orthostatic headache is nearly synonymous with SIH, and while not always correct (4), an orthostatic headache is indeed the most common symptom of SIH (5–7). Most cases of SIH result from spontaneous cerebrospinal fluid (CSF) leaks in the spine. Leaks occur at sites of pre-existing dural weakness caused by dural ectasias and nerve root sleeve meningeal diverticula, adjacent to osteophytes especially in the ventral thoracic spine, or via CSF-venous fistulas (which are typically associated with meningeal diverticula). A trivial trauma such as lifting or coughing may be associated with the onset of a leak (6). Any patient with dural ectasia, meningeal diverticula (Tarlov cysts, perineurial cysts), or sharp ostephytes can develop a CSF leak, but these risk factors are in particular common in patients with connective tissue disoders (8, 9).

Spinal CSF leaks cause the characteristic orthostatic headache due to the relationship of the leak to the zero-pressure point in the spine. The zero-pressure point is located in the cervical spine. This is the point at which the CSF pressure transitions from negative (intracranially) to positive (in the spine) in the upright position. Leaks caudal to the zero-pressure point will be promoted to leak in the patient’s upright position in the face of a positive spinal pressure, creating an even lower than normal intracranial pressure when upright. The recumbent position reduces the spinal CSF pressure, equalizes the CSF pressure amongst the cranial and spinal compartment, in turn reducing the spinal leak and improving symptoms (7). Several mechanisms of head pain are implicated. A consequence of the leak below the zero-pressure point in the spine is a vacuum-like downward traction on the brain. Traction on pain-sensitive intracranial structures including the dura, venous sinuses, and cranial nerves produces pain. Not all patients with SIH manifest brain sag, and it is thought that compensatory venous distention involving the dura, venous sinuses, and around the cranial nerves also causes pain (6).

The incidence of SIH is estimated at 5 per 100,000 or 0.005% of the population (7). With fragile, at-risk, dura being nearly a sine-qua-non for SIH, it is no surprise that this syndrome is linked to hypermobility spectrum disorders. The exact prevalence of SIH in hypermobility spectrum disorders is unknown, but in prospective SIH studies, between 16 to 38% of patients showed features of Marfan syndrome, EDS, or joint hypermobility (10, 11).

The presentation of an orthostatic headache should almost always warrant exclusion of SIH. The orthostatic headache of SIH may be absent or very mild upon waking, but with prolonged time upright (2 h) starts or intensifies, being relieved by recumbency. It is not unusual for the headache syndrome to begin as a new daily persistent headache, or a thunderclap onset headache followed by new daily orthostatic headache (12). However, the headaches of SIH are not always orthostatic and may actually be absent completely. They may be purely exertional, valsalva-induced, or paradoxical headaches worse in recumbency, mimicking so called high pressure headaches (6). The presence of any of these headache types at any point in the history of an orthostatic headache should further the suspicion for SIH. Other common symptoms include but are not limited to neck pain or stiffness, nausea, dizziness, tinnitus, muffled or distorted hearing, and diplopia, and are also typically orthostatic or occuring in the second-half of the day (6). This clinical history warrants an MRI of the brain with contrast to look for the typical stigmata of intracranial hypotension (pachymeningeal enhancement, venous sinus distension, pituitary engorgement, sagging brainstem, and cerebellar tonsillar descent). If possible, an MRI of the entire spine should be done (contrast is not necessary) to either visualize the leak (if a spinal epidural fluid collection is present) or evaluate the risk factors for leak formation (i.e., spondylosis, meningeal diverticula). A meta-analysis found that up to 19% of patients with SIH have normal (absent) brain MRI findings (13). If clinical suspicion remains high, especially higher than other differential possibilities, non-targeted high volume lumbar epidural blood patching can be performed. Patients who do not respond to non-targeted blood patching at all (and the dignosis is still considered), or who respond to patching only temporarily are then generally considered for myelography for CSF leak localization to plan targeted treatements. The choice of myelographic technique depends on the suspected underlying cause of leak (i.e., dural tear from an osteophyte, leaking meningeal diverticulum, or CSF venous fistula) typically derived from the MRI spine (12). Several myelograms and several treatment sessions may be required to arrive at a diagnosis and cure. An increasing number of negative diagnostics, and lack of response to multiple targeted leak treatments does not exclude SIH from the differential, but should lead the provider to explore additional causes of orthostatic headache, as decribed further below.



Cervicogenic headache and cervical myofacial pain

Cervicogenic headache represents a heterogeneous collection of disorders, in common representing referred pain to the head. There is no consensus on the single definition of cervicogenic headache so the true prevalence of this condition is unknown (14, 15). The accepted causes of cervicogenic headache are cervical structures innervated by the C1, C2, and C3 nerve roots. Convergence of both nociceptive information from the upper three cervical nerve roots, and the trigeminal nerve at the level of the trigeminal nucleus caudalis in the brainstem is what allows this so called cervicogenic referral of pain to the head (14). The potential sources of pain include: the atlanto-occipital joint, the lateral atlanto-axial joint, the C2 nerve root itself, possibly the C2-3 disc, and the C2-3 facet joint (14). The typical pathologies include degeneration, trauma (for example, whiplash), or inflammation of the respective structure (16).

The osseous portion of the cervical spine is naturally the most mobile segment of the spine in order to allow a wide degree of forward and lateral flexion, extension, and rotation. With this great movement however comes the need for great stability. The spine is stabilized by capsular liagments, the ligaments flavum, the anterior longitudinal ligament, and the posterior longitudinal ligament. The capsular ligaments are extremely strong ligaments wrapped around the facet joints, and serve as the main stabilizers of the spine especially during movement. Cervical instability can result from ligamentous laxity, developing either slowly over time with repeated micro stressors, or from a single load such as a whiplash injury (17). The ligaments do not act alone in stabilizing the spine, the paraspinal musculature plays a significant, albeit secondary role as well. The ligaments contain mechanoreceptors which when stimulated, activate the protective ligamento-muscular reflex to cause a compensatory muscle stiffness (18).

While cervicogenic headache is strictly speaking referred pain from the upper cervical spine, cervical myofacial pain anywhere in the upper or lower neck can refer pain to the head, better termed tension-type headache (16). Cervical myofacial pain of the head and neck, like any myofacial pain syndrome, relies on the formation of trigger points. A trigger point is a defined area of tenderness located within a skeletal muscle, tendon, or ligament. When latent, palpation of the trigger point produces local pain alone but when active, palpation of the trigger point also causes a reproducible referral of pain away from the location of the trigger point (19). While trigger point referral patterns may vary from patient to patient, there are numerous well known trigger point maps identified in humans, many of them responsible for a “cervicogenic” source of headache. For example, pain in the supraorbital or retro-orbital region may be referred from the sternocleidomastoid, the trapezius, or the suboccipital muscles. Likewise, the sternocleidomastoid may also refer pain to the forehead, temple and the vertex. Temple pain may also originate from the trapezius, splenius capitus, suboccipitalis, splenius cervicis, and semispinalis capitis. Occipital pain may originate from the trapezius, levator scapulae, or the semispinalis capitis (19, 20). A comprehensive review of human myofasical trigger points is beyond the scope of this review, however, well-defined human trigger point maps are easily available online (19) and in published literature such as Davies’ The Trigger Point Therapt Workbook (20). Trigger points develop for a variety of reasons, many of them common to hypermobililty. The aforementioned muscle stiffness occuring as a protective reflex to chronic cervical instability is in this author’s opinion the biggest driver. Poor postural habits, lack of exercise, sleep disturbances, malocclusion such as that resulting from temporomandibular joint disease have also been shown to play a role (19). Cervicogenic headaches do not have to be, but can be, orthostatic for a variety of reasons. Upright posture causes an axial loading force, exerted by the weight of the head, on the cervical spine (21). Postures that promote the development of muscle tension and myofacial trigger points, such are head forward posture, are inherent to sitting or standing (22). In the presence of ligamentous cervical instability, it is intuitive that the supine (resting) position naturally reduces exaggerated movement, minimizing strain.

There are no pathogneumonic phenotypes assigned to cervicogenic headache and tension headache referred from the neck in part because this is a collection of multiple disorders. While history and physical exam are helpful in including these etiologies in the differential, the diagnosis may ultimately rest on response to treatment (i.e., a diagnostic and therapeutic procedure). The clinical history that would support cervicogenic headache is of a unilateral pain without side-shift. The pain should be triggered by neck movement, awkward posture, or palpation of the posterior neck. It may be episodic or continuous, and typically moderate in intensity and non-throbbing (14).

The most common cause of a true cervicogenic headache is C2-3 facet joint pathology (spondylosis or capsular strain) (14). The C2-3 facet joint is innervated by the third occipital nerve, a branch of the C3 dorsal ramus (16). The joint itself, located at the level of the mandible, may be tender. Referred pain to the occipital, and less likely the parietal, frontal, and orbital regions may occur. The diagnosis would be confirmed by a third occipital nerve block; a C2-3 facet intra-articular steroid injection or third occipital nerve radiofrequency ablation would serve a therapeutic role (16). Table 2 presents the referral paterns, expected examination findings, diagnostic and therapeutic interventions for the remaining causes of true cervicogenic headache.



TABLE 2 Accepted structural causes of cervicogenic headache (14–16).
[image: A table detailing pain sources, innervation, referred pain, physical exams, diagnosis, and therapy for various cervical spinal issues. Sources include O-C1, C1-2, C2 nerve root, C2-3 disc, and C2-3 facet joint. Innervation varies, as does referred pain, which includes occipital and suboccipital regions. Physical examinations identify specific symptoms such as pain on head nodding or rotation. Diagnoses range from joint injections to nerve root blocks. Therapies include injections, radiofrequency ablation, and fusion, emphasizing conservative or interventional treatments.]

This author’s preference and advice is to thoroughly investigate and treat myofascial sources of referred pain, prior to performing more invasive interventional diagnostics and treatment. For one, myofascial pain often coexists with “true” cervicogenic pathology because of the ligamento-muscular reflex, meaning it is not uncommon to have dual pain generators. Second, myofacial pain is often subject to a self-promoting cascade, in some causes causing more pain then the original joint insult itself. This occurs because sustained muscle contraction reduces the local muscular blood flow, depleting muscle energy reserves, causing more contracticle activity, perpetuating the cycle and eventually triggering inflammation and fibrosis within the surrounding intersitital connective tissues (19). To subject the patient to the least likely to harm interventions first, this author recommends to treat myofacial pain first.

Myofacial cervical pain is often described as pressure-like and dull, but may also feel like throbbing, sharp, stabbing, burning, and heavy. Intensity may range from mild to severe, and pain is usually steady or constant. It may be aggravated by stress, fatigue, chewing, and exercise. It typically has a slow and steady onset, but may occur acutely after a stressful event, trauma, or surgery or dental work particular when awkward postures are sustained. The physical exam may show abnormal posture, and elicitation of a referred pain pattern on examination is key. Myofascial pain is amenable to analgesic medication, topical cold and heat, trigger point massage, trigger point injections, transcutaneous electrical stimulation, and physiotherapy (19). Modifiable factors that lead to the development or perpetuation of myofascial pain should also be addressed including: improper posture, tension, inadequate sleep, and dental malocclusion (19).



Postural orthostatic tachycardia syndrome

Postural orthostatic tachycardia syndrome is an autonomic disorder most common in child-bearing age females, characterized by orthostatic tachycardia causing but not limited to: dizziness, presyncope, palpitations, fatigue, decreased concentration, tremulousness, and nausea (23, 24). Over half of patients with POTS were found to experience orthostatic headache (24), and POTS is common amongst patients on the hypermobility spectrum (25). The true mechanism of postural headache in POTS has not been well defined. Several mechanisms have been postulated. One thought is that patients develop a relative CSF hypovolemia, either through general hypovolemia or through enhanced spinal absorption. The latter theory implies there is a reduced venous return to the heart in the standing position, resulting in reduced spinal venous pressure, resulting in reduced CSF pressure as CSF is absorbed to the venous circulation. A second thought is that in POTS with severe orthostatic hypotension there is positional ischemia of the posterior neck and shoulder muscles, though this does not account for the variable distribution of head pain in POTS (23). POTS is diagnosed by the finding of a sustained heart rate increment ≥30 beats/min within 10 min of standing or head-up tilt in the absence of orthostatic hypotension (26). The orthostatic headaches of POTS and SIH may be indistinguishable on the basis of associated lightheadedness, fatigue, brain fog, vision blurring, neck pain and nausea. Complicating matters, the headache in both POTS and SIH may repond to volume repletion, abdominal compression (abdominal binder) (23) and temporarily even blood patching [Mokri et al. (23) proposed a mechanism of relative CSF hypovolemia]. POTS should be suspected when the headache is associated with symptoms not typical of SIH or cervicogenic headache including palpitations, tunnel vision, hyperventilation, shortness of breath, or anxiety and/or there are non-headache symptoms that would otherwise be absent in SIH or cervicogenic headache but common in POTS such as post-prandial malaise or onset of syndrome after a viral infection.

The evaluation of suspected POTS should include a detailed history to establish symptoms of orthostatic intolerance, physical examination with postural vital signs to confirm exaggerated tachycardia and absence of orthostatic hypotension, cardiac examination, neurologic examination identifying any features of peripheral neuropathy, laboratory examination with at minimum a complete blood count, electrolytes, thyroid function, and electrocardiogram. Conditions further suspected to be POTS should move on to a 10 min Head-up Tilt Test. The NASA Lean test is another way to easily detect orthostatic intolerance in the clinical setting (27). If small fiber neuropathy is suspected then quantitative sudomotor axon reflex testing and/or testing of epidermal nerve fiber density on skin biopsy is performed (28).

Non-pharmacologic measures build the foundation for treatment of POTS. Medications that worsen sinus tachcyardia such as stimulants or cause hypovolemia such as diuretics should be withdrawn where possible. Blood volume is expanded through a minimum intake of 2–3 L of water per day along with sodium in the form of table salt or electrolyte solutions. Patients are advised to wear abdominal compression binders or high-waist compression stockings to reduce lower body pooling of venous blood. Progressive exercise training to build endurance and increase leg resistance is integral to the treatment plan. The exercise program may initially be recumbent such as rowing, cycling, or swimming, progressing to upright exercise, and patients should be educated that they may initially feel worse. There are no FDA-approved drugs for the treatment of POTS. Pharmacologic therapy is aimed at reducing orthostatic intolerance and symptom management. Fludrocortisone is used as a theoretical blood volume expander. Beta blockers, ivabridine, and pyridostigmine are used to lower heart rate. Midodrine, octreotide, and methylphenidate may be used as vasocontrictors (28).




Conclusion

Some patients with hypermobility spectrum disorders are uniquely predisposed to orthostatic headaches from a variety of etiologies. In most cases, the clinical history, physical examination, and respective diagnostics should easily distinguish between SIH, cervicogenic headache, tension headache referred from cervical myofacial pain, and POTS. In cases were imaging is negative, using the phenotypic characteristics of the headache disorder is paramount in deciding on the initial treatment pathway.
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Background: There is increasing recognition of connective tissue disorders and their influence on disease in the general population. A conserved clinical phenotype involving connective tissue disorders and idiopathic intracranial hypertension (IIH) and associated cerebral venous outflow disorders (CVD) has not been previously described.
Methods: A single-institution retrospective review of a prospectively maintained database of patients with connective tissue disorders and CVD was performed.
Results: A total of 86 patients were identified. The majority of these patients carried a diagnosis of Ehlers-Danlos syndrome (55%) and most were non-obese (mean body mass index 29.7 kg/m2), Caucasian (90%) females (87%). Most prevalent presenting symptoms included pressure headache (98%), dizziness (90%), tinnitus (92%), and cognitive dysfunction (69%). Aside from CVD and IIH, the most common associated conditions were postural orthostatic tachycardia syndrome (POTS; 55.8%), cerebrospinal fluid (CSF) leaks (51.2%), dysautonomia (45.3%), cranio-cervical instability (37.2%), mast cell activation syndrome (25.6%), and tethered cord syndrome (23.3%). Allergies to medications (87.2%) and surgical tape (19.8%) were also frequent. Despite significantly lower opening pressures on lumbar puncture, headache severity and quality of life scores were reported with the same severity of classic IIH patients, suggesting an underlying hypersensitivity to intracranial pressures and cerebral venous congestion.
Conclusion: There is a rare but conserved clinical phenotype that has not been described previously that presents with severe IIH symptoms in predominantly young, non-obese Caucasian women with a high associated incidence of dysautonomia, POTS, craniocervical instability, and CSF leaks, among others.
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 Ehlers-Danlos, connective, phenotype, tissue, disorder, cerebral, idiopathic, hypermobility


Introduction

The recognition of transverse sinus stenosis as a pathophysiologic driver of intracranial venous hypertension in patients with idiopathic intracranial hypertension (IIH) has led to a dramatic shift in enthusiasm and attention surrounding IIH and its treatments (1). The frequent use of catheter venography to evaluate for stenting candidacy has resulted in a marked increase in scientific research being published on cerebral venous anatomy, physiology and mechanisms of disease (2). The increasing clinical interest and willingness to treat cerebral venous dysfunction and resulting IIH has led to an improved understanding of associated extracranial cerebral venous outflow disorders (CVD), which may be considered IIH-spectrum conditions. A number of potential causative sites of extracranial cerebral venous flow impairment have been identified (3). The most commonly identified site of outflow impairment is in the rostral internal jugular vein (IJV) near the transverse process of C1 and the styloid process, often referred to as styloidogenic jugular stenosis. Patients with symptomatic IJV stenosis present similarly to IIH patients with a predominance of complaints secondary to intracranial venous congestion including headache, skull base pain, swallowing and mastication dysfunction, brain fog, tinnitus, blurred vision and sleep disorders (4, 5). The Society of Neurointerventional Surgery recently formalized this interest in exploring CVD by creating the Cerebral Venous and Cerebrospinal Fluid Disorders Section as a means of promoting education, research, and practice guidance on these conditions (6).

Connective tissue disorders have been increasingly recognized as a cause of chronic systemic symptoms, with Ehlers-Danlos syndrome (EDS) being one of the most commonly recognized conditions. These disorders exhibit varying subtypes which have been classified previously (7); however, none of these subtypes include IIH or CVD as a notable aspect of the condition. Classically, IIH occurs in obese, child-bearing age females with high opening pressure (OP) on lumbar puncture with isolated intracranial venous sinus stenosis identified in the absence of additional extracranial sites of compression, joint hypermobility, or other systemic conditions (8). At our tertiary referral center, we have identified a conserved clinical phenotype of diagnosed or suspected connective tissue disorders and CVD in mostly young, Caucasian, non-obese women with classic symptoms and associated conditions that has not been described in the published literature. These patients are rare but have severe impairment in functional capacity and quality of life and are challenging to treat. Herein we present our series of patients to document this previously unrecognized clinical phenotype.



Methods

A retrospective review was performed of a prospectively maintained database of patients presenting in referral at our tertiary care center for evaluation of IIH or other cerebral venous outflow disorders (CVD) with a known or highly suspected connective tissue disorder between 2019 and 2023. Patients were included based on the following criteria: (1) a diagnosis of Ehlers-Danlos syndrome (EDS) by a rheumatologist, neurologist, geneticist or other specialist; (2) a diagnosis of unspecified connective tissue disorder by a rheumatologist, neurologist, geneticist, or other specialist; (3) a suspicion of EDS or unspecified connective tissue disorder by a specialist based on associated symptoms without a formal diagnosis, with agreement by the senior author following evaluation.

Presenting symptoms were catalogued and reported (Table 1). Headache Impact Test 6 (HIT-6) and WHO-BREF Quality of Life survey responses were documented for each patient at time of first consultation. Pertinent medical history and specific diagnoses were recorded from each patient’s electronic medical record (Table 2). A diagnosis of IIH was defined based on Dandy criteria and includes at least one measured opening pressure of 25 cm of water or higher on lumbar puncture. A diagnosis of jugular stenosis was defined as (1) a history of IJV revascularization procedure including styloidectomy, open jugular decompression, or jugular stenting; or (2) findings from invasive testing performed by the senior author indicating symptomatic IJV where a jugular vein revascularization procedure was planned after testing. For all other conditions, diagnoses were not made by the authors but instead presence or absence of a diagnosis was made strictly via thorough review of patient history and previous medical records.



TABLE 1 Most common presenting symptoms.
[image: Table showing the prevalence of various symptoms in 86 individuals. Pressure Headache: 97.7%, Dizziness: 89.5%, Brain Fog/Memory Problems: 68.7%, Tinnitus: 91.9%, Ringing Tinnitus: 55.8%, Pulsatile Tinnitus: 48.8%, Positional Change Exacerbation: 48.8%, Papilledema: 20.9%. HIT-6, Tinnitus, and WHO-BREF Quality of Life Scores for 76 individuals show HIT-6: 65.9 (SD 9.25) and WHO-BREF Quality of Life: 171.4 (SD 269).]



TABLE 2 Prevalence of associated conditions and surgeries.
[image: Table listing medical conditions and their prevalence out of 86 subjects. Idiopathic Intracranial Hypertension (75.6%) and Postural Orthostatic Tachycardia Syndrome (55.8%) are the most prevalent. Internal Jugular Vein Stenosis and CSF leak follow. Other conditions include Dysautonomia, Joint Hypermobility, and Chiari Malformation. The table includes procedural histories and rare conditions like Thoracic Outlet Syndrome.]


Cerebral venogram procedural technique

All included patients underwent a diagnostic cerebral arteriogram and venogram followed by lumbar puncture for evaluating the presence of intracranial or extracranial venous stenosis, opening pressure and response to fluid drainage. Retrograde cerebral venography and manometry techniques have been described in detail previously (8, 9). In brief, diagnostic arteriography and venography was performed by a single operator, using the same procedural technique, under mild sedation (100 mcg intravenous fentanyl or less) in all patients. IIH medications are held for 48 h prior to the procedure. 5F femoral artery and vein access was obtained and following arteriography, a 5F diagnostic catheter was placed in the dominant (or co-dominant) IJV. A 0.027 inch microcatheter was navigated over a 0.014 inch microwire through the dominant transverse sinus (TS) into the superior sagittal sinus (SSS) S2 segment. The microcatheter was then connected to a pressure transducer, flushed, and then zeroed in the mid-axillary line. Mean pressures were recorded at defined locations, including S1-2 junction of the SSS, torcula, dominant TS (recorded at the lateral orbital wall on anteroposterior view), dominant SS (recorded at beginning of the horizontal segment), IJV (bulb above C1), IJV at C4 and often C6, and central venous pressure (CVP; cavo-atrial junction). For this study’s purposes, only dominant pathway pressures were included; often bilateral transverse sinus manometry is performed, however. Jugular testing is then performed in both IJV, which includes provocative testing and head rotation maneuvers to evaluate gradients in various positions. Following completion of venography, patients are then placed in the lateral decubitus position and a fluoroscopically guided lumbar puncture is performed using a 22-gauge atraumatic needle. An opening pressure (OP) is measured with a manometer and then fluid is removed to an appropriate closing pressure (usually around 10 cm of water) to document subjective symptomatic improvement with fluid removal. Procedural data for patients that underwent cerebral venography and/or lumbar puncture are presented in Table 3.



TABLE 3 Results of cerebral arteriography, venography, and LP among 86 patients.
[image: A table summarizes medical data for 86 patients. In cerebral arteriography, there is one case of extracranial arterial dissection or pseudoaneurysm (1.2%), and none for brain aneurysms, arteriovenous fistulae, or fibromuscular dysplasia. Cerebral venography shows a right venous outflow dominance in 67.4% of patients, left in 14%, and co-dominant in 18.6%. Superior sagittal sinus stenosis includes 5 cases with a gradient of 4 mmHg or more. Various degrees of stenosis are detailed. In lumbar puncture for 83 patients, the mean opening pressure is 18.5 cm of water. Pressures vary from less than 10 to 25 cm of water or higher, with percentages listed for each range.]



Statistical analysis

Data was analyzed using descriptive statistics. Categorical variables were described using counts and percentages, whereas continuous variables were reported using means and interquartile ranges (IQR).




Results


Demographics

The cohort was comprised of 86 patients, the majority of whom were female (87.2%, n = 75), with a mean age of 36.6 (IQR: 18) and an average BMI (Body Mass Index) of 27.9 kg/m2 (IQR: 10.6). Mean height and weight were 1.68 m (0.13) and 79.0 kg (30.3), respectively. Of the sample, 6.0% were underweight, 32.1% normal weight, 25.0% overweight, and 36.9% obese based on standard BMI criteria. Most patients were Caucasian (90%); a small minority were Asian (1.2%) and of African descent (2.3%). The majority of the sample included patients from the southeast region of the United States (54%), with the remainder being comprised of northeast (9.6%), Midwest (7.2%), northwest (22.0%), and southwest (7.2%).

Of the 86 patients, 48 (55.8%) had a diagnosis of EDS made previously by a rheumatologist, geneticist, neurologist or other specialist. Of the remaining patients, 3 (3.5%) had a diagnosis of unspecified connective tissue disorder and 35 (40.7%) did not have an established diagnosis but a connective tissue disorder was highly suspected by referring physicians and corroborated by the senior author.



Presenting symptoms

Patient presenting complaints are shown in Table 1. Pressure headaches were present in most patients (97.7%), while papilledema was present in only a minority of patients (20.9%). HIT-6 scores and WHO-BREF quality of life composite scores were recorded in 76 (88.4%) of patients at the time of their first consultation and are shown in Table 1.



Associated conditions

Table 2 lists associated conditions among the sample, in order of prevalence (Figure 1). The most common associated conditions were POTS, CSF leak, and dysautonomia. The mean number of allergies listed among the sample was 5.4 (IQR 5.5). Notably, 17 (19.8%) of patients reported adhesive tape allergies and 75 (87.2%) had allergies to at least 1 medication with a mean of 4 medication allergies among the group. 62 (72.1%) patients had previously undergone LP prior to consultation, with 15 (24.2%) patients having a history of CSF leak following LP, of which 9 required blood patching.

[image: Two X-ray images of the neck showing various spinal vertebrae marked by colored arrows. The left image is a frontal view with yellow, red, green, and blue arrows indicating specific areas. The right image is a lateral view with yellow, red, and green arrows highlighting particular structures or landmarks.]

FIGURE 1
 Anteroposterior (left panel) and lateral (right panel) cervical x-rays of an example patient with CVD and EDS. A Caucasian, tall, non-obese female in her 20’s with hypermobility and loose skin who has previously undergone transverse sinus stenting (orange arrows) and bilateral ventriculoperitoneal shunting (yellow) for IIH with associated CSF leaks, occipito-cervical fusion (red) for CCI, right IJV stenting (green) and port placement for fluid infusions for POTS (blue).




Results of cerebral venography and lumbar puncture

All patients underwent cerebral arteriography, venography, and LP as part of their evaluation at our center. Findings from this study are reported in Table 3. A comparison of opening pressures and symptom severity scores between the present series and a previously reported classic sample of IIH patients is shown in Figure 2.

[image: A: Bar chart showing LP opening pressures for EDS phenotype, with most patients having pressures between fifteen and thirty centimeters H2O. B: Bar chart for IIH phenotype, peaking between twenty-five and thirty-five centimeters H2O. C: Scatter plot comparing opening pressures and HIT-6 scores, with distinct clusters for EDS (blue) and IIH (red) phenotypes.]

FIGURE 2
 (A,B) Opening pressures recorded from lumbar punctures during initial visit for EDS phenotype patients and generalized IIH patients, respectively. (C) Headache Impact Test (HIT-6) Scores and Opening pressures collected from both EDS and generalized IIH groups.





Discussion

This is the first description of a clinical phenotype in patients with symptoms of CVD and have accompanying connective tissue disorders. In addition to common IIH symptoms of headaches, tinnitus, brain fog, dizziness and barometric pressure sensitivity, there is a high prevalence of conserved associated conditions including styloidogenic jugular stenosis, POTS, dysautonomia, mast cell activation syndrome, and cervical instability (CCI) in these patients. A significant portion also had a history of cerebrospinal fluid (CSF) leaks, Chiari malformations and tethered cord syndrome. Damage to the dura mater during lumbar punctures can cause cerebrospinal fluid (CSF) leaks, inducing intracranial hypotension with a range of symptoms including positional headaches. Such leaks are notably prevalent in cases involving connective tissue disorders, underscoring the need for cautious procedural and post-procedural evaluations (10).These findings contribute novel insights into the interconnectedness of these conditions and their shared symptomatology.

Many of the demographic and clinical features of this cohort demonstrate notable distinctions from the standard patient profile associated with classic IIH (11). In standard IIH, the typical profile is predominantly obese women of childbearing age of diverse racial backgrounds. The present patient sample exhibits a mean BMI much lower than previously reported in IIH and features predominantly non-obese Caucasian young women (11). Interestingly, our patients also had severe, stereotypical symptoms at relatively lower opening pressures on lumbar puncture and lower mean SSS pressures on venography compared to previous studies on general IIH patients, as compared in Figure 2 (8, 11). Moreover, headache severity (HIT-6) and quality of life (WHO-BREF) impairments were significantly worse when compared to previous analyses of IIH patients as well as the general population (11). In fact, the magnitude of patient-reported headache scores and QOL scores in this sample are notably worse than those reported for other conditions in large series (12, 13), which suggests a foundational hypersensitivity to pain or pressure dysregulation in these patients. While the physiology underlying the unique linkage between EDS and IIH is still widely unknown, abnormal levels of growth factors, such as IGF-1, have been proposed as one possible cause (14). Interestingly, such connective tissue disorders have also been linked to intracranial hypotension syndrome (IHS), with complications such as dural ectasia being common yet often under-recognized. In direct opposition to standard IIH, this association only further demonstrates the vast complexity of pathology seen in connective tissue disorders, particularly CSF pressure-dependent manifestations (15). Regardless, these findings necessitate a more nuanced understanding of CVD and accompanying connective tissue conditions and suggests these patients may have a heightened sensitivity to changes in ICP, allowing symptoms to persist at lower pressures than traditionally expected.

Connective tissue disorders, such as Ehlers-Danlos Syndrome (EDS), encompass a variety of syndromes typically characterized by joint hypermobility, skin extensibility, and tissue fragility (7). However, the manifestation of EDS varies significantly among patients and across its thirteen subtypes acknowledged by the Ehlers-Danlos Society. Our patients exhibit clinical features that align with several EDS characteristics, most notably the high prevalence of dizziness and orthostatic intolerance, often seen due to development of dysautonomia (16). However, this group also displays a unique combination of associated conditions, including MCAS, cervical instability, Chiari malformation, and tethered cord syndrome. These conditions have historically lacked concrete evidence of association within a single recognized EDS subtype, although some relations have been recently suggested (17, 18). Combined with an unusually high prevalence of jugular stenosis and IIH, these disparities only further emphasize the need to further explore the complicated pathophysiology observed in these patients (19).

The conglomerate array of clinical presentations and associated conditions in these patients makes it difficult to provide effective medical management. They tend to exhibit hypersensitivity with higher rates of all types of allergies, predominantly medication allergies. For example, a recent study found a significant incidence of atopy in pediatric populations with CVD who presented with similar phenotypic characteristics, including a lower BMI (20). Hypersensitivity, likely related to MCAS development, has been shown to be associated with EDS and POTS, and atopic conditions like eosinophilic esophagitis have been found to manifest in these patients (21). These manifestations considerably narrow the selection of safe and effective treatment modalities for these patients. For example, recent literature has suggested significant variation in surgical outcomes based on EDS subtype variation, particularly those with accompanying IIH (22). Without prior screenings and precautions, routine procedures could turn into high-risk situations, driven by undetected allergies to medications, sutures, or even adhesive tape.

In practice, the severity of these conditions can be striking, as denoted by the very high HIT-6 scores and poor WHO BREF quality of life scores. Many patients are unable to physically sit or stand and are often living with their parents or caregivers. Pain management in standard CVD and EDS patients is historically difficult, and this phenotype’s tendency towards hypermetabolism and a significant resistance to pain medications further restricts symptom management options and likely affect their quality of life (23, 24). Since hypothesized associations among these conditions and how they present is still very new and widely unrecognized, misdiagnosis continues to be a common problem in these patients (17). To help avoid misdiagnosis, improper treatment, and prolongation of symptoms, it is paramount that patients fitting this phenotype find practitioners that are knowledgeable and experienced with these associations. Clinicians evaluating patients who present similarly but out of proportion to standard CVD or connective tissue-related disorders should consider referring their them to a medical geneticist or rheumatologist (23).

Several limitations need to be considered in interpreting these findings. First, all patients were referred to and seen at a single institution, which may limit the generalizability of the findings to a broader population. The prevalence of specific conditions, such as internal jugular vein stenosis or IIH, may be influenced by referral patterns or specific patient characteristics within the population. Furthermore, our findings rely on self-reported diagnoses and medical records, which may introduce potential biases or inaccuracies. Previous diagnoses of these diseases are based on clinical assessments and may vary depending on the expertise and diagnostic criteria used. Perhaps the largest limitation remains the absence of a definitive genetic mutation that can be identified to establish a genotype associated with this unique patient cohort. As a result, current diagnosis of these conditions relies almost entirely on clinical findings rather than genetic markers. While genetic confirmation would enhance diagnostic precision, the current phenotypical characterization remains significant in advancing our understanding of these individuals. Future research should aim to integrate genetic analyses to complement the suggested phenotype, refining diagnostic accuracy and further elucidating underlying genetic factors.



Conclusion

This study presents a novel clinical phenotype characterized by the association of connective tissue/hypermobility disorders with cerebral venous outflow disorders manifesting predominantly as symptoms of pressure headache, dizziness, tinnitus, cognitive dysfunction, barometric pressure sensitivity and visual symptoms. The overwhelming majority of patients are non-obese Caucasian women with a foundational component of hypersensitivity to CSF and venous pressures with a conserved collection of associated conditions including POTS, MCAS, CCI, Chiari malformation, CSF leaks, tethered cord and systemic venous compression syndromes. These patients endorse severe symptoms at lower intracranial pressures than expected, challenging the traditional understanding of CVD symptomatology, with markedly severe self-reported headache and quality of life scores. It is imperative that physicians recognize this distinct phenotype and are knowledgeable about the intricacies and potential complications associated with treating these conditions. A continued evolution in the understanding of this population and how they present in the clinical setting is crucial. This effort will promote the development of new interventions and enhance the integrity of the current diagnostic processes with the goal of improving the well-being and quality of life of these individuals.
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Dysautonomia, or dysfunction of the autonomic nervous system (ANS), may occur following an infectious insult and can result in a variety of debilitating, widespread, and often poorly recognized symptoms. Dysautonomia is now widely accepted as a complication of COVID-19 and is an important component of Post-Acute Sequelae of COVID-19 (PASC or long COVID). PASC shares many overlapping clinical features with other infection-associated chronic illnesses including Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) and Post-Treatment Lyme Disease Syndrome (PTLDS), suggesting that they may share common underlying mechanisms including autonomic dysfunction. Despite the recognition of this complication of Lyme disease in the care of patients with PTLD, there has been a scarcity of research in this field and dysautonomia has not yet been established as a complication of Lyme disease in the medical literature. In this review, we discuss the evidence implicating Borrelia burgdorferi as a cause of dysautonomia and the related symptoms, propose potential pathogenic mechanisms given our knowledge of Lyme disease and mechanisms of PASC and ME/CFS, and discuss the diagnostic evaluation and treatments of dysautonomia. We also outline gaps in the literature and priorities for future research.
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Introduction

Dysautonomia, or dysfunction of the autonomic nervous system (ANS), often occurs following an infectious insult and can result in a variety of debilitating, widespread, and often poorly recognized symptoms. Postural orthostatic tachycardia syndrome (POTS) is one of the most common manifestations of dysautonomia, and is characterized by orthostatic and exertional intolerance due to vasomotor dysfunction, or the impaired ability to regulate blood flow (1). Patients frequently have other manifestations of dysautonomia, including but not limited to gastrointestinal dysmotility, sweating dysfunction, temperature dysregulation, sicca syndrome, and urinary and visual symptoms (2).

Over half of patients with POTS report a preceding infection (3). COVID-19 is increasingly recognized as a cause of POTS (4, 5), as well as other infections including Epstein Barr Virus (EBV) (6, 7). Lyme disease, which is caused by the tick-borne spirochete Borrelia burgdorferi (B. burgdorferi), results in chronic symptoms in ~10%−20% of patients after the infection is treated, a syndrome called Post-Treatment Lyme Disease Syndrome (PTLDS) (8). PTLDS shares many clinical similarities with other infection-associated chronic illnesses including Post-Acute Sequelae of COVID-19 (PASC), suggesting that they may share common mechanisms including dysautonomia. Although dysautonomia is reported as a complication of Lyme disease in the patient community and among some physicians, there remains a scarcity of research in this field and dysautonomia has not yet been established as a complication of Lyme disease in the medical literature. In this review, we seek to discuss the evidence implicating B. burgdorferi as a cause of dysautonomia and the related symptoms, propose potential pathogenic mechanisms given our knowledge of Lyme disease and mechanisms of PASC and ME/CFS, discuss the diagnostic evaluation and treatments of dysautonomia, and identify remaining gaps in the literature.



Symptoms and clinicopathologic features of dysautonomia

Dysautonomia is a general term used to describe conditions that involve dysfunction of the ANS. The ANS, which is composed of the sympathetic, parasympathetic, and enteric nervous systems, control involuntary functions such as heart rate, blood pressure, digestion, temperature, sweating, and pupillary function. Symptoms of ANS dysregulation are diverse and include orthostatic intolerance, GI symptoms, urinary dysfunction, temperature intolerance, sicca syndrome, abnormal sweating and visual disturbances (9). Orthostatic intolerance refers to a group of symptoms that are provoked by assuming and maintaining upright posture (both sitting and standing), and many of these symptoms improve with recumbency. Once provoked, some orthostatic symptoms can persist for hours, including fatigue. Orthostatic intolerance is often associated with hemodynamic dysregulation that can lead to disabling symptoms of light-headedness, fatigue, weakness, and cognitive impairment that significantly impair quality of life.

POTS is the most common manifestation of dysautonomia. POTS affects ~1–3 million people in the United States (10–12), although this figure is likely an underestimate as dysautonomia is often overlooked, diagnostic testing is not widely available, and the COVID-19 pandemic has led to a dramatic increase in the incidence of dysautonomia that we are only now beginning to appreciate. POTS is defined as a sustained increase in heart rate >30 beats per minute in adults (or a 40 bpm increase in 12–19 year olds) within 10 min of upright posture, without a drop in blood pressure and associated with chronic orthostatic symptoms (13). Dysautonomia can also manifest as (1) neurally mediated reflex hypotension or syncope, defined as a 25-mm Hg reduction in systolic blood pressure from the baseline supine values, sustained for at least 1 min, with no associated increase in heart rate, and accompanied by symptoms of presyncope (severe weakness, lightheadedness, nausea, or diaphoresis) (14), (2) classical or delayed orthostatic hypotension (OH), defined as a drop in systolic blood pressure >20 mmHg or a drop in diastolic blood pressure >10 mmHg with standing (15, 16) within the first 3 min upright (classical OH) or after that point (delayed OH), (14) or (3) initial orthostatic hypotension, defined as a transient SBP drop ≥40 mmHg within 15 s of standing, with recovery within 45 s (17). Orthostatic intolerance confirmed by significant reductions in cerebral blood flow as measured by extracranial Doppler ultrasound can also be present even in the absence of abnormalities in heart rate and blood pressure (18).

There are several pathophysiologic subtypes of POTS which are not mutually exclusive and frequently overlap in an individual patient. These include hypovolemic POTS from reduced blood volume, hyperadrenergic POTS from increased catecholamines which can result in increased blood pressure with standing, excessive venous pooling from connective tissue laxity (19), and neuropathic POTS. Neuropathic POTS is associated with reduced intraepidermal and/or sudomotor (i.e., sweat gland) nerve fiber density on skin biopsy indicative of a small-fiber sensory or autonomic neuropathy. It is hypothesized that damage to sympathetic vasomotor nerves impairs the compensatory increase in systemic vascular resistance during orthostatic stress and/or during exercise, resulting in splanchnic and/or lower limb pooling and reduced cerebral blood flow. This results in typical POTS symptoms including dizziness, cognitive dysfunction (colloquially known as “brain fog”), and fatigue. At the same time, compensatory activation of the sympathetic nervous system in response to reduced cardiac preload results in tachycardia.



Dysautonomia and small-fiber neuropathy often occur as a complication of certain infections

Causes of dysautonomia are heterogeneous and include infections, autoimmune disease, trauma, and neurodegenerative diseases such as multiple system atrophy (MSA). Approximately half of patients with POTS report symptoms of a preceding infection (3). Infectious causes of POTS include EBV, herpes viruses, flavivirus, enterovirus 71, retroviruses (HIV), and SARS-CoV-2 (7). Patients with infection-associated dysautonomia often report similar clinical symptoms regardless of the inciting infection. A small-fiber neuropathy has been observed across the spectrum of POTS regardless of the underlying etiology, suggesting that there may be a final common pathway that results in nerve damage (20). However, few studies have directly compared different infection-associated dysautonomia syndromes to determine if there are different clinical presentations of dysautonomia depending on the type of infection (6).



Acute infection with B. burgdorferi can alter the autonomic nervous system

Left untreated, B. burgdorferi can infect the nervous system (neuroborreliosis) which can have a wide spectrum of presentations, the most common of which are aseptic meningitis, cranial neuropathy and radiculopathy (21, 22). Despite reports suggesting that the autonomic nervous system can also be affected, this complication of Lyme disease has received little attention. Case reports of autonomic disorders that have been reported after acute B. burgdorferi infection (23, 24) include intestinal pseudo-obstruction (25–27), constipation (28–30), unexplained urinary retention (28, 29), postural orthostatic tachycardia syndrome (24, 31), and reflex sympathetic dystrophy (32), which is an autonomic disorder characterized by regional sympathetic hyperactivity. Although there are other causes of urinary retention, the co-existence with enteroparesis in five of these reports implicates dysfunction of the autonomic nervous system. Another study found that 18 patients with serologically positive acute Lyme disease (IgM positive) had lower cardiac vagal tone in response to deep breathing compared to 18 healthy controls (33). In addition to autonomic symptoms, painful small-fiber neuropathy, including reduced intra-epidermal nerve fiber density (EINFD) and reduced sweat gland nerve fiber density (SGNFD), have also been documented during acute B. burgdorferi infection (34) and symptoms improved with antibiotics (35).

Although intriguing, these case reports are limited in number and must be interpreted with caution. In most cases, the patients had a compelling history of Lyme disease being causative given the temporal association of symptoms with an erythema migrans rash, positive Lyme serologies, and improvement with antibiotics. Several of these patients also had other symptoms that were more specific for Lyme disease such as cranial neuropathies. However, not all of the reports used strict criteria to diagnose Lyme disease. For example, several studies did not have a confirmed history of an erythema migrans rash or other objective manifestations of Lyme disease and only used serologies to diagnose Lyme disease which is not diagnostic of an active infection (31, 33). Most patients in these reports were often treated concurrently with other medications in addition to antibiotics, so it is difficult to conclude that the antibiotics alone led to symptom improvement. Furthermore, without confirmation that the patient did not experience orthostatic symptoms prior to Lyme disease and had a normal response to orthostatic stress, we cannot be sure whether dysautonomia followed the infection or preceded it. Although these studies are not without their limitations, collectively they demonstrate that untreated B. burgdorferi might be associated with autonomic dysregulation and small-fiber neuropathy that is potentially reversible.

Much of our understanding of the effects of B. burgdorferi on the autonomic nervous system come from autopsy studies in the early reports of Lyme disease as well as primate studies. Autopsy studies of patients with Lyme disease have identified lymphoplasmocellular infiltrates in the autonomic ganglia and the interstitium of the longitudinal nerves (36, 37). This is accompanied by thickening of the perineural blood vessels, which at times are surrounded by inflammatory cells. Spirochetes have never been directly visualized in the autonomic ganglia or peripheral nerves in humans, although it is likely that they are directly involved during the acute infection (38).

Studies in Rhesus monkeys have confirmed the direct effect of B. burgdorferi on ganglia. The sensory ganglia of macaques that were infected with B. burgdorferi demonstrated cellular apoptosis and necrosis of neuronal and satellite glial cells (39, 40), and the ganglia also stained positive for a lipoprotein expressed on B. burgdorferi suggesting that it is directly infected (39). Furthermore, rhesus DRG tissue explants exposed to live B. burgdorferi induced an inflammatory response and neural apoptosis in the DRG (41). These studies demonstrate that B. burgdorferi can directly infect the dorsal root ganglia and induce neuronal and glial cell apoptosis during acute, untreated Lyme disease. However, a limitation of this study is that it focused on the dorsal root ganglia and did not examine the sympathetic chain ganglia.



PTLDS is a syndrome that may in some cases involve dysautonomia

Approximately 10%−20% of patients with Lyme disease develop chronic symptoms after the acute B. burgdorferi infection despite appropriate treatment with antibiotics (42). This syndrome is called Post-Treatment Lyme Disease Syndrome (PTLDS) and is defined as life-altering symptoms of fatigue, musculoskeletal pain, and/or cognitive difficulties that start within 6 months of the acute infection and persist for more than 6 months (8). The most common symptoms of PTLDS are fatigue, joint and muscle pain, and difficulty with concentrating and sleep, all of which are also common symptoms of dysautonomia. There is a small but notable subset of patients with PTLDS with other symptoms that are more specific to peripheral autonomic neuropathy, including difficulty with urination and nausea (43, 44), however few studies have examined this subset of patients to confirm if they have an autonomic neuropathy.

Despite the significant overlap between symptoms of PTLDS and dysautonomia, data on the role of peripheral nerve dysfunction and dysautonomia in PTLDS are lacking. In two separate case series, a total of seven patients who were treated for Lyme disease later developed new symptoms of POTS 6 months−12 years after the acute infection (45, 46). Another study of 10 patients with well-defined PTLDS who met the IDSA proposed case definition for PTLD demonstrated on tilt table test reduced cerebral blood flow velocity and either sympathetic or parasympathetic dysfunction in all participants (47). Although these reports suggest that PTLDS may be linked to dysautonomia, there are no prospective studies demonstrating a higher risk of dysautonomia in patients who previously had Lyme disease, and there are no temporal studies demonstrating a higher incidence of dysautonomia closer to the time of the acute B. burgdorferi infection.

Small-fiber sensory and autonomic neuropathy on skin biopsy are often found in patients with dysautonomia, and have also been linked with PTLDS. The small-fiber neuropathy provides pathologic evidence of the sensory and autonomic involvement in patients with PTLDS. In the same case series that demonstrated autonomic dysfunction in patients with PTLDS, all 10 patients had evidence of abnormal IENFD and/or SGNFD on skin biopsy (47). Reduced unmyelinated sub-basal nerve fibers in the cornea has also been described in a patient with PTLDS, and is suggestive of small-fiber neuropathy. On corneal microscopy, this patient had abundant dendritic cells, a finding which is typically seen in autoimmune diseases or chronic systemic inflammation (48).



Potential mechanisms of infection-associated dysautonomia

The mechanisms of infection-associated dysautonomia remain unknown and research is still evolving, but studies in PTLDS and other infection-associated chronic illnesses such as PASC and Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) have led to several proposed hypotheses which may be applicable to dysautonomia after Lyme disease (see Figure 1). The sensory and autonomic neuropathy that is often present on skin biopsy suggests that, at least in a subset of patients, these infection-associated chronic syndromes result from a neuropathic process. The small-fiber neuropathy is often in a non-length-dependent pattern, suggesting autonomic or dorsal root ganglia as the target tissue. Although B. burgdorferi and SARS-CoV-2 are both known to affect the autonomic ganglia during the acute infection, there are no histopathological studies to date that have examined the ganglia or other neural tissue of patients with PASC or PTLDS. Vascular endothelial dysfunction has also been proposed as a mechanism of PASC, and more research is needed investigating the endothelium in PTLDS.
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FIGURE 1
 Potential mechanisms of dysautonomia in PTLDS.


An important confounder in Lyme disease research that needs to be acknowledged when discussing mechanism is that patients can be infected with other tick-borne pathogens in addition to B. burgdorferi. Two percent of patients with erythema migrans have Anaplasma phagocytophilum and Babesia microti co-infections, respectively, and other infections such as Bartonella and Powassan virus have also been reported (49, 50). Some of these co-infections have been previously linked to POTS (51) and may confound human studies of PTLDS. Animal and in vitro studies of B. burgdorferi are needed to isolate the effects of B. burgdorferi, and human studies of Lyme disease should evaluate for tick-borne co-infections and other concurrent infections like EBV so the complete infectious profile is understood.


Neuronal and glial cell apoptosis during the acute infection

Neuroborreliosis is well-documented, and accumulating evidence demonstrates that B. burgdorferi can cause neuronal and glial cell death (52). Injury to the ANS during acute infection may cause an autonomic neuropathy that is not reversible or that may take months for the nerves to regenerate. Although no studies have been performed using tissue from autonomic ganglia, in vitro and in vivo studies have demonstrated that B. burgdorferi can cause apoptosis of neurons and satellite glial cells in the CNS and dorsal root ganglia (41, 53–55). Neuronal cell death is thought to be caused in part by inflammatory mediators released by glial cells in response to the spirochete (56, 57). These studies suggest that B. burgdorferi is neurotoxic. However, pathologic studies are needed to confirm that neuronal cell death is the primary cause of chronic symptoms in PTLDS.



Chronic B. burgdorferi infection in the nervous system

Persistent infection has also been invoked as a cause of PTLD-associated dysautonomia. Although previous studies in non-human primates and other animal models have demonstrated persistent B. burgdorferi infection after adequate antibiotic treatment (58, 59), reports of microbial persistence after antibiotic therapy in humans are anecdotal and limited (60–63). A recent study of microbial antigen persistence in late Lyme arthritis has identified B. burgdorderi peptidoglycan, a key component of the spirochete cell wall, in the synovial fluid of patients with antibiotic refractory late Lyme arthritis. These studies need to be confirmed by other groups and with larger cohorts of patients. Even if there is persistent infection, re-treatment with intravenous ceftriaxone followed by doxycycline does not provide dramatic or sustained improvement of symptoms in PTLDS (64). It is possible that a different antibiotic regimen is needed to treat a persistent infection and/or possible co-infections (65), as animal models have demonstrated differences in the efficacy of different antibiotics at treating B. burgdorferi (66). Studies of different antibiotic regimens for PTLDS are needed and should account for the presence of co-infections.



Chronic neuroinflammation

Neuroinflammation, or inflammation of the nervous system, can arise from an infection and persist even after the infection has resolved. Imaging studies in PTLDS have identified clear evidence of microglial activation in the CNS (67), similar to what has been observed in ME/CFS myalgic encephalomyelitis (68). Research is evolving in this field to understand the mechanisms of infection-associated neuroinflammation and how it contributes to chronic symptoms (69). One proposed hypothesis is that immune system activation in response to an infection leads to the release of various cytokines and chemokines. These inflammatory mediators can cross the blood-brain barrier and activate CNS immune cells such as microglia and astrocytes, which in turn release their own inflammatory molecules and reactive oxygen species (ROS) and further propagate the immune response. It is also possible that the inflammatory response can disrupt the blood-brain barrier and allow various cytokines and chemokines to access the CNS, causing further microglial activation and neuroinflammation. Other studies suggest that non-viable spirochetal residues left-over after treatment with antibiotics may persist and retain their ability to induce inflammation and neuronal cell death (70).

Few studies have examined the relationship between autonomic dysfunction and neuroinflammation. Chronic or intermittent hypoxia in sleep apnea is associated with microglial activation in the CNS (71, 72), and is a plausible mechanism underlying neuroinflammation in patients with infection-associated dysautonomia syndromes. Studies using either extracranial Doppler ultrasound of the internal carotid and vertebral arteries or transcranial Doppler ultrasound in ME/CFS and PASC have revealed reduced cerebral perfusion in the upright position, leading to chronic positional hypoxia (18, 73–75). However, no studies have correlated cerebral perfusion with microglial activation in the infection-associated chronic syndromes. Studies in other syndromes such as fibromyalgia, which shares overlapping features with the infection-associated chronic syndromes, suggest that neuroinflammation can also involve the peripheral nervous system including the dorsal root ganglia (76). However, no studies to date have examined neuroinflammation in the autonomic ganglia of patients with infection-associated dysautonomia.

Mast cell activation is another mechanism that may contribute to neuroinflammation in patients with dysautonomia in the setting of PTLDS. POTS has been associated with mast cell activation syndrome (MCAS) (77), a poorly understood multisystem disorder of inflammation, with or without allergic phenomena or tissue growth/development anomalies (78). There is a strong bi-directional relationship between mast cells and the brain, and they serve as intermediaries between the immune system and the nervous system. Mast cells are located next to nociceptors/neurons and reside in the brain (79, 80), and when activated release neuroactive inflammatory mediators that activate microglia and can contribute to neuroinflammation (81, 82). Although MCAS is widely recognized to afflict some patients with dysautonomia, no studies to date have examined the presence of MCAS in patients with PTLDS.



Autoimmunity triggered by the pathogen

Another hypothesis for the chronic symptoms experienced by many patients after Lyme disease is that the spirochete triggers an autoimmune response directed against a neural antigen through molecular mimicry. This hypothesis is supported by the reported lag between the acute infection and the onset of chronic symptoms, which can be 6 months or longer after the initial infection. One study found that patients with PTLDS have significantly higher anti-neural antibodies (49%) compared to healthy controls (15%) or individuals who had Lyme disease and returned to health (18.5%) (83). The specificity of these autoantibodies remains unknown, and it is not clear if these antigens are present in the central nervous system (CNS), the autonomic ganglia, the cranial nerves, or in other nervous system tissue. Antibodies which recognize lysoganglioside as well as enolase γ, an antigen present throughout the nervous system including in the ganglia, have been reported in case reports of PTLDS (84, 85). More research is needed to identify the specificities of anti-neural antibodies in PTLDS and determine if these antibodies are pathogenic.

Autoantibodies targeting specific autonomic receptors or ganglionic nicotinic acetylcholine receptors have been identified in patients with other dysautonomia syndromes and are thought to define an autoimmune subset (86). These autoantibodies include ganglionic, adrenergic, and muscarinic acetylcholine receptor antibodies (87), and correlate with autonomic symptom burden, including GI dysfunction, fatigue, muscle pain, and exercise tolerance (88). These autoantibodies are present in a subset of patients with PASC (89), although their prevalence in PTLDS remains unknown. More research is needed to validate these autoantibodies and determine their specificity for dysautonomia. It is also unclear if these autoantibodies are directly pathogenic, or whether they are a marker of autoimmunity without a specific pathophysiological effect, as the presence of various autoantibodies may simply reflect a dysregulated immune response.

Accumulating evidence suggests that a subset of patients with dysautonomia respond to the immunomodulator intravenous immunoglobulin (IVIG). There are numerous reports of patients with POTS and PASC responding to IVIG (90, 91), although data are scarce in PTLDS. The only published case report of a patient with PTLDS responding to IVIG was a patient with PTLDS and polyneuropathy who had a full recovery with subcutaneous immunoglobulin (92). Randomized clinical trials of IVIG in POTS are ongoing and are also needed in patients with PTLDS and dysautonomia.



Vascular and endothelial damage

While it may be tempting to conclude that PTLDS is a neurologic disorder given the neurotropism of B. burgdorferi, research in other infection-associated chronic illnesses such as PASC have identified endothelial dysfunction as a potential driver of disease. Similar mechanisms may be applicable to other infection-associated chronic illnesses such as PTLDS. SARS-CoV-2 can directly infect endothelial cells, causing cellular damage and dysfunction that triggers an inflammatory cascade and promotes hypercoagulability, microvascular thrombosis and further endothelial dysfunction (93, 94). Fibrin amyloid microclots and platelet hyperactivation have been identified in patients with PASC and are proposed to obstruct capillaries and prevent oxygen delivery to tissues (95). More studies are needed to confirm these findings, and it remains unclear if any endothelial dysfunction results from direct viral infection or is secondary to a dysregulated immune response or an autoimmune phenomena. Similarly, B. burgdorferi spirochetes can adhere to and penetrate endothelial cells in vitro, and activate the vascular endothelium to promote transendothelial migration of neutrophils to induce an inflammatory response (96, 97). However, no studies to date have examined endothelial dysfunction in humans with PTLDS.



Vagal nerve dysregulation

Borrelia burgdorferi is known to infect the cranial nerves, including the vagus nerve (CN X) (21). The vagus nerve plays a vital role in regulating numerous bodily functions and maintaining homeostasis. It is involved in the parasympathetic division of the autonomic nervous system, and is responsible for promoting rest, relaxation, and digestion, while also regulating heart rate, breathing, digestion and other involuntary processes. The vagus nerve also carries sensory information such as taste, touch and pain to the brain, and it carries motor signals from the brain to the muscles of the esophagus and digestive system.

The vagus nerve also has an important role in immune regulation. The vagus nerve transmits signals regarding peripheral inflammation to the CNS, thereby increasing brain cytokines, inducing neuro-inflammation and activating microglia (98–100), all of which have been observed in PTLDS (67, 101, 102). Moreover, the efferent pathways of the vagus nerve have a profound anti-inflammatory effect, mediated by vagus nerve-mediated cholinergic signaling (103, 104). Involvement of the vagus nerve during an acute B. burgdorferi infection and subsequent nerve damage may be a potential mechanism that contributes to dysautonomia and neuro-inflammation in PTLDS. Vagal nerve stimulation can ameliorate microglial activation and cytokine production (105–107), and is currently being studied as a promising therapy to improve symptoms in other infection-associated chronic syndromes including PASC and ME/CFS (108–110).



Dysregulation of gut microbiota homeostasis

Infections may also cause dysautonomia by disrupting the gut microbiome and leading to dysregulation of the gut-brain axis. Patients with PTLDS have evidence of altered gut microbiome compared to controls with and without a history of antibiotic exposure (111). Metabolites produced by the gut microbiome, such as short-chain fatty acids, are important modulators of immune regulation, and disruption of these bacteria may contribute to neuroinflammation and autonomic dysfunction (112, 113). Conversely, GI dysmotility is common in dysautonomia and can lead to small intestinal bacterial overgrowth (SIBO) and further disrupt the gut microbiome (114, 115).



Genetic contribution

Dysautonomia frequently runs in families, suggesting that there may be a genetic component to this syndrome which could lead to subclinical disease which is unmasked or worsened by an infection such as COVID-19 or Lyme disease. The association with joint hypermobility/Ehlers Danlos Syndrome provides further support for a genetic predisposition. Although a few pathogenic mutations have been identified in dysautonomia, such as mutations in genes encoding the norepinephrine transporter (116) or in gain of function mutations in the sodium channel (117, 118), confirmed genetic mutations are not common. Genetic polymorphisms may also play a role in the development of dysautonomia or how the disease presents clinically. Polymorphisms in endothelial nitric oxide synthase are enriched in patients with POTS (119) and polymorphisms in the beta-2 adrenoreceptor may modulate the hemodynamic profile of patients with POTS (120).



Deconditioning

Cardiovascular deconditioning has been proposed as a mechanism underlying infection-associated dysautonomia. Over 90% of patients with POTS or orthostatic intolerance have reduced maximum oxygen uptake during exercise, which is used as a surrogate for deconditioning (121). However, there is no relationship between severity of deconditioning and cerebral blood flow reduction with tilt among ME/CSF patients, which suggests that deconditioning does not explain orthostatic intolerance (122). Furthermore, the development of orthostatic intolerance in elite athletes suggest that deconditioning is a secondary phenomenon and is not a primary driver of disease (123).




Clinical evaluation of dysautonomia in PTLDS and potential treatments

The diagnosis of dysautonomia can be challenging, as symptoms are often nonspecific and overlap with other conditions. A comprehensive evaluation should include a detailed medical history, physical examination, and laboratory tests to rule out other medical conditions that can present similarly. Although dysautonomia has not yet been definitively established as a complication of Lyme disease, given the clinical similarities between PTLDS and other infection-associated chronic illnesses which often present with dysautonomia, we propose that patients with PTLDS should be asked about autonomic symptoms and any symptoms of dysautonomia should be rigorously evaluated with formal testing. Identifying dysautonomia in PTLDS is important because there are specific therapies that can improve autonomic symptoms, including medications that optimize hemodynamics, increase gut motility, or enhance tear and saliva production.

An autonomic evaluation includes screening for autonomic symptoms and checking orthostatic vital signs during a 10 min active or passive stand test. Symptoms of dysautonomia include orthostatic or exertional intolerance (lightheadedness or syncope, palpitations, fatigue, cognitive impairment, blurred vision or muscle weakness/pain worse with standing or activity), GI symptoms, urinary symptoms, sicca, sweating abnormalities and temperature dysregulation. Validated questionnaires such as the Composite Autonomic Symptom Score (COMPASS-31) (124), the Survey of Autonomic Symptoms (SAS) (125), or the Malmo POTS Symptom Score (126) can be used to assess autonomic symptom burden. Symptoms of dysautonomia may be further investigated with more specialized testing, including the tilt table test with or without extracranial or transcranial doppler ultrasound, heart rate variability on deep breathing, Valsalva maneuver, Quantitative Sudomotor Axon Reflex Testing (QSART) and/or thermoregulatory sweat test (TST). A skin biopsy can also be obtained to evaluate for the presence of a small-fiber sensory or sudomotor neuropathy. Table 1 highlights the most common clinically available autonomic tests.


TABLE 1 Diagnostic tests clinically available for the evaluation of dysautonomia.
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There are numerous effective non-pharmacologic and pharmacologic treatments for dysautonomia, and a comprehensive review of these treatments is beyond the scope of this review. Non-pharmacologic treatments for POTS or neurogenic orthostatic hypotension include increased fluid and salt intake, use of compression stockings and an abdominal binder, and gradual increases in activity as tolerated (127). A number of pharmacologic treatments are also available for dysautonomia. For patients with hemodynamic dysregulation from POTS, heart rate can be reduced with beta-blockers or ivabradine, an inhibitor of the hyperpolarization-activated cyclic-nucleotide gate funny (If) current (128). Fludrocortisone is a mineralocorticoid that leads to improved sodium reabsorption in the distal tubule and an early improvement in blood volume, although late effects may be secondary to improved endothelial responses to circulating vasoconstrictors. Midodrine, an α1 agonist, is used to improve vasoconstriction and thereby increase venous return to the heart; it can raise blood pressure in patients with hypotension. Pyridostigmine, a peripherally acting acetylcholinesterase inhibitor increases neurotransmission of acetylcholine to improve cardiovascular dysautonomia (16). For refractory cases, intravenous fluids can be considered for symptom management. Prokinetic agents can be used to stimulate GI motility, including serotonin receptor agonists (i.e., prucalopride), dopamine-receptor antagonists (metoclopramide, domperidone), and the acetylcholinesterase inhibitor pyridostigmine (129). Table 2 summarizes the general categories of treatments that can be considered for a patient with dysautonomia after Lyme disease.


TABLE 2 Available treatments for dysautonomia.
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There are many clinical trials for PASC, some of which are specifically targeted at treating POTS after COVID-19. If successful, these therapies may be translated to treat dysautonomia after other infections. Many case series suggest that intravenous immunoglobulin (IVIG) is effective for PASC and POTS (90, 130), and trials of IVIG are currently underway. Efgartigimod, a neonatal Fc receptor inhibitor which leads to degradation and reduced amounts of circulating IgG, is also being studied for POTS after COVID-19 (NCT05633407). If these drugs are effective, it will strongly implicate autoimmunity as an underlying mechanism for infection-associated chronic illness. Antivirals for PASC are also being studied, which will test the hypothesis that chronic infection is an important mechanism in infection-associated chronic illnesses (131). Other potential treatments for PASC that have been proposed are beyond the scope of this review, and include the CCR5 antagonist Miraviroc along with Pravastatin (132) and neuromodulation using transcranial stimulation to improve fatigue (133). These studies in PASC, among many others, will provide insights into the mechanisms of infection-associated chronic illness that may be applied to PTLDS in the future.



Unmet research needs

Autonomic research in PASC and ME/CFS have clearly demonstrated the important role of dysautonomia in contributing to infection-associated chronic symptoms. Because of the significant clinical similarities with PTLDS, a reasonable hypothesis is that Lyme disease, even after treatment, may be associated with dysautonomia. Although there is a sound biologic basis for this which we have reviewed and there are hints of this association in the literature, there currently are no studies clearly demonstrating this association. There are large gaps in the literature that need to be addressed to better understand the role of dysautonomia in PTLDS.

	• Define the true prevalence of small-fiber neuropathy and autonomic dysfunction in PTLDS using objective autonomic testing and skin biopsies in cohorts of patients with well-defined Lyme disease.
	• Understand the temporal relationship between the acute B. burgdorferi infection and development of small-fiber neuropathy and autonomic dysfunction.
	• Expand on prior histopathological studies of involvement of B. burgdorferi in the autonomic nervous system using human autopsies or animal models.
	• Understand the contribution of co-infections in contributing to PTLDS and dysautonomia.
	• Identify distinct clinical and pathologic differences in PTLDS compared to other infection-associated chronic illnesses.



Conclusion

Although dysautonomia is reported in case reports and case series to be a complication of treated Lyme disease, there is limited literature clearly establishing this association. Given the significant clinical similarities between post-treatment Lyme disease syndrome (PTLDS) and other dysautonomia syndromes, and the sound biological basis for the involvement of B. burgdorferi in the autonomic nervous system, this field of study needs more research studying this potential complication. If dysautonomia is established as a complication of Lyme disease that contributes to PTLDS, it will lead to new treatments that may improve quality of life for patients affected by this debilitating syndrome.
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Background: Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a chronic, multifaceted disease that affects millions globally. Despite its significant impact, the disease's etiology remains poorly understood, and symptom heterogeneity poses challenges for diagnosis and treatment. Joint hypermobility, commonly seen in hypermobile Ehlers-Danlos Syndrome (hEDS), has been observed in ME/CFS patients but its prevalence and clinical significance within this population are not well-characterized.
Objective: To compare the characteristics of ME/CFS patients with and without joint hypermobility (JH+ and JH-) as assessed using the Beighton scoring system, and to explore whether JH+ ME/CFS patients exhibit distinct disease characteristics, comorbidities, and health-related quality of life (HRQOL).
Methods: The study used cross-sectional, self-reported data from 815 participants of the You + ME Registry. Participants were categorized as JH+ or JH- based on self–assessed Beighton scores and compared across demographics, comorbidities, family history, and symptoms. HRQOL was assessed using the Short Form-36 RAND survey and Karnofsky Performance Status.
Results: 15.5% (N = 126) of participants were classified as JH+. JH+ participants were more likely to be female, report Ehlers-Danlos Syndrome (EDS), Postural Orthostatic Tachycardia Syndrome (POTS), and a family history of EDS. They experienced worse HRQOL, particularly in physical functioning and pain, and a higher number of autonomic, neurocognitive, headache, gut, and musculoskeletal symptoms. Sensitivity analysis suggested that ME/CFS with concurrent JH+ and EDS was associated with more severe symptoms and greater functional impairment.
Conclusion: ME/CFS patients with joint hypermobility, particularly those with EDS, demonstrate distinct clinical characteristics, including more severe symptomatology and reduced HRQOL. These findings highlight the need for comprehensive clinical assessments of ME/CFS patients with joint hypermobility. Understanding these relationships could aid in subgroup identification, improving diagnosis, and informing targeted therapeutic approaches. Further research is warranted to explore these associations and their implications for clinical practice.
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Introduction

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a chronic, complex, systemic disease affecting anywhere from 1.5 to 3.4 million people in the United States (US), with an estimated annual economic cost of $36–$51 billion (1). ME/CFS can occur at any age and currently there is no correlation with race, or socioeconomic group; however, there is a clear sex bias with a female to male ratio of 3:1 (2). The cardinal symptom of ME/CFS is post-exertional malaise (PEM), a distinctive worsening of symptoms and functioning following physical, cognitive, emotional, sensory, or orthostatic stressors. Fatigue and neurocognitive manifestations are among the most reported and debilitating symptoms, but there exists substantial clinical heterogeneity in patients, who can experience a range of other symptoms, including orthostatic intolerance (OI), postural orthostatic tachycardia syndrome (POTS), brain fog, headaches, unrefreshing sleep, gastrointestinal issues, joint pain, and muscle pain. ME/CFS etiology is not established and biomarkers to distinguish the disease are not available, and so diagnosis occurs primarily based on clinical symptoms. However, inter-patient symptom heterogeneity and numerous associated comorbidities complicate diagnosis. Most clinicians lack the training and experience necessary to diagnose this complex disease and access to specialists is limited, leaving many patients undiagnosed or misdiagnosed (3, 4).

There are likely meaningful subgroups related to predisposing factors and disease characteristics that would allow researchers to disentangle risk factors and identify targeted and effective treatments. Genetic predisposition, disease trigger (e.g., infection), severity (house- or bed-bound), symptom clusters (e.g., dysautonomia symptoms), and comorbidities (e.g., hypermobility spectrum disorders) have been used to explore potential subgroups. However, diagnostic challenges and small, non-representative study sample sizes create persistent roadblocks to identifying homogenous subgroups (5). There is also notable selection bias in study participation, especially for in–person studies, which is more feasible for those less severely affected by ME/CFS.

Joint hypermobility, colloquially referred to as being “double-jointed”, describes one or more joints that stretch farther than normal. It is common, occurring in about 10–15% of the general population (6, 7). Like ME/CFS, females are affected about three times more often with joint hypermobility than males (8). A subset of people develops problematic, multi-systemic symptoms related to their hypermobility such as severe fatigue; problems with balance control; dizziness and fainting, especially when standing; gut, bowel, and bladder problems. These symptoms can indicate a more serious disorder that involves laxity (or looseness) of connective tissues, such as hypermobile Ehlers-Danlos Syndrome (hEDS). The co-occurrence of these conditions and overlapping symptomology with ME/CFS have been described (9, 10), but the prevalence and natural history of joint hypermobility and hEDS in the ME/CFS population is unknown. A 2021 study by Vogel et al. in a small observational cohort (N = 55) did not find evidence of any difference in clinical characteristics between hypermobile and non-hypermobile individuals with ME/CFS. However, the authors acknowledge that the detection of differences between groups might have been limited by small sample size.

The You + ME Registry is a secure, online real-world clinical data repository where people with ME/CFS, people with related diseases, and control volunteers enter information on their health that is then used for biomedical discovery (11). Compared to traditional, in-person studies, the Registry enables participation from people with diverse geography, backgrounds, and disease experiences (e.g., participation of severely ill patients who are house or bed-bound). The data collection includes validated questionnaires and patient-reported outcomes for researching associations between numerous characteristics and disease experiences. Disease subtype comparisons using data from registries have produced valuable insights, including clarification of clinical profiles and implication of targeted therapies (12, 13). Registries have been effectively used for other complex, heterogenous diseases, such as the Fox Insight study for Parkinson's disease (14), the IBD Partners Registry for irritable bowel disease (15), and ACCELERATE, an international registry for patients with Castleman disease (16).

The aim of this paper was to use Solve M.E.'s You + ME Registry to compare characteristics of ME/CFS participants with joint hypermobility (JH+) to those without (JH-), as evaluated using the Beighton scoring system. Widespread joint hypermobility is more often a congenital physiological condition present from birth, although it can be acquired (17). Assuming ME/CFS risk and clinical features are influenced by joint hypermobility and that joint hypermobility often temporally precedes onset of ME/CFS, we hypothesized that compared with participants without joint hypermobility, those with joint hypermobility have (i) an earlier age of ME/CFS onset; (ii) a gradual onset of ME/CFS and a lower likelihood of having their illness triggered by infection; (iii) presence of symptoms that relate to both ME/CFS and joint hypermobility; (iv) a greater prevalence of comorbidities, as well as a family history of related conditions; (v) worse health-related quality of life (HRQOL); and vi) more severe ME/CFS.



Materials and methods


Participants

Participants are from the You + ME Registry overseen by Solve M.E., a non-profit organization that works with international scientific, medical, pharmaceutical, and patient communities to lay the foundation for critical research into diagnostics, treatments, and cures for ME/CFS, Long COVID and other post-infection diseases. The protocol for You + ME Registry is described elsewhere (11). Briefly, participants are recruited through Solve M.E.'s social media channels (Facebook, Twitter, Instagram), via email to the Solve M.E. listserv, and promoted via webinars and conference presentations.

The registry is open to all individuals aged 18 years and older residing in the US and participants who self-identify as either a person with ME/CFS, a person with Long COVID, or as a control volunteer. After providing informed consent, participants complete a set of surveys, including the Symptoms Assessment developed by the UK ME/CFS Biobank (18) to ascertain ME/CFS case fulfillment according to the Fukuda Criteria (19, 20) or the Canadian Consensus Criteria (21). For this analysis, the Fukuda Criteria was modified to require PEM, the hallmark symptom of ME/CFS for a more homogenous group. ME/CFS participants who met either criteria and were not missing age or biological sex data were eligible for this analysis (N = 815).



Measurement of joint hypermobility

The Beighton Score was used to assess generalized joint hypermobility (presence of hypermobility in different joints throughout the body) (22). An individual's score is derived from a nine-point scoring system based on the performance of five maneuvers, four passive bilateral, and one active unilateral (Figures 1A–E) (22). The Beighton is used internationally to define joint hypermobility across all age groups and in diverse populations and has been shown to have good reliability and validity (23, 24). The Registry adopted a modified Beighton scoring system for self-reported joint hypermobility consisting of a series of electronic line drawings demonstrating the maneuvers (23).
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FIGURE 1
 Self-reported line drawings of the Beighton score. Five sets of line drawings were created to depict the 9-point Beighton score criteria. Each instrument consisted of an explanatory question whereby participants were asked to select the line drawing which best represented their joints. (A) Trunk flexion: can't touch floor, fingertips touching floor, palms of hands on floor, can't touch toes, can touch toes, and can reach over toes. (B–E) Knee, elbow, and little finger extensions for each side of the body.


Age-specific cut-offs were used to define joint hypermobility because joints become stiffer with age. Under 50 years old qualified as JH+ with a score of ≥5 and over 50 years old qualified as JH+ with a score of ≥4 (25). Thirty-nine participants were missing data for at least 1 question. Participants missing >2 responses were dropped from the analysis (N = 13). Participants missing up to two responses were excluded if their joint hypermobility status could not reasonably be inferred (N = 5). For example, if a participant was over 50 years of age with a score of 3 and was missing 1 question, the missing response was pivotal to determine their joint hypermobility status and they were dropped from analysis.



Comorbidities

Participants were given an electronic form with open text fields to report their history of medical conditions. Generalized joint hypermobility is a diagnostic criterion for most EDS types and was included in our analysis, along with anxiety disorders, dysautonomia (e.g., POTS and hypotension), gastrointestinal disorders (e.g., IBS), ADD/ADHD, and Autism, as they are common comorbidities of joint hypermobility (17, 26, 27). Participants did not specify a particular subtype of EDS (e.g., hEDS). We also analyzed the total number of conditions reported.



Clinical manifestations, course of disease, and risk factors

The Symptoms Assessment was used to capture the presence and severity (mild, moderate, severe, very severe) of symptoms related to ME/CFS, clustered into 12 groups: cold/flu, sensitivities, PEM, musculoskeletal, gastrointestinal, headaches, cognitive, sleep, autonomic, neuroendocrine, dermatological, and emotional. For the purpose of this paper, we focused on the presence of symptoms related to comorbidities common to joint hypermobility; for example, autonomic symptoms (dizziness/fainting, intolerance to standing, bladder problems, and palpitations), cognitive symptoms (brain fog, feeling lightheaded, loss of balance, and tingling/numbness in arms/legs), headache symptoms, gut symptoms, musculoskeletal symptoms (stiffness in the mornings, pain in two or more joints without swelling or redness, joint pains moving to different joints without swelling or redness, neck weakness, back weakness), and sleep symptoms. Dermatological symptoms are also present in some JH+ conditions, like EDS, but the questions in the Symptoms Assessment are not specific to those symptoms. Participants could choose an option for “I have NOT experienced any of these symptoms”; however, if a response was missing, it was assumed that the participant did not experience the symptom(s).

Additionally, participants were asked to provide demographic information (including age, biological sex, current pregnancy status, height, and weight), a detailed ME/CFS disease history, and diseases in their family history. BMI was calculated using self-reported height and weight. Participants with suspected anorexia (BMI < 17) or severe obesity (BMI > 40) were excluded because the former can cause extreme fatigue and is used as exclusion criteria for ME/CFS (20, 21) and the latter can interfere with range of motion (28, 29). From participants' ME/CFS disease history, we ascertained age at onset of ME/CFS symptoms (also used to calculate duration of ME/CFS), the timing of their disease onset (sudden ≤ 1 month vs. gradual > 1 month), and perceived trigger of their ME/CFS. We included data from participants' family disease history on diagnosed or undiagnosed ME/CFS and EDS because joint hypermobility can be both acquired (e.g., due to psychological distress, widespread inflammatory or degenerative diseases of the joints, past trauma/injury, athletic training) or inherited (17).



Measurements of health-related quality of life
 
Short form 36-item health survey (SF-36)

The Short Form-36 (SF-36) developed by RAND is one of the most widely used generic measures of health-related quality of life (HRQOL) and has been shown to discriminate subjects with different severity levels of the same disease (30). The answers to the 36 questions form 8 subscales for physical functioning, role limitations due to physical problems, bodily pain, general health perceptions, vitality, social functioning, role limitations due to emotional problems and mental health (30, 31). Low scores indicate reduced HRQOL. The SF-36 is recognized as a reliable tool that has been validated across different populations and different chronic conditions and is used extensively in ME/CFS (19, 32, 33).



Karnofsky Performance Status scale

The Karnofsky Performance Status (KPS) Scale is an assessment of functional status that considers signs and symptoms of disease, activity level, ability, and assistance required (34). It has been shown to have good reliability and validity (35, 36). The scale is normally from 0 (dead) to 100 (normal, no complaints, no signs of disease) in units of 10. For the purpose of the Registry, the option of 0 (dead) was removed from the survey. A higher score indicates better functional ability and, therefore, less severe ME/CFS.




Statistical analysis

ME/CFS participants with (JH+) and without (JH-) joint hypermobility were compared using Fisher's Exact test for categorical variables and either Wilcoxon rank-sum (for medians) or independent t tests (for means) for continuous variables. We considered a p < 0.05 to be significant.



Sensitivity analysis

Clinical evidence suggests hypermobile EDS is more complex and severe than generalized joint hypermobility and other hypermobility spectrum disorders (37). To understand whether the characteristics under study in our ME/CFS cohort differed by hypermobility in the presence or absence of EDS, we performed a subgroup sensitivity analysis to compare: (1) JH+ with EDS to JH- without EDS and (2) JH+ without EDS to JH- without EDS. Thirty-one JH- with EDS were excluded from this analysis.




Results

Of 3,592 ME/CFS participants in the You + ME Registry, 872 completed the Beighton and were eligible for this analysis (98% residing in the US), of which 15.4% (N = 134) qualified as JH+. Of note, 45 participants meeting inclusion criteria (15.6% with JH+) reported that their ME/CFS symptoms began after 13 January 2020 (the date of the index case of COVID in the US).

Table 1 displays characteristics of our study cohort overall and separated by whether they were JH+ or JH- according to Beighton. JH+ were significantly more likely to self-report EDS (29% vs. 3%, p < 0.001) and POTS (33% vs. 20%, p ≤ 0.001). JH+ participants had a higher prevalence of IBS, ADD/ADHD, Autism, and Hypotension, but the differences were not statistically significant. JH+ were also significantly more likely to report a family history of EDS (26% vs. 6%, p < 0.001) but not of ME/CFS.


TABLE 1 Characteristics of people with ME/CFS from the You + ME Registry overall and separated by whether they had joint hypermobility or not according to the Beighton Questionnaire; rows with cells < 5 participants were removed.

[image: A detailed chart compares characteristics and symptoms between hypermobile and non-hypermobile individuals, including demographic data, comorbidities, family history, quality of life scores, Karnofsky performance scale categories, and various symptoms. Statistically significant findings are highlighted in the p-value column.]

Compared to JH-, JH+ had reduced HRQOL based on SF−36 Pain (35.1 vs. 43.5 mean, p < 0.001) and Physical Functioning (30.7 vs. 35.3 mean, p = 0.006) subscale scores. KPS scores suggest that the two groups had similar levels of functional impairment.

While JH+ had a higher prevalence of symptoms, only the following were statistically significant: the autonomic symptoms of intolerance to standing (p = 0.002) and palpitations (p = 0.016); neurocognitive symptoms of loss of balance or inability to focus vision (p = 0.015) and of tingling/numbness in arms and/or legs (p = 0.007); headache symptoms of migraines (p = 0.039); any gut symptom (p = 0.049); and musculoskeletal symptoms of pain in two or more joints without swelling or redness (p = 0.020), of joint pains moving to different joints without redness or swelling (p = 0.004), and of neck weakness (p = 0.038). When we looked at the number of symptoms reported by symptom cluster, JH+ reported a statistically significantly higher number of symptoms compared to JH-, except for sleep symptoms.

Other characteristics relevant to our hypothesis, including age of disease onset, suddenness of disease onset, and infectious trigger, were not found to be significantly different between groups.

Table 2 presents results from our sensitivity analysis comparing ME/CFS participants who were JH+ with EDS (N = 38) and JH- without EDS (N = 707). The JH+ with EDS group was younger at the time of data collection (p = 0.001). JH+ with EDS had a higher percentage of self-reported POTS (74% vs. 18%; p < 0.001); allergies (79% vs. 51%; p = 0.001), IBS (94% vs. 80%; p = 0.043), ADD/ADHD (26% vs. 12%; p = 0.018), and a higher number of conditions reported overall (mean 21 vs. 11; p < 0.001). HRQOL differences were evident in a significantly higher SF-36 Pain score (mean 29 vs. 44; p < 0.001) and more functional impairment as measured by KPS (median 40 vs. 60, p = 0.007) in the JH+ with EDS group. Individual symptoms present in significantly higher proportions in JH+ compared to JH- were also observed in JH+ with EDS compared to JH- without EDS, except for the musculoskeletal symptoms. The following symptoms were also more prevalent among JH+ with EDS: autonomic symptoms of dizziness/fainting while standing (p = 0.009), palpitations (p < 0.0001), and feeling lightheaded (p = 0.001); musculoskeletal symptom of neck weakness (p = 0.004); and headache symptom of migraine (p < 0.001). JH+ with EDS had significantly higher mean number of symptoms reported for all symptom clusters, except for sleep.


TABLE 2 Characteristics of people with ME/CFS from the You + ME Registry with joint hypermobility and EDS and those without joint hypermobility or EDS; rows with cells <5 participants were removed.

[image: Comparison table showing clinical characteristics and comorbidities in two groups: JH- without EDS (707 participants) and JH+ with EDS (38 participants). Data includes percentages, median values, and statistical significance (p-value) for various health metrics such as BMI, onset timing, comorbidities, family history, quality of life scores, Karnofsky performance, and symptoms (autonomic, neurocognitive, headache, gut, muscle/joint, and sleep). Statistically significant differences are marked with an asterisk.]

Table 3 presents results from our sensitivity analysis comparing ME/CFS participants who were JH+ without EDS (N = 94) and JH- without EDS (N = 707). The SF-36 Pain score was significantly higher in JH+ without EDS (mean 44 vs. 38; p = 0.029) and the symptom of joint pains moving to different joints without redness or swelling occurred more frequently in this group compared to JH- without EDS (p = 0.048). JH+ without EDS had significantly higher mean number of symptoms in autonomic muscle/joint, and gut symptom clusters.


TABLE 3 Characteristics of people with ME/CFS from the You + ME Registry with joint hypermobility and without EDS and those without joint hypermobility or EDS; rows with cells <5 participants were removed.

[image: A table comparing characteristics and symptoms between two groups: JH- without EDS (707 individuals) and JH+ without EDS (94 individuals). It includes demographics, comorbidities, quality of life scores, and symptoms such as autonomic, neurocognitive, headache, gut, muscle/joint, and sleep symptoms. P-values indicate statistical significance, notably marked with an asterisk for factors like female sex assigned at birth, family history of Ehlers-Danlos syndrome, SF36 pain score, autonomic and gut symptom count, and muscle/joint symptoms. Median, mean, and percentages are presented for clarity. Some values are missing for certain variables.]



Discussion

The You + ME Registry includes data from over 2,000 people with ME/CFS. The size of the dataset provides a unique opportunity to pick apart the heterogeneity of ME/CFS and better understand disease subtypes.

Nearly 800 ME/CFS participants from the Registry cohort were included in this analysis to determine whether JH+ differed from JH- across a defined set of clinical characteristics. Joint hypermobility prevalence in the ME/CFS population is understudied. The proportion of ME/CFS JH+ in our sample was 15.5%, slightly lower than previous estimates of hypermobility prevalence in adult ME/CFS patient cohorts of 20% (38, 39) and much lower than Bragee et al., which reported 50% (40). Numerous factors might contribute to the observed prevalence differences, including the methodology used to classify patients as hypermobile and the characteristics of the patient populations themselves (e.g., clinic specialty focus on OI symptoms or more severe disease). There is also a possibility that the prevalence of joint hypermobility in the ME/CFS population is more accurately reflected in the Registry, which has a much larger sample size than previously reported studies. The lower prevalence in our patient sample ran counter to our expectation that the Registry might facilitate detection of joint hypermobility in patients with unrecognized disease or those who lack access to specialty care.

We found evidence that the JH+ group was more likely to have indications of hereditary hypermobility (e.g., a family history of EDS), a diagnosis of EDS, reduced HRQOL related to physical functioning and pain, and the presence of autonomic, cognitive, headache, gut, and musculoskeletal symptoms (without inflammation). We did not find any between-group differences for age of ME/CFS onset, timing of ME/CFS onset, infection as a precipitating event, or disease severity (as measured by KPS functional status). Participants with JH+ were more likely to be female compared to JH-, which is consistent with literature showing ME/CFS and JH+ (8, 26) are more common in females.

Our sensitivity analysis examining EDS in JH+ participants suggests that ME/CFS with JH+ might represent a heterogeneous group. When we looked only at JH+ with EDS compared to JH- without EDS, most differences observed in the larger group analysis were recapitulated with stronger statistical significance. Additionally, JH+ with EDS had a higher number of self-reported conditions, more functional impairment according to KPS, and a higher symptom burden. Most significant differences from the larger group analysis were not evident in our comparison of JH+ without EDS to JH- without EDS.

Headache, gastrointestinal manifestations, and dysautonomia are common among people with hypermobile EDS and often contribute to disability (41). Our sensitivity analysis showed an increasing prevalence of these symptoms in our ME/CFS sample along a gradient of JH- without EDS, JH+ without EDS, and JH+ with EDS. Chronic pain is one of the major symptoms presented by patients with hypermobile EDS (42); however, the SF-36 Bodily Pain score and prevalence of individual musculoskeletal symptoms in the JH+ with EDS group did not confirm pain as a differentiating symptom. JH+ without EDS was linked to increased pain levels, as well as an elevated burden of autonomic, musculoskeletal, and gastrointestinal symptoms compared to JH- without EDS. It is possible that some of these differences might be driven by undiagnosed cases of EDS in our data.

Overall, the sensitivity analysis showed the presence of comorbid EDS in our sample made differences between the JH+ and JH- groups more pronounced across many characteristics. The distinct patterns evident in our defined subgroups suggest that the presence of EDS is distinguishing clinically and that the differences observed in our comparison of JH+ and JH- were not attributable to joint hypermobility alone. However, incongruities in pain symptoms reinforce that complex factors and heterogeneity underlie these overlapping conditions and likely influence specific impairments and disease severity.

Although there is some evidence of an increased rate of JH+ reported in ME/CFS (9, 10, 43, 44) as well as an increased rate of ME/CFS in JH+ (8), previous studies by Castori et al. (8) and Vogel et al. (7) were unable to find any significant associations using much smaller sample sizes: 46 and 55, respectively. Our results partially corroborate Vogel et al. (7) who also failed to find an association between JH+ ME/CFS and earlier ME/CFS onset, more gradual ME/CFS onset, and infection as a trigger of their illness in a study of 55 children with ME/CFS. However, unlike Vogel et al., we did observe significant differences in symptomology and HRQOL indicators. There are many important differences between the Vogel et al. study and our study. Our study cohort was nearly 15 times larger, had an average age of was 39 years older (mean of 55 years in our study, compared with 16 years in Vogel et al.), and had a higher proportion of JH+ ME/CFS with a concomitant diagnosis of EDS.

Better understanding the relationship between ME/CFS, joint hypermobility, and EDS requires careful clinical assessment and consideration of underlying connective disorders in ME/CFS patients presenting with joint hypermobility. Characterizing these relationships may help identify subgroups of ME/CFS that respond to therapies targeting the precise biological mechanisms at play.

Our study includes some individuals who may have COVID-associated ME/CFS. While there is a lack of research on the association between JH+ and Long COVID, a preliminary study indicates that the presence of JH+ may be associated with a higher symptom burden in Long COVID patients, but the impact on quality of life was unclear (45). These observations in a Long COVID cohort and our study of ME/CFS suggest similar conclusions about the influence of joint hypermobility in these diseases. Commonalities between long COVID and ME/CFS have been previously reported (46), and the similarities in our findings underscore the importance of cross-disease comparative research. Further investigation into this relatively unexplored area of Long COVID research is needed.


Strengths

We capitalized on a large dataset from the You + ME Registry to explore the theory of joint hypermobility as a subgroup of ME/CFS. Patient registries are invaluable resources for large-scale, real-world clinical data and bring new insights to the study of complex, heterogenous (14–16). The You + ME Registry data collection includes validated questionnaires frequently used in ME/CFS research that allow for replication of our methods by other researchers interested in this question. The low cost and reduced burden of administering the self-report Beighton via electronic questionnaire allowed us to achieve a much larger sample size with greater geographical diversity than is typical with an in-clinic assessment.



Limitations

As with any research, there are limitations to the interpretation of our findings. The You + ME Registry is subject to selection bias, including socio-demographic and other differences between participants and non-participants, selective participant drop-off, and missing data. For example, patients with more severe disease and lower functional status might find the registration and data collection process too burdensome. Additionally, the Beighton was an optional questionnaire – available to those interested and able to complete it – and it is possible that response rates differed on characteristics relevant to our analysis. Currently, the Registry only integrates self-report data, which can produce measurement error due to participant recall, interpretation, or other factors (47).

Participants used a self-report version of Beighton, so our study lacks expert clinical assessment with goniometry to assess the degree of hyperextension. However, the self-report Beighton instrument showed strong agreement with expert clinical assessment in a pilot validation study (23). We lack other assessments possible with in-person studies, like arterial pulse wave velocity (PWV) to ascertain arterial stiffness and arterial elasticity, which would allow for (48) exploration of related questions regarding vascular connective tissue laxity.

The Beighton has not been established as a gold standard for assessing generalized joint hypermobility (19, 37, 41) and it is possible that study subjects were miscategorized as JH-. A low Beighton score does not necessarily rule out joint hypermobility because only select joints are examined (49), excluding common clinical sites of hypermobility, such as the cervical spine, shoulders, hips, and ankles. Furthermore, Beighton does not assess for other forms of connective tissue disease, like vascular EDS. Our study does not indicate Beighton can distinguish a clinical subgroup; however, it is a useful tool for assessing generalized hypermobility and the electronic self-report version could expand its utility for large-scale epidemiological studies in the ME/CFS population. Future studies should supplement the self-report Beighton with a targeted health history, including EDS diagnosis.

Our study only relied on current joint hypermobility status and did not collect historical data about hypermobile joints in childhood; therefore, it is possible that some participants below the Beighton cutoff in adulthood were hypermobile in childhood (40). Young age, female sex, and non-Caucasian ethnicity are associated with a higher prevalence of joint hypermobility (50, 51). Our analysis included age-specific Beighton score cutoffs but did not account for sex or ethnicity. Some studies propose age- and sex-specific Beighton score cutoffs (40, 52–54), but these explorations have been minimal and were not adopted for our study.




Conclusion

Our analysis of a large, Registry-based population sheds light on the complex interplay between joint hypermobility, ME/CFS, and EDS. Our results showed distinctive clinical characteristics in ME/CFS with joint hypermobility, including a higher likelihood of hereditary hypermobility, reduced health-related quality of life (HRQOL) related to physical functioning and pain, and a range of autonomic, cognitive, headache, gut, and musculoskeletal symptoms. Sensitivity subgroup analysis underscored the importance of concurrent EDS. In this context, patients with both JH+ ME/CFS and EDS showed more severe symptoms, greater functional limitations, and an increased overall burden of symptoms compared to those with JH+ ME/CFS but without EDS. These findings emphasize the need for comprehensive clinical assessment and consideration of underlying connective tissue disorders in ME/CFS patients presenting with joint hypermobility. A comprehensive understanding of the clinical features, prognosis, and disease trajectory for these patients could guide cohort selection for research studies and facilitate the discovery of underlying disease mechanisms and targeted therapies. Further research is needed to understand the implications of joint hypermobility in ME/CFS for research, diagnosis, and clinical care.
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The Ehlers-Danlos Syndromes (EDS) represent a group of hereditary connective tissue disorders, with the hypermobile subtype (hEDS) being the most prevalent. hEDS manifests with a diverse array of clinical symptoms and associated comorbidities spanning the musculoskeletal, neurological, gastrointestinal, cardiovascular, and immunological systems. hEDS patients may experience spinal neurological complications, including cervico-medullary symptoms arising from cranio-cervical and/or cervical instability/hypermobility, as well as tethered cord syndrome (TCS). TCS is often radiographically occult in nature, not always detectable on standard imaging and presents with lower back pain, balance issues, weakness in the lower extremities, sensory loss, and bowel or bladder dysfunction. Cervical instability due to ligament laxity can lead to headaches, vertigo, tinnitus, vision changes, syncope, radiculopathy, pain, and dysphagia. TCS and cervical instability not only share clinical features but can also co-occur in hEDS patients, posing challenges in diagnostics and clinical management. We present a review of the literature and a case study of a 20-year-old female with hEDS, who underwent surgical interventions for these conditions, highlighting the challenges in diagnosing and managing these complexities and underscoring the importance of tailored treatment strategies to improve patient outcomes.
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Introduction


Ehlers-Danlos syndromes

The Ehlers-Danlos syndromes (EDS) encompass a spectrum of 14 heritable connective tissue disorders, characterized by varying degrees of joint hypermobility and tissue fragility (1, 2). Among these, hypermobile EDS (hEDS) is the most common subtype (3). Despite its prevalence, hEDS faces diagnostic hurdles stemming from a lack of discernable genetic causes and limited clinical recognition. Primary clinical signs of hEDS include joint hypermobility and instability, though individuals with hEDS often have co-morbid conditions beyond musculoskeletal issues, such as gastrointestinal, cardiac, immunological, neurological and dermatological manifestations (2, 4). The constellation of symptoms across multiple body systems, as well as chronic and acute pain, can make daily life challenging for this patient population. Craniospinal neurological manifestations affecting those with hEDS can include scoliosis, cerebrospinal fluid (CSF) leak, spinal instability, tethered cord syndrome and Chiari malformation among others (2, 4).



Cranio-cervical and cervical spine instability

Instability or hypermobility of the cervical spine can result from trauma or ligament laxity. Instability can manifest in various ways, including cranio-cervical instability (CCI) at the junction between the skull and upper cervical spine, atlantoaxial instability (AAI) occurring at the upper cervical vertebrae (C1-C2), and lower cervical instability (CI) occurring below C2. Depending on the spinal level of instability, it can give rise to a range of neurological and musculoskeletal symptoms including headache, fatigue, vertigo, tinnitus, vision changes, syncope and pre-syncope, hyperreflexia, gait changes, limb pain and /or weakness, radiculopathy-myelopathy, dystonia, neck and facial pain and dysphagia (5, 6). Complications such as vertebral artery kinking, autonomic dysfunction and compromised vertebral blood and/or CSF flow may occur (5, 7, 8). Symptoms of cervical spine instability may overlap with other conditions, including Chiari malformation, therefore both conditions should be considered in the diagnostic process when evaluating hEDS patients presenting with the above symptoms. The prevalence of CCI/CI in the hEDS patient population may be as high as 31.6%, although the prevalence in the general population is unknown (4).

Evaluation of instability can be challenging with supine, static imaging. Hypermobility or instability typically becomes apparent on dynamic imaging performed in the upright position, as the signs and symptoms of instability often emerge when the lax ligaments are stressed by the head’s weight under gravity. This position can cause dynamic effects on the underlying neural structures, such as the medulla and spinal cord, leading to issues like medullary kinking or spinal cord stretching (7, 9). Three measurements that are used to evaluate for CCI on radiographic imaging are the clivoaxial angle, the horizontal Harris measurement (Basion-Axis interval), and the Grabb-Mapstone-Oakes measurement (6, 7, 9, 10). Assessing for AAI in imaging involves looking at rotation of C1 on C2, vertical displacement (Chamberlain, McRae, and McGregor lines) and horizontal displacement (atlantodens interval) (8, 9). Segmental cervical instability, below the level of C2, is often, but not always, associated with spondylosis and disc degeneration (8). In addition, the loss of cervical lordosis (or kyphosis) is often noted. In the event of unremarkable upright dynamic imaging, abnormal spinal cord motion may still be present at the cranio-cervical junction in hEDS patients, causing symptoms consistent with CCI (11).

Treatment of cervical spine instabilities varies based on the severity of symptoms and radiologic findings. It’s important to note that radiological findings do not always correspond to clinical manifestations, and individuals with hEDS may have multiple levels affected, including CCI, AAI, and segmental instabilities. Conservative approaches include immobilizing the neck with a cervical collar, rest, stopping activities that exacerbate symptoms and physical therapy focusing on isometric exercises with an experienced therapist (8, 12). If non-operative approaches fail, occipito-cervical or cervical fusion with instrumentation for stabilization of the affected levels may be required (7, 8, 13).



Tethered cord syndrome

Tethered cord syndrome (TCS) results from restricted movement of the spinal cord. The caudal end of the spinal cord (conus medullaris) is attached to a fibrous band of connective tissue called the filum terminale (FT) interna, which, in a healthy individual, acts as a buffer system, protecting the spinal cord from traction (14). In individuals with TCS, the FT undergoes abnormal changes, becoming either rigid, enlarged with fibrous or fatty tissue (known as a “thick” or “fatty” filum respectively), and/or exhibiting a low-lying conus medullaris. The inelastic properties of the FT in TCS result in limited movement of the spinal cord, placing stress on the conus medullaris. A cadaver study of healthy and TCS FT showed evidence that stress was translated, not only to the conus medullaris, but to the lumbar spinal cord, and that the FT, together with the dentate ligament, create a protective force of the cranial segments of the spinal cord (15). This tension on the conus and spinal cord can manifest as symptoms of lower back pain (aching and/or burning), lower extremity weakness and or pain, balance problems, sensory loss, heaviness, leg cramps, and parasethsias (8, 16). These clinical findings are often asymmetrical (8). Additional features of TCS include bowel and/or bladder incontinence, urinary frequency, urinary hesitancy, sexual dysfunction, nocturia, frequent urinary tract infections, and constipation, among others (8, 16). Neurological exam findings can help determine the level of spinal stress, with the presence of foot clonus, increased leg tone, and increased lower-extremity hyperreflexia indicative of upper motoneuron dysfunction (17). The prevalence of TCS in the general population is unknown, but it is estimated to be 6.65% in individuals hEDS based on a study involving 2,149 clinically diagnosed hEDS patients who completed a self-reported survey focusing on diagnostic and comorbid conditions (4). This estimate is likely conservative due to challenges in diagnosing TCS and the limited awareness and literature specifically addressing the association between TCS and hEDS.

TCS can be classified into two types: classical and occult. Classical TCS typically presents between infancy and childhood with a low laying conus (below vertebral L2-L3) or a fatty/thickened FT seen on imaging (15, 18). A variety of other congenital conditions categorized into this type of tethering are radiographically apparent, including diastematomyelia, myelomeningoceles, lipomas, among others. Occult tethered cord syndrome is characterized by clinical complaints consistent with classical TCS, yet imaging demonstrates a normal position of the conus (8). Until better diagnostic tools are available, a clinical diagnosis of occult TCS must be made based on the neurological symptoms described above, in which the combination of symptoms may vary between patients. In addition, urodynamic testing can be utilized to determine aspects of a neurogenic bladder related to TCS, although this testing is not required to make an occult TCS diagnosis (8). MRI of the whole spine is recommended to rule out other neurological conditions that cause back pain and leg weakness (8). The standard approach to treat occult TCS is lumbar laminectomy and transection/resection of the FT. Although it is not common, it is important to be aware of the possibility that patients may “re-tether” after surgical intervention. If patients experience recurrent symptoms after surgery, it’s crucial to consider the possibility of re-tethering and the impact on conditions like CCI and cervical instability (13, 19). The neurological presentations of hEDS are complex, overlapping, and pose diagnostic and treatment challenges. Acknowledging and addressing the concurrent occurrence of TCS and CCI/CI in individuals with hEDS will contribute to enhanced outcomes and an improved quality of life.




Case report

A 20-year-old female presented in the outpatient neurosurgery clinic with a history of postural orthostatic hypotension syndrome (POTS) and hEDS. At initial evaluation, she presented with symptoms including severe daily suboccipital headaches, neck pain, and myelopathy, despite prior unremarkable supine cervical MRI. Myelopathic complaints included leg weakness and gait imbalance. Exam findings consistent with myelopathy included increased patellar reflexes, poor tandem step gait, increased tone in the leg muscles and positive Rhomberg sign. These neurological symptoms led to significant limitations in her daily activities, ultimately leading the patient to withdraw from college, as she could no longer attend classes. Physical therapy (PT) had been attempted intermittently for 3 years prior with a therapist familiar with hEDS. The patient reported dramatic improvement in symptoms while wearing a rigid cervical collar, though benefit was short lasting after removal of her collar. An upright cervical flexion/extension MRI confirmed a diagnosis of craniocervical instability, showing clivo-axial angle in flexion of 116 degrees (clivo-axial angle of <130 degrees indicates pathologic) and medullary kinking (Figure 1A). Due to the progressive symptoms and resulting disability, she was offered an occipital cervical fusion (C0 to C3) to correct her craniocervical instability. This case involved the use of an occipital plate, C2 pedicle and C3 facet screws with fixation and hinged rods, as well as bone allograft for arthrodesis.
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FIGURE 1
 A young woman with hEDS, CCI, and TCS. (A) Upright cervical flexion MRI showing medullary kinking (red circle) (clivo-axial angle of 116 degrees). (B) Postoperative upright MRI showing reduced medullary kinking after fixation and fusion. (C) MRI of lumbar spine showing a slightly low-lying conus at mid L2 body (red line).


The surgery was successful (Figure 1B), although recovery measured over the following year was delayed due to a fall at home in the immediate postoperative period, though imaging confirmed stable hardware and early bony fusion. After restarting PT and weaning the use of her collar as needed, she found significant improvement in her daily headaches, neck pain, myelopathic complaints, as well as subjective improvement in her POTS and dysautonomia symptoms. Over time the patient experienced intermittent periods of headache exacerbations. She revisited PT and implemented short-term activity modifications, which led to improvement of headaches with decreasing frequency and severity over time. She continued to report non-dermatomal upper extremity paresthesias, however overall functional limitation from myelopathy had resolved. She was able to return to university, graduate and began working as a licensed social worker.

Approximately four years later, the patient presented with complaints of non-dermatomal bilateral lower extremities (BLE) numbness and pain, as well as urinary dysfunction (frequency and retention). Her urinary symptoms did not respond to 4 years of attempted pelvic floor therapy. The urinary complaints began as a young child, in which she experienced urge incontinence and retention. She had worn urinary pads for many years, which eventually progressed to the point of using an intermittent catheter (self-catheterization) at least once a day, and urodynamic studies confirmed a neurogenic bladder. She experienced constant low back pain and had not responded to PT or medication management. BLE paresthesias were consistent with increased neural tension, most often improved by lying in the fetal position and keeping knees bent when resting, consistent with TCS symptoms in adults.

A lumbar MRI at the time was reported unremarkable with her conus medullaris ending at mid L2, slightly lower than typical L1/L2, but not radiographically obvious like the presentation of classical TCS (Figure 1C). The symptoms and imaging are consistent with radiographically occult TCS. The patient underwent a L1-L2 partial laminectomy for tethered cord release utilizing microsurgical technique, which involves partial removal of the associated spinous processes and interspinous ligament. Following adequate visualization of the dura, an incision was made allowing for CSF egress and careful examination of the intradural space. The filum was then identified and a portion of it just below the conus was resected. Meticulous attention was placed on achieving watertight closure of the durotomy with gortex sutures. The patient is placed on bed rest with a subfascial drain in place for at least 24 h.

She tolerated this procedure well, and within the first month she noted early improvement in her urinary symptoms as well as her lower extremity paresthesias. Her low back pain gradually improved over 3 months following completion of postoperative PT. Urinary symptoms improved, no longer experiencing retention nor need to use a self-catheter. The reduction in the above symptoms allowed her to return to work fully after a 3-month recovery. At the 6-month postoperative appointment, the patient reported some remaining lower right leg parasethias, resolved lower back and sacral pain, and 90% resolution of preoperative incontinence and intermittent urinary symptoms.



Discussion

hEDS is a complex connective tissue disorder characterized by joint hypermobility and tissue fragility, often accompanied by a range of co-existing conditions that complicate diagnosis and treatment. hEDS patients may present with co-existing tethered cord syndrome and cranio-cervical and /or cervical instability, or symptoms consistent with both (Figure 2). A recent study of 2,149 individuals diagnosed with hEDS identified three distinct phenotypic clusters, one of which (comprising 11.5% of the cohort) showed an increased prevalence of spinal and neurological manifestations and a disease burden of over 14 conditions (4). In a retrospective study including patients with an EDS diagnosis whom also underwent neurosurgery (n = 67), 17.9% had a diagnosis of tethered cord syndrome (TCS) and 85.1% had a diagnosis of craniocervical instability and/or atlantoaxial instability (CCI/AAI) (13). It is important for healthcare providers to recognize these symptoms and determine the most effective treatment strategies.
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FIGURE 2
 Overlapping symptoms and neurological findings of tethered cord syndrome and cervical instability. Tethered cord syndrome (blue), cervical instability (red) overlapping features in both conditions (orange).


Spinal instability and TCS are likely underdiagnosed in the hEDS population, as is hEDS itself. The patient described had symptoms for nearly 15 years before she was diagnosed with hEDS. Her spinal symptoms lead to standard imaging of the spine in the supine position, and these were initially reposted ‘normal’, until she had upright dynamic imaging of the spine. While the patient did manifest signs and symptoms of a myelopathy, it was not until she had upright imaging of the cranio/cervical spine that the confirmation was made of instability. TCS in this patient population also appears to be under-diagnosed. A detailed history of pain, weakness and urinary functions can often alert the provider to the possibility of occult TCS in the context of hEDS, as highlighted in this case study.

Thus far, surgical intervention has proven a successful course of treatment. In our clinic, treatment of TCS prior to cervical fusion for cervical instability is recommended, because of the possible improvement in cervical symptom severity once the downward tension of the spinal cord is released. In the case study, the patient was not treated for TCS as symptoms were not obvious until after cervical fusion, however addressing TCS prior to fusion may have improved some of her cervical symptoms, possibly eliminating the need for fusion altogether. Surgical intervention of TCS is remarkably of low morbidity, estimated in our clinic as 2 months, compared to cervical fusion for hEDS patients, estimated as 6 months, especially when considering non-surgical treatment options are available for instability. Additionally, surgical intervention for instability requires permanent hardware, or additional surgeries to remove the implanted hardware, adding to the total recovery time, pain, and interference with the patient’s quality of life. Outcomes of cranio-cervical fixation for CCI in EDS patients are encouraging (6, 20), but the risk of hardware or fusion failure is elevated in individuals with EDS (21). In addition to these risks, fusion also raises concerns for adjacent level disease (22). While limited studies are available, surgical outcomes for tethered cord in EDS are generally positive although the occurrence of re-tethering is a possibility (6, 17, 23). A recent publication of occult TCS used a 15-item scale to indicate clinical criteria for surgical intervention, showing clinical improvement in 89% of patients at 3-month follow up and 68% of patients at 12-month follow up, as well as accurately predicting the outcome of surgical intervention in 82% of cases. Using the 15-item scale, it was observed that patients with a preoperative greater than 8, the likelihood of surgical improvement exceeded 80%, indicating the utility of this scale as a valuable clinical tool (22). Another study reported surgical outcomes of filum sectioning in EDS patient with TCS were comparable or greater than surgical intervention for classical TCS patients (23). Specifically, improvements have been reported in ambulatory abilities, low back pain, and urinary symptoms (9). Co-morbid conditions also warrant special consideration in treatment strategies, especially in regard to mast cell activation disorder (MCAD) and autonomic dysfunction.

The underlying pathophysiology of spinal instability in hEDS patients is thought to be due to ligament laxity in structures supporting the head, spinal cord and neck (6, 11). In contrast, in TCS hEDS patients have impaired elasticity of the FT tissues, resulting in increased mechanical forces that are transmitted to the conus medularis (23). Additionally, hEDS-associated FT demonstrates disorganized collagen fibrils, inflammatory cell infiltration, and heightened susceptibility to mechanical stress (23). This prompts the question of whether tension exerted on the spinal cord worsens cervico-medullary symptoms due to instability. Furthermore, given the co-occurrence of these conditions in hEDS patients, it raises questions into whether stiffening of the FT acts as a compensatory or protective mechanism against spinal laxity and excess cord motion. Patients falling into hEDS cluster with higher incidence of instability and TCS also have higher rates of MCAD, which may align with the inflammatory infiltration reported in TCS and could be contributing to disease pathogenesis (4, 23).

Further research is needed to identify mechanisms of the progression and onset of spinal instabilities and TCS in hEDS patients. Investigations should prioritize innovative diagnostic methodologies, optimal treatment modalities, surgical interventions, and strategies to mitigate TCS recurrence. Beyond neurological manifestations, the underlying genetic and biological mechanisms driving hEDS remain elusive. Enhanced understanding of these mechanisms and their interplay with neurological manifestations and comorbidities is essential for improving diagnosis and management of individuals with hEDS.
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Collagen, the most abundant protein in the body, is a key component of the extracellular matrix (ECM), which plays a crucial role in the structure and support of connective tissues. Abnormalities in collagen associated with connective tissue disorders (CTD) can lead to neuroinflammation and weaken the integrity of the blood–brain barrier (BBB), a semi-permeable membrane that separates the brain’s extracellular fluid from the bloodstream. This compromise in the BBB can result from disruptions in ECM components, leading to neuroinflammatory responses, neuronal damage, and increased risks of neurological disorders. These changes impact central nervous system homeostasis and may exacerbate neurological conditions linked to CTD, manifesting as cognitive impairment, sensory disturbances, headaches, sleep issues, and psychiatric symptoms. The Ehlers-Danlos syndromes (EDS) are a group of heritable CTDs that result from varying defects in collagen and the ECM. The most prevalent subtype, hypermobile EDS (hEDS), involves clinical manifestations that include joint hypermobility, skin hyperextensibility, autonomic dysfunction, mast cell activation, chronic pain, as well as neurological manifestations like chronic headaches and cerebrospinal fluid (CSF) leaks. Understanding the connections between collagen, CSF, inflammation, and the BBB could provide insights into neurological diseases associated with connective tissue abnormalities and guide future research.
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1 Introduction

The central nervous system (CNS) orchestrates the intricate processing of sensory information and motor commands, with its core components—the brain and spinal cord—shielded by the cerebrospinal fluid (CSF) and protected by the blood–brain barrier (BBB). The BBB, a selectively permeable membrane, regulates the passage of substances between the bloodstream and the brain, maintaining CNS homeostasis through its dynamic structure comprising specialized cells and extracellular matrix (ECM) components. Connective tissue disorders (CTDs), such as hypermobile Ehlers-Danlos syndrome (hEDS), pose a challenge to the integrity of the ECM, including collagen, a pivotal protein providing structural support to tissues. Collagen abnormalities in CTDs may compromise the structural and functional integrity of the BBB, contributing to the increased prevalence of CSF leaks and vascular insufficiency observed in hEDS patients. This disruption in BBB integrity may manifest in a spectrum of neurological symptoms, from chronic headaches to cranial nerve dysfunction, underscoring the need for a comprehensive diagnostic approach to identify potential CSF leaks in patients with suspected hEDS.

Understanding the underlying mechanisms linking ECM changes in hEDS to BBB alterations and subsequent CSF leaks is crucial for navigating the treatment of the neurological manifestations of hEDS. Moreover, mast cell activation disorders (MCAD) and consequences from mediator release may be a potential contributor, highlighting the importance of investigating the role of mast cell activity in preventing recurrent leaks. In light of the underdiagnosis of both hEDS and CSF leaks, a proactive approach to diagnostic workup is warranted for patients presenting with relevant neurological symptoms, especially those suggestive of multisystemic manifestations indicative of hEDS.



2 The central nervous system

The CNS is responsible for processing and interpreting sensory information from the peripheral nervous system, as well as controlling voluntary and involuntary movements. The CNS is primarily composed of neurons, which allow for the transmission of information throughout the CNS. The delicate structures of the CNS, the brain and spine, are bathed in cerebrospinal fluid (CSF), enclosed by the blood brain barrier (BBB), and protected by bone (1). The BBB, comprised of specialized endothelial cells, pericytes, astrocytes, and extracellular matrix (ECM) components, plays a crucial role as a selective barrier, tightly regulating the passage of substances between the bloodstream and the brain (2). As the BBB serves as a vital defense mechanism for the brain, it consists of three protective layers, the meninges, which play a multifaceted role in brain protection— together they circulate cerebrospinal fluid (CSF), act as a selectively permeable barrier, and provide crucial support to the CNS. The outermost layer is the dura mater, also referred to as the dura, which lies beneath the skull and around the spinal cord. Beneath the dura is a fine, web-like membrane called the arachnoid containing CSF. The innermost layer of the meninges is the pia mater, which is a highly vascularized membrane that adheres to the spinal cord and brain directly, nourishing the underlying neural tissue (3). The meninges are responsible for ensuring CSF can function by acting as a cushion and providing mechanical protection for preventing brain and spinal cord injury and facilitating nutrient transport, waste removal, pressure regulation, immunological functions, and more (Figure 1). The meninges are connected to the perineural sheaths of the cranial and paraspinal motor and sensory nerves making these structures vulnerable to compressive issues if meningeal integrity is compromised. Meningeal abnormalities may lead to conditions such as ectasia, characterized by the dilation or distention of tubular structures, which can result in Tarlov cysts and neuropathies. Additionally, these abnormalities can cause papilledema, which is swelling of the optic disc, in the posterior part of the eye due to increased intracranial pressure (4).
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FIGURE 1
 Relationship between cranial meninges, BBB, ECM, and CSF leaks. Created with Biorender.com.




3 The extracellular matrix (ECM)

The extracellular matrix (ECM) is a complex network of proteins and carbohydrates that provide structural and biochemical support to the cells present within all tissues. The ECM plays a role in tissue development, maintenance, repair, cell signaling, and adhesion. Key components of the ECM include collagens, elastin, fibronectin, laminin, glycosaminoglycans, proteoglycans, and glycoproteins (2). Fibroblasts, the most common cell type in connective tissue, are crucial for synthesizing the ECM and maintaining its integrity. Dysregulated fibroblast function can contribute to various pathological conditions, including connective tissue disorders (CTDs) (5).

Collagen, the most abundant protein in the ECM, provides structural support to tissues. The human body contains at least 28 types of collagen, each serving specific functions, with types I, II, and III being the most prevalent. In the blood–brain barrier (BBB), the basement membrane (BM) integrates ECM proteins such as collagen and laminin, providing structural support, selective barriers, cell adhesion, and nutrient exchange (3). Collagen IV plays an important role in stabilizing the BM by providing mechanical support to endothelial cells and maintaining the integrity of the BBB (6). Collagen IV has also been detected in cerebral blood vessels of the BM, making up part of the arterial walls and adding both strength and flexibility (4). Receptors like dystroglycan and integrins facilitate cell–cell and cell-matrix interactions within the BBB, regulating signaling pathways (5). This regulation enables cellular adaptations in response to environmental changes. Additionally, these receptors establish a physical connection between the ECM and the cytoskeleton, contributing to the structural integrity of the BBB and anchoring the cells in place. Within the CNS vasculature, fibronectin and collagen IV are secreted by endothelial cells, pericytes, and astrocytes, further contributing to the dynamic cellular environment of the BBB (3). In addition to the BBB, collagen’s role in tendons, ligaments, skin, and cartilage ensures resilience to stress. When CTDs arise, seemingly disparate health issues emerge, impacting joint functionality, wound healing, and organ elasticity. Disruptions or abnormalities in the ECM and collagen are implicated in the development of health conditions including CTDs.



4 Hypermobile Ehlers-Danlos syndrome and neurological manifestations

The Ehlers-Danlos syndromes (EDS) are a group of 14 heritable disorders that affect the body’s connective tissue caused by mutations in collagen genes and related components of the ECM (6). Clinical manifestations of EDS include joint hypermobility, skin hyperextensibility, chronic pain, and gastrointestinal, neurological, and immunological comorbidities, requiring multiple specialists for patient care and management (7). There are currently no FDA-approved treatments or curative therapies for EDS, other than addressing symptom management. The most prevalent subtype, hypermobile EDS (hEDS), is more common than previously believed and is the only subtype of EDS that lacks a clearly defined genetic marker (8). The current diagnostic process for hEDS is outlined in the “2017 International Classifications of the Ehlers-Danlos Syndromes” (9). Despite a lack of clear genetic etiology for hEDS, studies have indicated changes in ECM proteins in various tissues from hEDS patients (10–13).

While hEDS occurs on a spectrum, patients may experience neurological symptoms and comorbidities. Neurological symptoms associated with hEDS include fatigue, pain, headache, muscle weakness, and paresthesia with ranging severity. Symptoms can be due to a variety of manifestations and comorbidities including autonomic dysfunction, cerebral spinal fluid (CSF) leaks, Chiari malformation, upper cervical spine instability, changes in intracranial pressure, migraine, and tethered cord syndrome (TCS) (6). The neurological aspects of hEDS can significantly limit one’s ability to complete daily tasks, both physically and cognitively.

In hEDS patients, fatigue is prevalent and often linked to dysautonomia, including postural orthostatic tachycardia syndrome (POTS) (14). While there’s no cure for hEDS-related fatigue, management varies and commonly involves lifestyle changes, physical activity, and medication. Headaches are another common complaint seen in neurological clinics, especially in patients with hEDS. In 1997, a study of 51 individuals with various forms of EDS found that 30–40% of cases reported neck pain and headache (15). An additional study in 2011 reported migraines with or without aura in 75% of joint hypermobility spectrum (JHS) (16). The correlation between connective tissue abnormalities and neurological symptoms remains an ongoing area of research.



5 CSF leaks, intracranial hypotension, and intracranial hypertension

Low intracranial pressure, known as intracranial hypotension, results from loss of CSF volume in the subarachnoid space or ectasia, leading to expansion of the thecal sac. Intracranial hypotension is often triggered by a CSF leak which can be caused by dural tears, trauma to the head or spine, lumbar punctures, or less frequently, occur spontaneously (17). The cause of spontaneous CSF leaks may be related to connective tissue disorders, structural abnormalities, idiopathic intracranial hypertension, or trauma injury (Figure 2). Typical MRI findings associated with intracranial hypotension follow the SEEPS mnemonic including “subdural fluid collections, enhancement of the pachymeninges, engorgement of venous structures, pituitary hyperemia, and sagging of the brain” (18, 19). The hydrostatic indifference point, typically in the C7-T1 junction, is where CSF pressure remains constant when moving from erect to recumbent thus intracranial hypotensive findings are less likely to be observed in fistulae anatomically near this area. In a recumbent position, CSF pressure is slightly positive throughout the neuroaxis, and in an erect position, CSF pressure increases below and decreases above this point (20). This explains why skull base CSF leaks usually do not cause orthostatic headaches or display typical imaging features of spontaneous intracranial hypotension. While this is not true for every case, it has become dogmatic in the radiology specialties. Symptoms of CSF leaks include severe positional headaches that worsen when in an upright position, nausea, vomiting, vertigo, neck stiffness, blurred vision, tinnitus (ringing in ears), fatigue, cognitive changes, orthostatic hypotension, metallic taste in the mouth, and extremity weakness/pain (Figure 2) (21). CSF fluid may leak out of the nose (rhinorrhea) or the ears (otorrhea) (Figure 2). While spontaneous intracranial hypotension and CSF leaks aren’t rare, they are considered underdiagnosed (18). In a small study of 11 people presenting with postural headaches (among other neurological complaints), a spontaneous CSF leak was present in all participants (18). Chiari malformation was another frequent finding and underlying CTDs were broadly suspected, if not previously diagnosed.
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FIGURE 2
 Causes and symptoms of spontaneous CSF leaks. Created with Biorender.com.


Intracranial hypertension is characterized by any condition in which there is increased pressure inside the skull. This may be caused by many factors including tumors, infections, meningitis, ischemic stroke, trauma, hydrocephalus, systemic disorders, or congenital malformations (22). Symptoms of intracranial hypertension include headaches, visual disturbances, tinnitus, nausea, and other neurological deficits. Idiopathic Intracranial Hypertension (IIH) involves increased intracranial pressure without a clear cause (23). Diagnosis includes clinical evaluation, imaging, and measuring cerebrospinal fluid pressure via lumbar puncture. Recognizing transverse sinus stenosis as a key factor in intracranial venous hypertension has increased the use of catheter venography to evaluate stenting candidates and advance research into cerebral venous anatomy and disease mechanisms, deepening the understanding of cerebral venous outflow disorders (CVD) within the IIH spectrum. In a retrospective study of 86 patients with diagnosed or suspected CTDs being evaluated for cerebral venous outflow disorders (CVD), the following prevalence of conditions was observed IIH (75.6%), CSF leaks (51.2%), dysautonomia (45.3%), EDS (55.8%), MCAD (25.6%) and systemic venous compression syndrome in (10.5%) (24). This study describes significant differences in patient profile from the typical demographic of obese women of childbearing age from diverse racial backgrounds. The demographic observed in suspected or diagnosed CTDs with IIH have a lower mean BMI and consist mainly of non-obese Caucasian young women. This population presents with more severe symptoms at lower lumbar puncture opening pressures, lower mean superior sagittal sinus pressures on venography compared to standard IIH patients, and report an increased severity of headaches and worse quality of life (24). This suggests a hypersensitivity to pain and/or pressure dysregulation associated with CTDs and highlights the necessity for a better understanding of cerebral venous disorders and connective tissue conditions, as symptoms in these patients may present with increased severity and persist at lower intracranial pressures than typically expected.

Meningeal diverticula, also known as arachnoid diverticula, are an abnormal structure of thin-walled sacs that form within the layers of the meninges. They can be congenital or acquired later in life. The cysts present due to meningeal diverticula cysts are different than syringomyelia cysts as they are typically connected to the subarachnoid space and can accumulate CSF and grow in size. There is some conflicting research concerning the relationship between meningeal diverticula, CSF leaks, and intracranial hypertension, including an observational study which found an elevated percentage of meningeal diverticula in CSF patients and identified these diverticula as a type of CSF leak (25). However, another study noted no difference in the prevalence of diverticula between patients with spontaneous intracranial hypotension and controls, highlighting the need for further investigation into this relationship (26).

hEDS can cause the connective tissue of the dura mater to weaken and thin, leading to a condition known as dural ectasia, where the dura mater bulges outward around the spinal cord (27). This condition is associated with symptoms such as headaches, weakness, low back pain, and numbness, which are often relieved when lying down. hEDS patients may experience additional structural spine issues that can add further stress to the dura mater. These structural issues include Chiari malformation (CM) and craniocervical instability (CCI). Although CM and CCI are not direct causes of CSF leaks, they can cause irregular CSF flow and alter intracranial pressure (28). A study showed that CM models had significantly higher peak CSF pressure compared to healthy controls.

Syringomyelia, often associated with CM, is also associated with hEDS, but is characterized by the development of a fluid-filled cyst (syrinx) within the spinal cord (27). This can expand over time and damage nerve fibers, causing pain, loss of sensation, temperature dysregulation, impaired reflexes, and muscle atrophy. A 2013 study comparing 10 healthy volunteers and 18 patients with CM, observed significantly faster and earlier caudal CSF flow in CM patients. However, no significant differences in CSF velocities were noted between healthy volunteers and patients with syringomyelia in the study (29).

Meningiomas, benign tumors from the meningeal layers of the brain or spinal cord, can exert pressure on the dura mater, potentially causing tears and CSF leaks (30). While meningiomas can contribute to CSF leaks, they are rarely the primary cause. The relationship between meningiomas and hEDS is poorly understood and requires further research.

Vascular insufficiency in CTDs can occur in the cranial, cervical, or systemic central venous regions of the thorax, thoracic outlet, abdomen, and pelvis, potentially leading to abnormalities in CSF pressure and breakdown of the BBB through spontaneous fistulae (31). Patients with CTDs are thought to have an elevated risk for several cerebrovascular conditions such as intracranial aneurysms, arterial dissections, and acute ischemic strokes (32). This increased risk is primarily attributed to genetic mutations affecting collagen and proteoglycans in the ECM, which weaken the walls of blood vessels. It is important that neurovascular specialists be included in the care of patients with CTDs and potential cerebrovascular complications. Additionally, a strong correlation of EDS seen in patients with three of more vascular compression syndromes, as observed in a study of over 250 patients with vascular compressions syndromes (33). The relationship between EDS, vascular compressions, vascular insufficiency, and CSF leaks is poorly understood and an area where further research would be beneficial.

In a retrospective study of 86 patients with diagnosed CTDs and cerebral venous outflow disorders including idiopathic intracranial hypertension (IIH), significant comorbidities were identified including POTS (55.8%), dysautonomia (45.3%), CCI (37.2%), MCAD (25.6%), and TCS (23.3%), while a second study of 2,149 patients with hEDS found 70.87% has dysautonomia/POTS, 31.60% had CCI/AAI, 7.91% had CM, and 6.75% had TCS (24, 34). Some cases of CSF leaks may be linked to TCS or tethered cord release surgeries, considering the possibility of spinal cord tension impacting the flow of CSF (35).



6 MCAD and CSF leaks

The autonomic nervous system (ANS) regulates essential functions like heart rate, blood pressure, digestion, and vessel tone through specific anatomic loci and includes the sympathetic and parasympathetic branches. The sympathetic nervous system (SNS) originates in the thoracolumbar spinal cord and affects organs through the sympathetic chain ganglia. The parasympathetic nervous system (PNS) arises from the craniosacral regions, with fibers in cranial nerves III, VII, IX, and notably the vagus nerve (X), which provides is essential to maintaining homeostasis and the regulation of involuntary functions. This division allows the SNS to handle stress while the PNS supports rest and digestion (36, 37). These regions highlight the intersection of anatomy and physiology, where structural dysautonomia and mast cell dysfunction may arise. Understanding the anatomy of the ANS is vital to properly managing non-structural, non-surgical patients with hEDS, autonomic dysfunction, and MCAD.

Patients with hEDS have an increased incidence of MCAD, where mast cells overreact to stimuli, causing symptoms such as allergic reactions, skin sensitivity, itching, temperature dysregulation, gastrointestinal issues, and anaphylaxis (34). A recent review indicates that nearly 1 in 3 patients with MCAD had a comorbid diagnosis of hEDS in a sample size of 37,665 patients (38). Mast cells are found in the CNS and are capable of migrating across the BBB when the barrier is compromised due to CNS pathology. Nearly 97% of mast cells are found on the brain side of blood vessels and can communicate with the ECM, neurons, astrocytes, and blood vessels (39). They release inflammatory mediators such as histamine, proteases, and cytokines, playing a key role in the body’s defense mechanisms (40). Abnormal mast cell activation disrupts connective tissue integrity through the actions of mediators including histamine and tryptase, impacting multiple organ systems and leading to MCAD (38).

Histamine, a potent vasodilator, increases blood vessel permeability, potentially heightening the blood–brain barrier (BBB) permeability and allowing normally restricted substances to enter the brain (41, 42). Tryptase is a serine protease stored in the granules of mast cells that can degrade ECM proteins, promote inflammation by stimulating the release of cytokines, and is commonly used as a measure of mast cell degranulation (42). One study of cuprizone administration showed changes in tight junction protein expression and an increase in mast cell presence and tryptase expression in the cortex and corpus callosum, indicating their activation and potential role in inducing changes in the permeability of the BBB (43). Chymase, another serine protease, can degrade extracellular matrix components and contribute to inflammatory processes. Further evidence of the interaction between mast cell activation and the BBB includes a study on the Japanese encephalitis virus (JEV) that reported chymase inhibition reversed BBB leakage in mice, therefore suggesting chymase as a factor influencing the permeability of the BBB (44).

Mast cell stabilizers block the mast cells’ effects on vascular permeability as shown in W/Wv mice. Furthermore, several reports state that BBB permeability is regulated by brain histamine and serine proteases which cause small blood vessels to leak and lead to neuronal hyperexcitability and inflammation through activating certain receptors (39). Additional evidence, from a study on compound 48/80 in doves, demonstrated that mast cell degranulation increased BBB permeability, suggesting that mast cell activation can alter BBB integrity locally (45). This increased leakiness can directly impact the progression of neurologic disease (2). Connective tissue abnormalities may contribute to increased BBB leakiness, leading to brain inflammation if immune cells and cytokines penetrate brain tissue (46). Such permeability issues in the BBB due to hEDS and mast cell degranulation may compromise the barrier’s integrity, leading to CSF leaks.



7 Discussion

The BBB and CNS are composed of and supported by ECM components, which can be affected in CTDs such as hEDS. Disruptions in ECM composition can impair the BBB’s structural and functional integrity, contributing to the higher prevalence of CSF leaks in hEDS patients compared to the general population. These patients often endure symptoms including positional headaches, neck stiffness, blurred vision, tinnitus, lightheadedness, and cranial nerve dysfunction. Given the underdiagnosis of both hEDS and CSF leaks, it is crucial to consider a diagnostic workup for CSF leaks in patients presenting with relevant symptoms, especially if they exhibit multisystemic manifestations suggestive of hEDS. Further research into the relationship between CSF leaks, intracranial hypotension, intracranial hypertension, and neurological issues common in hEDS patients, such as craniocervical instability (CCI), Chiari malformation (CM), systemic vascular compression syndromes, tethered cord syndrome, and syringomyelia, could shed light on why CSF leaks often accompany these disorders.

Additionally, mast cell activation disorder (MCAD) may contribute to spontaneous CSF leaks in hEDS patients, suggesting that managing mast cell activity could be a less invasive way to prevent recurrent CSF leaks. Particularly, analyzing specific mast cell mediators such as histamine, tryptase, and chymase. Histamine can increase vascular permeability meanwhile tryptase and chymase can degrade ECM components such as fibronectin and collagen, further weakening the connective tissue.

Understanding the interplay between ECM disruption due to hEDS and the activity of mast cell mediators will provide insight into potential therapeutic interventions. Perhaps, targeting specific mast cell mediators and stabilizing their activity could strengthen connective tissue and reduce the incidence of spontaneous CSF leaks among hEDS patients. A study on sepsis-associated encephalopathy demonstrates that mast cell activation weakens the BBB in sepsis and that early treatment with the mast cell stabilizer, cromolyn, assists by reducing the chain reaction of inflammation (47). Perhaps, similar uses of mast-cell stabilizers such as cromolyn could assist in reducing the cascade of neuroinflammation and ultimately reduce CSF leaks in patients with hEDS and MCAD.
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Neurology and connective tissue are intimately interdependent systems and are critical in regulating many of the body’s systems. Unlocking their multifaceted relationship can transform clinical understanding of the mechanisms involved in multisystemic regulation and dysregulation. The fascial system is highly innervated and rich with blood vessels, lymphatics, and hormonal and neurotransmitter receptors. Given its ubiquity, fascia may serve as a “watchman,” receiving and processing information on whole body health. This paper reviews what constitutes fascia, why it is clinically important, and its contiguous and interdependent relationship with the nervous system. Unquestionably, fascial integrity is paramount to human locomotion, interaction with our environment, bodily sense, and general physical and emotional wellbeing, so an understanding of the fascial dysregulation that defines a range of pathological states, including hypermobility syndromes, autonomic dysregulation, mast cell activation, and acquired connective tissue disorders is critical in ensuring recognition, research, and appropriate management of these conditions, to the satisfaction of the patient as well as the treating practitioner.
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1 Introduction

Despite being declared a global public health priority, chronic musculoskeletal pain and dysregulation conditions remain under-funded, under-researched, misdiagnosed and grossly misunderstood (1). Research and clinical paradigms that dismiss the importance of fascia in pain regulation can lead to undertreatment and inappropriate treatment for pathological states such as hypermobile Ehlers-Danlos Syndrome (hEDS), autonomic dysregulation, mast cell activation, and acquired connective tissue disorders. Continuing to ignore the fascial system perpetuates misdiagnoses and inappropriate treatments, creating unnecessary prescriptions of ineffective medication. Furthermore, application of incongruous allied health management protocols can cause masking of symptoms, and contributes to increases in physician burnout, preventable disabilities, and the global burden of chronic pain management in healthcare.

Teaching the form and function of fascia is notably absent from most professional health care education and the lack of awareness limits current treatments. Conventional healthcare has historically overlooked fascia, framing it not as a system that facilitates and modulates sensory input but as inert filler material (2). Understanding fascial anatomy and its multifaceted role as a regulatory system can transform how clinicians approach managing health and treating pain and disease.

By understanding the dynamics of the fascial system as it relates to the other organ systems of the body (musculoskeletal, neurovascular, endocrine, and immune)—we can illuminate its role in the regulation of pain, locomotion, inflammation, and autonomic conditions. People experiencing these conditions often have complex needs and difficult healthcare encounters, which can lead to clinical traumatization and mutual distrust between patients and clinicians (3). Continued research can help clinicians understand and improve care for “problem patients” by revealing an anatomical reason for their pain that travels and manifests in different ways on different days. This paper reviews the emerging body of evidence on fascia as a regulator of the body’s sensory input, and demonstrates how fascia-informed care can potentially improve patient outcomes and clinician experiences, ultimately preventing poor care across healthcare and medical specialties, particularly in the areas of neurovascular, hormonal, endocrine, musculoskeletal, inflammatory, and hypermobility-related conditions.



2 The regulatory role of fascia


2.1 Why fascia matters

Of the four major classes of tissues in the human body—endothelial, muscle, nerve, and connective tissue (fascia) (4)—fascia has historically been most overlooked and misunderstood in Western medicine (possibly due to ongoing nomenclature debates overshadowing clinically-relevant fascia studies (5). For the purpose of this review, we will use the terms fascia and connective tissue interchangeably). Previously thought to be a passive material, the cellular membrane is now widely known to be a dynamic structure critical to cellular functionality. Similarly, fascia, once thought to be inert material, has now been found to host membrane-like receptors and perform active membrane-like functions for structures it connects and encapsulates (6). Current research indicates that fascia could be the moderating interface between many tissue types in the musculoskeletal, endocrine, and autonomic nervous systems. Fascia surrounds, supports and protects every nerve, muscle, blood vessel, and organ in the body, and is abundantly innervated (7, 8). Fascia is estimated to house over 250 million nerve endings (8), with sensory neurons outnumbering motor neurons 9:1 in some regions (9). Fascia houses 25% more nerve endings than skin, and 1,000% more than the collective innervation of muscle, so fascia could very well be considered our richest sensory organ (7, 8).

Connective (fascial) tissue manifests in many forms, from the loose connective tissue immediately under the skin, to the deep connective tissue of the epimysium, perimysium and endomysium of muscle, to cartilage, tendon, ligament, to the protective wrapping around nerves and blood vessels, the periosteum and pericardium, and the visceral serous membrane. Traditionally discarded during anatomical dissection oriented toward muscles, organs, neurovascular bundles and bones, prominent clinicians and researchers note fascia’s emergence from obscurity as one of the most functionally diverse bodily components (2).



2.2 Functions of fascia

Fascia plays crucial roles in locomotion and regulation, and evolves in response to environmental stimuli and functional demand. Fascial integrity is paramount to movement, bodily sense, hormonal, autonomic and neurovascular regulation, and purposeful interaction with our environment. For movement and locomotion, fascia regulates posture (2), force transmission (10), strength generation (11), elastic recoil (12), proprioception (1), exteroception, and interoception (13). Fascia also regulates lymphatic efficacy (14), protection of delicate neural and vascular elements and organs (4), thermoregulation, inflammatory and immune responses (15), wound healing (16), hormonal production and secretion (adrenaline, estrogen, insulin, thyroid hormones, oxytocin) (17, 18), and venous return (19). Fascia plays a critical role in the transmission of neurotransmitters, namely serotonin, dopamine, GABA, and acetylcholine (17, 20). The regulation of peripheral resistance arteries by interfacing fascial tissue is essential for control of blood pressure, and for the increase in blood flow to the central nervous system and the heart under stress conditions (21). Alterations in the superficial fascia can also reciprocally lead to lymphedema/lipedema, which in turn may exacerbate suboptimal health of superficial fascia (22). Fascial morphology is initially determined by embryological and early childhood development (23), and undergoes perpetual adaptation across the lifespan in response to functional demand. Fascia is constantly evolving, both dependent on and modulating sustained postures, repetitive movement, quantity of motion, load (24), stress, strain, hydration (25), pH, temperature (23), neurotransmitters, and hormones (26).



2.3 Components of fascia

The fundamental components of fascial tissue are primarily specialized cells, collagen fibers, elastin fibers, and an extracellular matrix (ECM): (2).

	• Cells provide the metabolic properties of the fascial tissue.
	• Collagen and elastin fibers provide mechanical strength.
	• ECM (also known as the ground substance) provides plasticity and elasticity.

Fascial cell types include fibroblasts, fasciacytes, adipocytes, macrophages and mast cells (27), undifferentiated mesenchyme cells, chondroblasts, chondrocytes, osteoblasts, and osteocytes (28). ECM contains hyaluronan (hyaluronic acid; HA), glycosaminoglycans (GAGs), water and ions (2). GAGs create an osmotic imbalance, which enables the ECM to attract up to 1,000 times its own weight in water (29). This hydrophilic quality of proteoglycans (glycoproteins that contain GAGs) is responsible for maintaining the volume of the extracellular matrix, which is constrained by the surrounding collagen fibers (30). The capacity for ECM to attract up to 1,000 times its weight in water is particularly important, because fascia is the “arena” in which localized acute inflammation and edema occurs (30).

Fascia evolves almost exclusively from the mesodermal layer during embryological development (23). Embryos first develop cerebrospinal fluid and fascia, then the remaining body systems and structures form within this “endless web” of fascia (23, 31). Fascia facilitates “a true continuity throughout our whole body” (2), and has been referred to as the “organ of form” (32), and “the architect of human movement” (22).



2.4 Functional demand specialization

Functional demand dictates the proportional distribution of each fascial component. Fascia develops perpetually across the lifespan in response to functional demand specific to each region of the body. Consider the specialization of three fascial components in response to specific functional demands:

	• Type I collagen facilitates force transmission. For example, tendons and the thick aponeurotic sheets of the iliotibial band (33) and plantar fascia (34) facilitate force transmission (35, 36), so Type I collagen is the predominant fiber subtype.
	• Fasciacytes facilitate sliding and gliding and secrete hyaluronan as a lubricant to facilitate movement. Where sliding and gliding is necessitated between muscle bellies, fasciacytes are distributed along the margins of the fascia that envelopes muscle (37), and hyaluronan is secreted to facilitate movement, particularly around the myofascial junction (38).
	• Cartilage (also known as chondral tissue) is a highly specialized layer of dense ECM that allows almost frictionless motion in a joint. Cartilage is composed of hyaluronan, Type II collagen, and cartilage-specific proteoglycans interspersed sparsely with chondrocytes (39) enabling unique mechanical properties. Counterintuitively, “moderate mechanical loading” (40) on cartilage over time minimizes the turnover of tissue constituents, resulting in a protective effect rather than tissue degeneration (41).



2.5 Recognizing fascia dysregulation

Most clinical fascia literature focuses on temporary reversible impairment, assuming optimal homeostatic function in an otherwise healthy body. However, clinicians are often treating patients with (frequently undiagnosed) genetic variants altering the ECM fiber arrangement -- due to one or more changes affecting collagen proportions, quality, length, binding site affinities or distributions. In these cases, many of the “default” principles or “typical” assumptions do not apply, especially related to viscoelasticity, proprioception, nociception, elastic recoil and force transmission. When the usual ECM norms do not apply, the label “heterogenous” is often used to describe the diverse symptom presentations of individuals with conditions such as Hypermobile Ehlers-Danlos Syndrome (hEDS), Marfan Syndrome, acquired connective tissue disease including systemic lupus erythematosus (SLE), polyarthralgia, systemic sclerosis, and Sjogren Syndrome to name a few.

Multimorbidity is the norm among individuals with collagen dysregulation, with an average of more than 10 diagnosed conditions in patients with hEDS (42, 43). Commonly reported conditions include general joint hypermobility (subluxations and dislocations of joints, tendons, and nerves, frequent soft tissue injury, and abnormal wound healing) (42–46), tethered cord and cervical instability (47), a range of oral and orofacial manifestations (48), inflammatory bowel disease (49), dysautonomia, irritable bowel syndrome, reflux, diverticulosis (50), and postural orthostatic tachycardia syndrome (POTS) (51); cardiovascular disease including mitral valve prolapse and aortic wall hyperelasticity (52); dermal hyperextensibility and atrophic scarring (44), easy bruising (53), asthma (54), lipedema/lymphedema, chronic pain (55, 56), anesthetic resistance (57), fibromyalgia, myalgic encephalomyelitis or chronic fatigue syndrome (50), central sensitization (58), abdominal hernias and pelvic organ prolapses (44). Mast cell activation syndrome (MCAS), hypermobility and dysautonomia have been identified as a triad to be aware of in clinical presentation (59), with higher odds of autism, ADHD (60, 61), panic disorder (62), anxiety diagnoses (63, 64), and neurodivergence (56).




3 Fascia, exercise and locomotion


3.1 Hyaluronan: lubricant or glue?

Hyaluronan (hyaluronic acid) is the primary constituent of the ECM (65). Hyaluronan is secreted as a lubricant to facilitate myofascial sliding and gliding of muscles and nerves. Hyaluronan has been found to contribute to cellular metabolism (66), morphogenesis (67), wound healing (68), and inflammation (69). In local anesthetic studies, hyaluronan has been noted to effect the efficacy and release rate of anesthesia (70), which may explain local anesthesia resistance reported by patients with collagen dysregulation conditions (57). Dysregulated hyaluronan is associated with cancer development, and can result in excessive tissue swelling, increased interstitial pressure and compression of neurovascular structures, causing pressure and pain (66, 71).

Hyaluronan dysregulation can occur either through under-or over-activity (67). Under-activity can lead to hyaluronan over-accumulation; over-activity can lead to hyaluronan over-production. Immobility precipitates pathological accumulation of hyaluronan, which super-aggregates in the tissues, impairing blood and lymphatic circulation, and reducing lymphatic efficacy (68). Excessive exercise may also overstimulate hyaluronan production, and subsequent super-aggregation causes it to act more like a glue than a lubricant (67). When hyaluronan acts like a glue, it can lead to symptoms of lipedema/lymphedema including fat tissue inflammation, painful adipose tissue, adipose tissue growth, and fibrosis (69, 72). This phenomenon of hyaluronan acting more like a glue than a lubricant has also been linked to delayed onset muscle soreness syndrome (DOMS) (73).



3.2 Muscles, posture and movement

Immediately beneath the dermal layers (of skin), the superficial fascia transects two adipose layers (the superficial adipose tissue and deep adipose tissue). Superficial adipose tissue (SAT) regulates several aspects of whole-body physiology including insulin sensitivity, body temperature and immune responses (15). The adjacent superficial fascia plays a key role in the transmission of hormones and the protects invested vascular and neural plexuses (4). The superficial fascia is structured to support these circuitous structures, and facilitates the requisite flexibility to circumvent injury at the extremes of physiological range (74). The superficial fascia also includes the retinacula cutis, finger-like projections of collagen connecting the dermis above and hypodermis below, as well as the deep (muscular) fascia (75). The deep fascia comprises the epi-, peri-and endomysial layers of the muscular fascia. Collectively, these constitute the intramuscular connective tissue (IMT) (76), into which muscle fibers are wholly embedded (38, 77). With the seamless melding of the epi-and perimysial components, the IMT acts as a “scaffold” for muscle development and a carrier of the neural and vascular supply for muscle cells (76), in turn acting in series with the muscle itself and its associated mechanoreceptors. This allows forces generated within the locomotor system to be efficiently transmitted across joints (78), and so circumventing excessive articular strain.

Ruffini and Pacinian corpuscles are mechanoreceptors that appear in fascia in varying proportions (79). Ruffini corpuscles monitor persistent postural input, while Pacini receptors downregulate in response to continuous stimulus (80). “Myofascial expansions” (35)—wherein 30% of muscle fibers insert into fascia rather than a tendon (81)—facilitate force transmission (82) from both synergistic and antagonistic muscles into fascia rather than an enthesis. This accounts for 30% of the mechanical force (35, 83), helping to protect local neural and vascular tissue, as well as underlying joints (23), effectively allowing them to “float” (84). This calls into question some long-held anatomical paradigms around joint mechanics and load transfer in that muscle can no longer be considered the only element responsible for the organization of movement (35).




4 Fascia and regulation


4.1 Fascia and neuroregulation

The study of fascia demonstrates a specific distribution and precise localization of neural elements (8), closely connected with the central nervous system, and more so with the autonomic nervous system (ANS) (7). Local vasodilatation (80), and thermoregulation are primarily affected (85). In mast cell studies, fascia receptors have been found to respond to neurotransmitters more rapidly and at lower doses than neurons (86, 87). Treatments that target fascia regulation may have multiple uses. Current medical literature lacks fascia-focused research, and there is an identified need for studies designed specifically to evaluate the neuroregulation effects of treatments on fascia hyaluronan, and mast cells. Anxiety and depression have been associated with neuroinflammation, with mast cell stabilizers and treatments for inflammation yielding positive results (88). Limited clinical research has found ADHD medication to be effective in treating impulsivity and behavioral regulation in eating disorders (89), and has been reported in case studies to alleviate musculoskeletal and orofacial pain (90). The growing understanding of the fundamental neural dynamics of fascial plasticity has catalyzed a paradigm shift in the manual therapy approach to treatment of fascial dysfunction, moving away from exclusive consideration of fascia’s mechanical properties, and calling into question the categorization of massage, tape, and compression as “passive therapies” (2). Chemical alterations of the extracellular matrix, and excessive mechanical stimulation are known to transform these receptors into nociceptors, which are appreciably more sensitive than the underlying musculature, sustaining longer-lasting hypersensitivity (79).



4.2 Inflammation, stress, anesthesia and pain

The dominance of sympathetic innervation has far-reaching consequences for fascial health and aspects of the hypothalamic–pituitary–adrenal (HPA) axis, given the abundance of autonomic neural input in this tissue (91, 92). Chronic stress and chronic pain are—jointly and individually—often accompanied by chronic inflammation (93, 94), with pro-inflammatory cytokines secreted by fibroblasts, myofibroblasts, adipocytes, mast cells, lymphocytes and vascular cells. As the fascia is the principal setting for inflammatory and immune system activity, fascial dysfunction can result in catastrophic cascades (79, 95, 96). Even under conditions of relatively low-grade chronic inflammation, cytokines denigrate the ECM, destabilizing connective tissue and stimulating fibrosis (87). Noradrenaline upregulates Transforming growth factor–β1 (TGF-β1), which can cause fibroblasts to differentiate into myofibroblasts, which (in an environment of chronic stress and/or inflammation) then initiates fibrosis and contractures (97). Chronic adrenaline upregulation can similarly elicit contracture and inhibit effective wound healing (98), provoking structural adaptation. This in turn creates imbalance, pain and palpable tension (98–100). Stress hormones, like cortisol, and chronic inflammation can exert an adverse effect on muscle and bone quality (101, 102). The gut, with its enteric nervous system (little brain), is compartmentalized by fascia (103) and produces the same neurotransmitters as the brain. The vagus nerve purportedly acts as a bi-directional autonomic conduit between fascia and the central nervous system in countering sympathetic overload, as well as playing a key role in the gut-brain axis, tempering inflammation, facilitating intestinal homeostasis, satiety and energy regulation (104). The vagus nerve also connects the gut and the brainstem (36, 104), further strengthening the close relationship between fascial and the nervous systems.

Fascia appears to act as a mediator between the autonomic nervous system, emotional regulation and immune regulation (79). An emerging body of research has begun to explore the dynamic interplay between fascia and cancer, fascia and muscle function, fascia and neuroinflammation, dysautonomia, pain, hypermobility, and neurodiversity (56, 71, 76, 105), with some studies focused on the interaction of fascia, neurotransmitters, hormones, and the hypothalamic–pituitary–adrenal axis (HPA axis) (95, 98). Additionally, emerging research posits that fascia and hyaluronan play a key role in the perception of pain (1, 66, 106). Fascia is also richly endowed with endocannabinoid receptors, signifying its role as a source and modulator of pain, presenting possibilities for future pain management strategies and research (107).

While fascia can make inflammation and pain worse, fascial regulation of inflammation can also provide an efficient therapeutic target to counteract chronic pain-inflammation-stress cascades. While MCAS is rarely the first diagnosis received (it is often the last of many), simple treatments targeting mast cell stabilization or inflammatory regulation in fascia like olopatadine (in Patanol eye drops or Patanase and Ryaltris nasal sprays), or sodium cromoglycate (also known as cromolyn sodium) have been reported to rapidly reduce these cascades, with topical or nasal application (86, 108–110).

Several drugs are associated with mast cell activation, including nonsteroidal anti-inflammatory drugs (NSAIDs), anesthetics, neuromuscular blocking agents and opiates/opioids, and contrasts used in radiology (87, 111). Approximately half of all perioperative drugs can trigger mast cell activation (111), and hyaluronan affects anesthesia efficacy and release rate (70), necessitating research into hyaluronan and mast cell receptors in connective tissue, and substances that bind with these receptors (or silence receptor-signaling) as therapeutic targets. One such receptor, Mas-related G protein-coupled receptor-X2 (MRGPRX2), binds with opioids and naltrexone, and has been associated with fibrosis, hypertrophic scarring, and Long COVID (87, 111). Low dose naltrexone (LDN) is thought to bind with these mast cell receptors, and research has begun to investigate its potential to reduce side effects of immunosuppressive therapies (86, 88, 110), enhance analgesia, reduce proinflammatory mediators, and efficacy as a treatment for MCAS, anxiety and depression, and neuropathic pain (110). After successful therapeutic responses in studies with back pain, plantar fasciitis and Long COVID (106, 112, 113), intravenous (IV) saline and IV immunoglobulin (IVIG) have been hypothesized to treat underlying fascia-immune dysregulation; which goes underrecognized and undertreated in a wide range of health conditions.



4.3 Mast cells and neuro-immuno-endocrine regulation

Mast cells (also known as mastocytes) are tissue-resident granulocytes of myeloid lineage that play a central role in adaptive and innate immune function, neurological and non-immunological processes, and pathologies far beyond allergy and mastocytosis. Mast cells—dubbed a “multi-functional master cell” (114)—are found in connective tissue, vascular tissue, adipose tissue, and lymphatic tissue around the body, and are highly concentrated and recruited to junctions where antigens could enter the body, including all mucosal openings, skin, blood, respiratory endothelium, and gastrointestinal tract (27, 114). In response to environmental stimuli, mast cell activation and degranulation modulates vasodilation, blood pressure, nociception, itch, fibrosis, tissue permeability, wound healing, inflammation and immune responses, and behavior (27, 114–116). Two distinct mast cell phenotypes have been identified, distinguished by granule content. Unlike mucosal mast cell granules that predominantly contain tryptase, mast cell granules of non-mucosal tissue mastocytes contain a wide range of specialized enzymes (114, 116, 117), and are rich pharmacological targets (118). When activated, mast cells release the content of the granules, which can have major local and systemic effects, particularly if mast cell derived mediators circulate via the vascular or lymphatic systems (86, 110).

Mast cells can also be activated in response to environmental changes, including temperature, pressure, and dermal vibration (119, 120). Mast cell activation contributes to swelling, itch, fasciitis, and predisposes an environment toward fibrosis via various mechanisms including fibroblast recruitment and proliferation, hyaluronan degradation, or excessive ECM deposition. With disruption or underlying dysregulation of connective tissue, a normal regulatory response may lead to a pathological outcome. When mast cells release enzymes and mediators (including histamine, cytokines, and hundreds more) (38, 116) in the neuromuscular-myofascial junctions, it may evoke an escalating cascade of multisystemic dysregulation and localized deterioration. It is worth noting that MCAS and mast cell activation disease (MCAD) are not interchangeable terms (121). The term MCAD includes several subtypes including systemic mastocytosis which is characterized by excessive quantities of mast cells, and MCAS which involves the inappropriate release/levels of mast cell chemicals. While the symptom presentation of these conditions is similar, the different pathomechanisms indicate different treatment plans. As mast cell activation increasingly features in cases of chronic pain-inflammation-stress cascades and anesthesia resistance within hypermobile populations and those with autonomic dysregulation (57, 59, 122), treatment plans that prioritize mast cell inhibition could prevent or reduce these cascades and increase the efficacy of multidisciplinary treatment protocols. This adds to the regulatory explanation for medication sensitivity and paradoxical responses to medications, and presents a strong case to target mast cells in clinical research and therapeutic intervention.



4.4 Hormonal regulation in muscular fascia

Research has discovered an abundance of estrogen and relaxin receptors in fascia, concentrated on the fibroblasts of muscular fascia (26). Hormone concentrations are known to fluctuate significantly throughout the menstrual cycle and pregnancy, declining with the onset of perimenopause (123). Hormones directly influence fascial stiffness and pain sensitization throughout the lifespan of people who menstruate, due to hormonal inhibition of fibrosis and inflammation resulting in ECM remodeling (25). This has major consequences in the consideration of athletes at any age, especially those with a hyper-flexible fascial system, with or without the presence of joint hypermobility, and with or without the use of hormone therapies or oral contraceptives (124). People experiencing perimenopause and menopause may subsequently be more susceptible to fibromyalgia in the absence of premenopausal hormone concentrations (125).




5 Conclusion


5.1 Implications for practice and research

Dysregulation within the fascial system is considered scientifically complex and likely plays a pivotal role in the multimorbidity encountered by patients living with connective tissue diseases (diagnosed or not). Various stages of fascial health may lead to paradoxical or atypical responses to “normal” manual therapy, or pharmacotherapy; making walking or exercise painful or otherwise unmanageable by the patient. When therapy causes pain, fascial impairment should be strongly considered and explored so treatment plans can better address the culprit of chronic pain. We call for clinical educators and researchers, and the next generation of healthcare practitioners to normalize the understanding of hyaluronan dysregulation and the fascial system and their ubiquitous role in whole body health, diagnosis and treatment planning, inflammation and pain management, and homeostasis.
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Hypermobility spectrum disorders (HSD) and hypermobile Ehlers–Danlos syndrome (hEDS) are the most common joint hypermobility conditions encountered by physicians, with hypermobile and classical EDS accounting for >90% of all cases. Hypermobility has been detected in up to 30–57% of patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), fibromyalgia, postural orthostatic tachycardia syndrome (POTS), and long COVID (LC) compared to the general population. Extrapulmonary symptoms, including musculoskeletal pain, dysautonomia disorders, cognitive disorders, and fatigue, are seen in both LC and HSD. Additionally, ME/CFS has overlapping symptoms with those seen in HSD. Mast cell activation and degranulation occurring in both LC and ME/CFS may result in hyperinflammation and damage to connective tissue in these patients, thereby inducing hypermobility. Persistent inflammation may result in the development or worsening of HSD. Hence, screening for hypermobility and other related conditions including fibromyalgia, POTS, ME/CFS, chronic pain conditions, joint pain, and myalgia is essential for individuals experiencing LC. Pharmacological treatments should be symptom-focused and geared to a patient’s presentation. Paced exercise, massage, yoga, and meditation may also provide benefits.
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Introduction

Hypermobility spectrum disorders and hypermobile Ehlers–Danlos syndrome (EDS) are the most common joint hypermobility conditions encountered by physicians (1). In 2017, the International Classification of Ehlers–Danlos syndromes was introduced to replace previous terms used to describe symptomatic joint hypermobility and outline appropriate diagnostic criteria (1–3). Under the new classification, the term hypermobile EDS (hEDS) was introduced to replace the previous terms, and the term hypermobility spectrum disorders (HSD) was introduced to represent patients who do not meet the diagnostic criteria for hypermobile EDS (1). The diagnostic criteria for hEDS and HSD are designed to exclude other rare conditions that may present with joint hypermobility, such as other types of EDS and heritable connective tissue disorders.

The prevalence of hypermobile EDS is approximately 1 in 5,000 births, and in conjunction with classical EDS, it accounts for 90% or more of all cases of EDS (1, 2, 4). Similarly, the prevalence of HSD is estimated to be approximately 10–20%, with a higher prevalence in children and adolescents (5). Hypermobility disorders manifest more frequently in women, similar to the sex prevalence seen in other complex chronic illnesses including myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), fibromyalgia, postural orthostatic tachycardia syndrome (POTS), and most recently, long COVID (LC) (6–8). Joint hypermobility has been detected in up to 57% of patients with POTS, 49% of patients with ME/CFS, 30% of patients with LC, and 27% of patients with fibromyalgia, compared to 10–20% in the general population (5, 9–12).

While the inheritance pattern of hEDS is autosomal dominant, there is no clear genetic etiology that has been identified, though recent data have provided some candidate mutations, including the MIA3 gene encoding a transport protein essential in collagen synthesis, which was abnormal in 13/100 patients with HDS in one series, and the ELN gene encoding for elastin (13, 14).

Clinical features of hEDS include joint hypermobility, skin findings, joint pains, and recurrent dislocations. Hypermobile EDS and, to a lesser extent, HSD may also be associated with several extra-articular symptoms, including anxiety disorders, chronic pain, fatigue, orthostatic intolerance, functional gastrointestinal disorders, and pelvic and bladder dysfunction (1). In addition to musculoskeletal complaints, non-musculoskeletal complaints are common in patients with hEDS/HSD, with dysautonomia being identified on autonomic function tests in many patients (3). Symptoms of dysautonomia are related to lower quality of life, physical impairment, fatigue, and affective distress, with a similar autonomic symptom burden to fibromyalgia (15). Autonomic dysfunction is characterized by sympathetic overactivity at rest with impaired sympathetic response to acute stressors, with excessive sympathetic tone leading to pain amplification (15).



Relationship to post-infectious syndromes including long COVID

The risk of developing persistent symptomatology after infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), also known as post-acute sequelae of COVID-19 (PASC) or long COVID (LC), has been estimated to be between 10 and 57% (16, 17). This wide range is attributed to inconsistencies in definition and reporting. LC is characterized by many extrapulmonary symptoms that overlap with those commonly seen in HSD, including musculoskeletal pain, dysautonomia disorders with or without associated small fiber neuropathy, cognitive disorders, and fatigue (18). ME/CFS is also often associated with viral infection or reinfection in up to 80% of patients, and symptoms also significantly overlap with those seen in HSD (19). While the exact pathophysiology remains elusive, the major putative etiologies of both LC and ME/CFS include persistent viral remnants, persistent cell-mediated inflammation, endothelial dysfunction, and dysautonomia (16, 20–22). As part of this ongoing inflammatory process common to individuals with LC and ME/CFS, mast cell activation and degranulation may occur, resulting in the initiation of pro-inflammatory cytokine cascades leading to hyperinflammation within the connective tissue of individuals with PASC and ME/CFS without hypermobility (21, 23). These inflammatory changes in connective tissue may lead to further connective tissue damage in patients, thus worsening or inducing hypermobility. Acute infection with SARS-CoV-2 has also been associated with abnormal host immune responses to traumatized connective tissue and elevations in antinuclear antibodies, associated with connective tissue disease in patients with hypermobility (24).

In patients with LC and dysautonomia, there is often a hyperadrenergic state, which drives many of the pathophysiologic mechanisms of hyperadrenergic POTS (25). The severity of POTS is exacerbated when patients have elements of neuropathic POTS, which is often driven by small fiber neuropathy and decreased vascular tone, both of which are present in patients with hEDS/HSD (26–28). Adrenaline, a key effector hormone of the sympathetic nervous system, is elevated in hyperadrenergic POTS. It has been shown to inhibit the function of human fibroblasts and modulate the expression of local growth factors, thereby potentially explaining a mechanism of adrenaline-induced connective tissue dysfunction (29, 30). In patients with persistent exposure to elevated catecholamines and inflammatory processes, HSD may develop or worsen due to these changes. This has been reported in a case series of five women who did not have joint hypermobility before having had COVID but met the criteria for HSD after the development of LC (31). Patients with HSD are also at a 30% higher risk of developing LC and are at a higher risk of having higher fatigue levels with LC (12).

The strong relationship between hypermobility and chronic fatigue with post-exertional malaise is well-described, and there is some evidence connecting these conditions via mitochondrial dysfunction (32–35). Mitochondrial dysfunction may lead to hypermobility secondary to muscle hypotonia, and this may be an important cause of acquired hypermobility as seen in infection-associated chronic illnesses (36). In fact, mitochondrial dysfunction has been definitively shown to be a component of post-exertional malaise in the muscle tissues of patients with LC (37). Further, mitochondrial dysfunction leads to impaired functioning of myofibroblasts, which, in turn, will lead to dysregulated cellular immunity via secretion of cytokines, chemokines, and cellular growth factors, as well as dysregulated enzymatic activity, which directly affects the integrity of the extracellular matrix of the connective tissue (38). Several case reports have outlined mitochondrial genetic mutations associated with Ehlers–Danlos syndrome, in particular hEDS, which may imply a role of mitochondrial function in the maintenance of connective tissue integrity (39, 40).



Additional putative mechanisms

Of note, in the series of patients who developed HSD after COVID-19 infection, all five patients were identified as having a C677T or A1298C polymorphism in MTHFR (methylenetetrahydrofolate reductase gene) and responded to methylfolate and methylcobalamin therapy. This is consistent with previous literature findings that proposed the link between the C677T or A1298C polymorphisms in MTHFR, which may occur in up to 35% of the population, and HSD via decreased methylation of the matrix metalloprotease 2 (MMP) gene and increased cleavage of the proteoglycan decorin (41). Increased cleavage of this proteoglycan can lead to an inflammatory cascade that causes significant destruction of the extracellular matrix and, thereby, increased disorganization of the connective tissue and a potential increase in adhesions within the connective tissue, which has been proposed as an etiology of the chronic pain associated with HSD and fibromyalgia (42). MTHFR mutations have also been associated with impaired activity of the mitochondrial respiratory chain, which may drive both hypermobility and fatigue with post-exertional malaise (43). Through their effect on methylation of DNA and thereby variable expression of gene products, MTHFR mutations may be essential in exposomic events such as viral infection leading to infection-associated chronic illnesses (44). In patients with LC and HSD, particularly in female patients with significant multisystem neurologic and musculoskeletal pain symptoms, evaluation for MTHFR polymorphisms should be considered (41, 45).

There is also significant overlap between a diagnosis of neurodivergence and the incidence of hypermobility and fibromyalgia (11, 46). This is supported by two studies wherein family members of patients with both hypermobility and fibromyalgia were evaluated for features compatible with neurodivergence, hypermobility, or fibromyalgia. The incidence of autism spectrum disorder (ASD) or attention-deficit hyperactivity disorder (ADHD) was 39% compared to a prevalence of 2.8% in the relatives of the control group; the incidence of HSD was 30% compared to 8% in the relatives of the control group; and the prevalence of fibromyalgia was 18% compared to 3% in the relatives of the control group (46). Taken together, these findings suggest a common genetic/familial etiology of these three conditions (11). The pathophysiology whereby neurodivergence could contribute to hypermobility and chronic pain is not clear, but it is likely that hypersensitivity to external stimuli and differential responses to pain and stimuli play some role, and patients with neurodivergence have been noted to have dysautonomia with increased basal sympathetic tone and lower parasympathetic tone as well as immune dysregulation with potential contributors of maternal immune activation (47).



Clinical evaluation and treatment

Screening for HSD should be conducted in patients with complex chronic illnesses (including fibromyalgia, POTS, LC, and ME/CFS), chronic pain conditions (including irritable bowel syndrome and temporomandibular joint disorder), joint pain, and myalgia. The most commonly utilized diagnostic criteria for hEDS/HSD are from the 2017 International Classification of Ehlers–Danlos syndromes, as summarized in Table 1. This screen includes the Beighton criteria for physical examination, and formal measurement requires using a goniometer to accurately assess the degree of hyperextension (3).



TABLE 1 Diagnostic criteria for hEDS.
[image: Criteria for diagnosing hypermobile Ehlers-Danlos syndrome are illustrated. Criterion 1 involves generalized joint hypermobility with a Beighton score of 6 or more, depending on age and gender. Criterion 2 requires the presence of two or more features: A (systemic manifestations), B (family history), and C (musculoskeletal complications). Feature A includes soft skin, striae, piezogenic papules, hernias, and more. Feature C requires musculoskeletal pain or joint instability without trauma. Criterion 3 requires the exclusion of other conditions, such as skin fragility and alternative diagnoses causing hypermobility. Footnotes note trauma and comorbid conditions.]

Once a diagnosis of hEDS or HSD has been confirmed, patients should be referred to specialized physical and occupational therapy aimed at strengthening the muscles surrounding the joints to reduce the risk of recurrent dislocations, along with training to avoid joint hyperextension (48, 49). Patients with HSD have been noted to have decreased acuity of proprioception and increased latency of muscle activation, which may be related to gait abnormalities, recurrent joint injuries, and musculoskeletal pain (50, 51). Physical therapy interventions have been shown to significantly improve quality of life, functional exercise capacity, and proprioception; therapeutic exercise and motor function testing were the most efficacious interventions. Hydrotherapy, which involves physical therapy exercises in a heated pool, has been recommended as a useful adjunct, as the warmth can help relax muscles and the water provides additional support and some dynamic resistance (52). The ongoing focus of physical therapy is to teach patients how to protect their joints during daily activities through proper body mechanics and strengthening in order to avoid hyperextension and associated injury or strain.

Care should be taken for patients who have fatigue with post-exertional malaise, as exercise can have deleterious effects on these individuals (37). Though there are severe exercise limitations, including resting tachycardia in patients with LC, we recommend that they be managed with pacing as recommended in ME/CFS treatment guidelines (53, 54).

Patients should be referred to a multidisciplinary clinic, and many of the treatments that provide benefits for people with hEDS or HSD are non-pharmacological, including massage, yoga, chiropractic manipulation, and meditation (55). Additionally, multidisciplinary treatment modalities that affect various spheres of health including sleep hygiene, emotional support from friends and family, energy conservation, and coping strategies are all likely to be beneficial to patients.

Pharmacologic treatments may certainly be indicated, but these are symptom-focused and geared to the clinical phenotype with some evidence supporting the role of tricyclic agents such as amitriptyline and non-steroidal anti-inflammatory agents (NSAIDs) such as naproxen for pain in people with hEDS/HSD (56). It should be emphasized that there is no therapeutic role for opioid therapy in patients with hEDS/HSD, and in fact, opioid therapy often worsens pain outcomes (57).

Given the significant overlap between HSD and other complex chronic medical conditions, such as POTS, LC, fibromyalgia, and ME/CFS, therapeutic agents may be trialed as per society recommendations (56). These include β-blockers such as propranolol, mineralocorticoids such as fludrocortisone, and α-agonists such as midodrine in POTS (58–60). Additionally, low-dose naltrexone may be considered for fibromyalgia and ME/CFS (61, 62).



Discussion

Hypermobile spectrum disorders and hypermobile Ehlers–Danlos syndrome are uncommon conditions occurring in an estimated 10–20% of the population but are enriched in populations with neurodivergence and complex chronic conditions including infection-associated chronic illnesses. There is considerable heterogeneity in clinical presentation, and the etiology of these conditions is currently not fully understood. There are however several potential mechanisms that may have multidirectional interplay in the genesis of hypermobility and its associated conditions. Hypermobility conditions are associated with chronic cell-mediated inflammation, resulting in a pro-inflammatory cytokine/chemokine environment in the cellular matrix, and this is often influenced by external conditions including neurodivergence and exposure to environmental triggers such as viruses, which then induce exposomic change. Disease states that may impact methylation such as MTHFR mutations may make these exposomic changes more likely and thus play a role in the generation of hypermobility. It is interesting to consider that while hypermobility may predispose individuals to infection-associated chronic illnesses and the chronic inflammation that is associated with this state; similarly, infection-associated chronic illnesses may induce hypermobility through a combination of connective tissue inflammation and destruction. Given the large numbers of people affected by long COVID, it is critical to screen for hypermobility and other related conditions and enroll patients into multidisciplinary treatment teams to provide individualized treatment plans to maximize function and minimize symptoms.
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Background: Many patients experience persistent symptoms after COVID-19, a syndrome referred to as Long COVID (LC). The goal of this study was to identify novel new or worsening comorbidities self-reported in patients with LC.
Methods: Patients diagnosed with LC (n = 732) at the Mayo Long COVID Care Clinic in Rochester, Minnesota and Jacksonville, Florida were sent questionnaires to assess the development of new or worsening comorbidities following COVID-19 compared to patients with SARS-CoV-2 that did not develop LC (controls). Both groups were also asked questions screening for myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), generalized joint hypermobility (GJH) and orthostatic intolerance. 247 people with LC (33.7%) and 40 controls (50%) responded to the surveys.
Results: In this study LC patients averaged 53 years of age and were predominantly White (95%) women (75%). The greatest prevalence of new or worsening comorbidities following SARS-CoV-2 infection in patients with LC vs. controls reported in this study were pain (94.4% vs. 0%, p < 0.001), neurological (92.4% vs. 15.4%, p < 0.001), sleep (82.8% vs. 5.3%, p < 0.001), skin (69.8% vs. 0%, p < 0.001), and genitourinary (60.6% vs. 25.0%, p = 0.029) issues. 58% of LC patients screened positive for ME/CFS vs. 0% of controls (p < 0.001), 27% positive for GJH compared to 10% of controls (p = 0.026), and a positive average score of 4.0 on orthostatic intolerance vs. 0 (p < 0.001). The majority of LC patients with ME/CFS were women (77%).
Conclusion: We found that comorbidities across 12 surveyed categories were increased in patients following SARS-CoV-2 infection. Our data also support the overlap of LC with ME/CFS, GJH, and orthostatic intolerance. We discuss the pathophysiologic, research, and clinical implications of identifying these conditions with LC.

Keywords
 SARS-CoV-2; generalized joint hypermobility; myalgic encephalomyelitis/chronic fatigue syndrome; hypermobile Ehlers-Danlos syndrome; orthostatic intolerance; pain; virus; mast cells


1 Introduction

Soon after the start of the COVID-19 pandemic, patients presented to clinicians with new or worsening symptoms that persisted for many months after the initial SARS-CoV-2 infection (1, 2). This syndrome has been named Long COVID (LC), Post-COVID syndrome, and Post-Acute Sequelae of SARS-CoV-2 Infection (PASC). The US Centers for Disease Control and Prevention (CDC) and the US Department of Health and Human Services define LC as signs, symptoms, and conditions persisting for at least 4 weeks following COVID-19 (3). The National Academies of Science, Engineering, and Medicine (NASEM) defines LC as an infection-associated chronic condition following SARS-CoV-2 infection that lasts at least 3 months, affects at least one organ system, and can be continuous, relapsing, or remitting (4). In the first quarter of 2024, approximately 5.3% of US adults currently were estimated to have LC by the CDC (5). Consequently, the projected economic impact ranges from $140 to $600 billion annually (6).

LC impacts multiple organ systems, leading to exertional intolerance, fatigue, dyspnea, muscle and joint pain, orthostatic intolerance, and cognitive dysfunction (4, 7–9). An electronic health record (EHR) study of over 20,000 people with LC in Florida used an artificial intelligence program to identify subgroups of patients with different organ systems affected by LC that included cardiac and renal (34%); respiratory, sleep, and anxiety (33%); musculoskeletal and nervous (23%); and digestive and respiratory (10%) systems (10). LC is also more likely to occur in patients who are middle-age and of female sex (1, 11–13). CDC assessments estimate that LC also has a disproportionate impact on the transgender, Hispanic, and multiracial populations (5).

LC stands as a prominent recent example of how an infectious agent can be associated with chronic disease (14–17). Infectious disease is an established cause of neurodegeneration, including neurotropic infections such as Herpesviridae, Bornaviridae, Orthomyxoviridae (including influenza), Paramyxoviridae, Picornaviridae, Retroviridae and Flaviviridae (18–20). Post-infectious onset and the role of latent viruses is also increasingly appreciated in the development of myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) among other related conditions (21–25). Accordingly, LC research is quickly revealing high rates of multisystem complex chronic diseases such as ME/CFS and postural orthostatic tachcyardiac syndrome (POTS) (26–30). Notably, these conditions are highly comorbid with each other, along with generalized joint hypermobility (GJH), hypermobile Ehlers-Danlos Syndrome (hEDS), and hypermobility spectrum disorders (HSD) (31–36). The constellation of symptoms and comorbidities reported in LC seem to be very similar to those found in ME/CFS, orthostatic intolerance/POTS, and hEDS/HSD (31–38).

Little data exists on a wide range of comorbidities that may arise with LC. The goal of this study was to determine whether new or worsening conditions occurred more frequently in patients diagnosed with LC at our clinic compared to COVID patients that did not develop LC. We additionally examined whether patients with LC were more likely to screen positive for ME/CFS, GJH, or orthostatic intolerance. We propose that the identification of overlapping conditions and their potential underlying mechanisms may offer important insight into research and clinical management of LC.



2 Methods


2.1 Diagnoses

Individuals attending the Long COVID Care Clinic at Mayo Clinic Florida and Rochester were diagnosed by general internal medicine physicians specialized in LC. A majority of LC physicians had additional specialization in fibromyalgia, ME/CFS, POTS, and/or hypermobility syndromes (13). All patients diagnosed with LC had persistent symptoms for at least 3 months following the start of acute SARS-CoV-2 infection. Controls had a confirmed history of SARS-CoV-2 infection but had not received a diagnosis of LC.



2.2 Long COVID clinic data collection

Patient data were collected over 1 month using two REDCap questionnaires sent to patients via the patient portal. The questionnaires were based on the Florida EDS Clinic questionnaire for patients with hEDS/HSD, with questions added or modified for LC, ME/CFS, POTS, and other conditions increasingly suspected in infection-associated chronic conditions (39, 40). Dedicated screening criteria for hypermobility, ME/CFS, and orthostatic intolerance were added. The Long COVID questionnaire obtained self-reported data on 115 demographic and health issues in total. This was sent to a sample of patients diagnosed with LC at the Mayo Clinic Long COVID Clinic in Jacksonville, Florida and Rochester, Minnesota. Health information focused on symptoms and comorbidities throughout the body and whether specific comorbidities were new or worse following COVID. A matching control questionnaire was created where wording was modified to ask participants about symptoms since prior COVID infections without mention of Post-COVID Syndrome or Long COVID, and was sent to a control group in Rochester, Minnesota consisting of individuals who had had prior COVID infection without diagnosis of LC. Specifically, the control participants were from a developing age-sex matched cohort specifically for Long COVID studies, currently in process of recruiting with 80 subjects enrolled at the time of the survey. The Long COVID questionnaire was sent to 494 patients in Florida and 238 patients in Minnesota. A total of 247 individuals completed the Long COVID questionnaire (33.7% response rate): 124 (25.1% response rate, 50.2% of total responses) from Florida and 123 (51.7% response rate, 49.8% of total responses) from Minnesota. The control questionnaire was completed by 40 individuals from Minnesota (50% response rate).



2.3 Statistical analysis

Categorical variables were summarized as frequency (percentage) and continuous variables were reported as median (range). Wilcoxon rank sum test was used to evaluate the difference in continuous variables between LC patients and controls while Fisher’s exact test was used to compare categorical variables. Multivariable logistic regression models were used to evaluate the difference between LC and control patients after adjusting for age and race (White vs. non-White). Firth’s penalized logistic regression was used for outcomes with zero events in the control group. All tests were two-sided and p values <0.05 were considered statistically significant. The analysis was performed using R (version 4.2.2).



2.4 Categories

We assessed whether patients diagnosed with LC observed new or worsening conditions for 14 major systems categories after SARS-CoV-2 infection compared to controls: allergies/sensitivities/intolerances, skin, neurologic, pain, sleep, autoimmune, genitourinary, mood, gastrointestinal, pulmonary, cardiac, endocrinologic, hematologic/oncologic, and dental disorders, as included in the original questionnaire.

A portion of the major categories also included an expanded set of specific conditions that respondents could select based on expert opinion of potentially common and/or underrecognized coexisting conditions (39). Those categories and conditions included:

	• Skin: easy bruising, poor/slow wound healing, easy/abnormal scarring, abnormal striae, lipedema, psoriasis, eczema, rosacea, hives, and flushing.
	• Neurologic: headache, migraine, Arnold Chiari malformation, intracranial hypertension/elevated CSF pressure, CSF leak, autonomic dysfunction not meeting criteria for postural orthostatic tachycardia syndrome, postural orthostatic tachycardia syndrome, vertigo, neuropathy (small and/or large), tinnitus, craniocervical instability, myalgic encephalomyelitis/chronic fatigue syndrome, autism/autism spectrum disorder, inappropriate sinus tachycardia, and recurrent syncope.
	• Pain: fibromyalgia, chronic pain—non-muscular, chronic muscle pain, cervicalgia, central pain syndrome, central sensitization, muscle spasms, and complex regional pain syndrome.
	• Sleep: obstructive sleep apnea, snoring, narcolepsy, idiopathic hypersomnia, insomnia, sleep disturbance, restless leg syndrome, parasomnia, and circadian rhythm disorders (such as delayed sleep phase syndrome).
	• Genitourinary: bladder prolapse, uterine prolapse, recurrent urinary tract infections, recurrent yeast infections, recurrent vaginal bacterial infections, incontinence, pelvic floor spasm, pelvic floor dysfunction, dyspareunia, interstitial cystitis, endometriosis, and polycystic ovary syndrome (PCOS). Sexual and menstrual concerns were surveyed separately.

Finally, a miscellaneous category was included for emerging phenomena within infection-associated chronic illness to assess the level of recognition of those comorbidities, including mast cell disease, endothelial dysfunction, viral persistence/reactivation, vascular compression syndromes, mitochondrial impairment, and sensitivity to medications, based on expert discussion surrounding emerging areas in the field of infection-associated chronic conditions.



2.5 Screening for hypermobility, ME/CFS, orthostatic intolerance

Several screening criteria were embedded in the REDCap questionnaires to determine whether patients had ME/CFS, GJH, or orthostatic intolerance. The Institute of Medicine/National Academy of Science, Engineering and Medicine (IOM/NASEM) 2015 criteria were used for ME/CFS (41). The self-assessment 5-part hypermobility questionnaire was utilized to assess GJH. This is used in clinical practice to screen for hEDS/HSD as well, acknowledging that GJH may not always be symptomatic and is not alone sufficient to obtain a diagnosis of hEDS or HSD, where other criteria are required (42–44). A modified version of the orthostatic intolerance domain of the Composite Autonomic Symptom Scale 31 (COMPASS-31) questionnaire was used for orthostatic intolerance screening (45) (Supplementary material 1).




3 Results


3.1 Patient demographics

Controls were older (58.5 years) than patients with LC (53.0 years) (p = 0.021) (Table 1). However, most controls (70.0%) and patients with LC (75.3%) self-reported being female, which was not significantly different between groups (p = 0.52) (Table 1). Controls (100%) and patients with LC (93.9%) self-reported as White vs. non-White for race (p = 0.24) (Table 1).



TABLE 1 Demographics.
[image: Table comparing demographic information between control (n=40) and long COVID (n=247) groups. Median age is 58.5 for control and 53.0 for long COVID, with a p-value of 0.021. Sex distribution is similar, with p-value 0.520. LGBTQIA representation: 7.5% in control, 7.7% in long COVID. Racial distribution shows 100% White in control, 93.9% in long COVID, with p-value 0.240.]



3.2 New or worsening comorbidities after COVID

New or worsening conditions were reported in 11 major systems categories, as well as in the miscellaneous category (Table 2). The major systems included, in descending order of frequency, pain conditions (94.4% vs. 0%, p < 0.001), neurological conditions (92.4% vs. 15.4%, p < 0.001), sleep issues (82.8% vs. 5.3%, p < 0.001), skin issues (69.8% vs. 0%, p < 0.001), genitourinary issues (60.6% vs. 25.0%, p = 0.029), allergies/sensitivities/intolerances (31.8% vs. 10.0%, p < 0.001), mood disorders (31.6% vs. 7.5%, p = 0.001), gastrointestinal disorders (21.9% vs. 2.5%, p = 0.002), autoimmune issues (16.2% vs. 0%, p = 0.006), pulmonary disorders (15.8% vs. 0%, p = 0.002), and cardiac disorders (12.1% vs. 0%, p = 0.012) (Table 2). Presence of a new or worsening comorbidity following COVID-19 in LC patients that were found to be significant are shown in Table 3, adjusted for age and race. Female sex was associated with increased risk of neurologic manifestations and hypermobility in LC (Table 4; Supplementary material 2).



TABLE 2 New or worsening comorbidities after COVID-19.
[image: Table comparing health conditions in control (n=40) and long COVID (n=247) groups with p-values. Conditions include pain, neurologic, sleep, skin, genitourinary, allergies, mood, gastrointestinal, autoimmune, pulmonary, and cardiac disorders. Higher incidence noted in long COVID group, with significant p-values indicating statistical relevance.]



TABLE 3 Multivariable logistic regression model evaluating new or worsening comorbidities after COVID between Long COVID and controls, adjusted for age and race (White).
[image: Table displaying outcomes with corresponding odds ratios (OR), confidence intervals (95% CI), and p-values. Outcomes include Allergy (OR 5.09), Sleep (OR 138.31), Genitourinary (OR 4.28), Autoimmune (OR 16.71), Gastrointestinal (OR 10.6), Mood (OR 5.42), Cardiac (OR 11.84), and Pulmonary (OR 15.02). All p-values are below 0.05 indicating statistical significance.]



TABLE 4 Assessment of generalized hypermobility, ME/CFS, and orthostatic intolerance.
[image: Table comparing characteristics between control and long COVID groups. ME/CFS: 0% in control, 58.3% in long COVID (p < 0.001); females 77.1%, males 53.3%. Hypermobility: 10.3% in control, 27.0% in long COVID (p = 0.026); females 90.5%, males 9.5%. Orthostatic intolerance median scores: control 0.0 (0.0, 5.0), long COVID 4.0 (0.0, 7.0) (p < 0.001); similar distribution between genders. Generalized joint hypermobility is indicated by GJH.]

Within the miscellaneous category, participants were asked if conditions had been diagnosed or suspected by a clinician after COVID, with answer choices of yes, unknown/unsure, or no. Results of significance in LC vs. controls included mast cell issues (16.2% yes, 36.3% unsure vs. 2.4% yes, 5 unsure, p < 0.001), endothelial dysfunction (3.9% yes, 32.9% unsure vs. 0% yes or unsure, p < 0.001), viral reactivation (e.g., Epstein–Barr virus, herpesvirus, or other viruses) (18.7% yes, 17.8% unsure vs. 2.6% yes, 2.6% unsure, p < 0.001), vascular compression syndromes (3.6% yes, 8.5% unsure vs. 0% yes, 2.4% unsure, p = 0.039), and mitochondrial disease/dysfunction (5.2% yes, 23.9% unsure vs. 0% yes, 2.4% unsure, p < 0.001). The questionnaires also asked about sensitivity or resistance to medications. LC respondents were more likely to report sensitivity to medications than controls (22.5% vs. 4.9%, p = 0.007).

New or worsening diagnoses within the categories of dental, hematologic/oncologic, or endocrinologic disorders did not meet statistical significance in our survey.



3.3 Screened comorbidities

We screened patients for ME/CFS, GJH, and orthostatic intolerance. A majority of patients with LC reported ME/CFS symptoms (58.3%) compared to controls (0%) (p < 0.001) (Table 4). A similar proportion of patients with co-occurring LC and ME/CFS were female (59.7%) vs. male (53.3%) (p = 0.45) We found that around 27% of patients with LC reported GJH compared to only 10% of controls (p = 0.026) (Table 4). Most of the patients with co-occurring LC and GJH were female (90.5%) vs. male (9.5%) (p < 0.0001), and all controls with a positive screen were female (Table 4). LC patients reported orthostatic intolerance symptoms with a score of 4.0 after COVID compared to a score of 0 for controls (p < 0.001) (Table 2). Both males and females with LC had a score of 4.0 for orthostatic intolerance symptoms (p = 0.19).




4 Discussion

Our research demonstrates statistically significant reporting of new diagnoses or worsening of existing conditions following COVID-19 infection present across almost every organ system surveyed in LC compared to controls. Of the major systems and comorbidities that we examined in this study, ones that were new or worse in patients with LC vs. COVID controls were pain (94.4), neurological (92.4%), sleep (82.8%), skin (69.8%), genitourinary (60.6%), allergies/sensitivities/intolerances (31.8%), mood disorders (31.6%), sensitivity to medications (22.5%), gastrointestinal disorders (21.9%), viral reactivation (e.g., Epstein–Barr virus, herpesvirus, or other viruses) (18.7%), autoimmune diagnoses (16.2%), mast cell issues (16.2%), pulmonary disorders (15.8%), cardiac disorders (12.1%), and vascular compression syndromes (3.6%).

Notably, LC patients were more likely to screen positive for ME/CFS, orthostatic intolerance, or GJH than to report being formally diagnosed with one of these conditions. Almost 60% of our patients diagnosed with LC also met IOM/NAM ME/CFS 2015 criteria (41). This finding is consistent with other studies that reported 43–58% of patients with LC have ME/CFS (26–28). We also found that around 30% of LC patients had a positive screen for GJH according to the self-assessment 5-questions for hypermobility (42).


4.1 Comorbidities in LC and related conditions

Our study supports much of the current literature surrounding different comorbidities in LC, ME/CFS, orthostatic intolerance, hypermobile conditions, and related complex chronic disease. Having found that 30% of our LC respondents screened positive for GJH, our findings correspond to a recent UK study of 2,854 patients that also assessed GJH using the self-assessment 5-part hypermobility questionnaire that found that GJH was associated with a 30% increased risk of developing LC (46).

The most frequently reported symptoms in this study were pain and neurologic symptoms/conditions. The development of fatigue, chronic widespread pain, and muscle/joint pain are all common to LC, ME/CFS, fibromyalgia and hEDS/HSD (30, 47–49). New onset or worsening chronic pain has a prevalence of 45–70% across multiple studies of LC patients (50). A cross-sectional survey study of adults with LC in Bangladesh (n = 563) identified five types of commonly occurring pain in LC: muscle pain, chest pain, joint pain, headache, and abdominal pain, all of which were associated with a reduction in quality of life (51). Pre-existing chronic pain conditions are also risk factors for developing LC. In a retrospective EHR study of people with acute COVID (n = 1,038,402), having a chronic pain condition such as fibromyalgia, endometriosis, or irritable bowel syndrome increased the risk of developing LC by 1.47 (95% CI = 1.46, 1.47) (52). Our team also recently found that around 70% of patients seen at the Mayo Florida EDS Clinic are diagnosed with fibromyalgia, indicating high overlap between hEDS, HSD and fibromyalgia (39).

Multiple studies have found that a high percentage of LC patients also have ME/CFS (26–30). Craniocervical disease, Arnold Chiari malformations, idiopathic intracranial hypertension, and other spinal structural and flow issues have been associated with ME/CFS, fibromyalgia, and connective tissue disorders previously (35, 53–57). Additionally, an estimated 50–81% of people with ME/CFS have hypermobility (35, 58). Joint hypermobility disorders themselves are strongly associated with autonomic dysfunction, including chronic orthostatic intolerance and POTS in up to 48% of patients with hEDS/HSD, as well as headaches of various origin (59–64). Neurodivergent conditions including ADHD and autism also have a higher prevalence in people with joint hypermobility (43, 65, 66).

Orthostatic intolerance was frequent both with self-reporting and screening questions in LC. Previous studies have found that around 30–80% of LC patients fulfill the criteria for POTS (29, 67). Patients with LC can also have evidence of autonomic dysfunction including reduced cerebral blood flow and symptoms of orthostatic intolerance on a tilt table test without meeting the heart rate criteria for POTS (68). GJH, hEDS and HSD are strongly associated with autonomic dysfunction, with chronic orthostatic intolerance and POTS found in up to 48% of patients with hEDS/HSD (59–64).

Multiple studies have also found that sleep dysfunction is common in LC patients. A survey study of adults with LC at the Cleveland Clinic found that 58.7% of patients reported normal to mild sleep disturbances, and 41.3% reported moderate to severe sleep disturbances (69). In a separate retrospective survey of LC patients, 82.3% reported poor sleep quality (70). Almost half of subjects involved in a study assessing the effects of altered brain perfusion and oxygen levels in LC reported daytime sleepiness, differentiated from LC fatigue (71). Sleep disorders and dysfunction, including non-restorative sleep, are also prevalent in ME/CFS, fibromyalgia, and hEDS/HSD (41, 72–74).

Among patients with recent COVID-19, the frequently reported skin conditions include maculopapular rashes, urticarial lesions, and chilblains (75). LC patients report a range of skin conditions in clinic, however these are not well documented in the literature, thereby making our study one of the first to assess overlapping dermatologic involvement. Skin conditions are also present in hEDS and mast cell activation syndrome (MCAS). In hEDS, skin manifestations include soft skin, hematomas, atrophic scars, piezogenic pedal papules, and cutaneous stretchability (76). Skin manifestations of MCAS include flushing, pruritus, hives, and angioedema, and non-diagnostic skin manifestations include dermographism, urticaria, rashes, edema, alopecia, poor healing, and onychodystrophy (77). More research is needed on the causes, duration, and type of skin lesions in LC.

Our findings also align with research on genitourinary and reproductive health in LC. LC patients have an increased risk for several reproductive health conditions, many of which are also elevated in people with EDS, ME/CFS, or POTS (78). Women with endometriosis had an elevated risk for developing LC in a large EHR study of non-hospitalized LC patients (48). Similarly, multiple studies have found that endometriosis is elevated in women with EDS, ME/CFS, and POTS compared to general population prevalence (78, 79). Women with PCOS in a large population based cohort study had a 28% increased risk for COVID-19 infection after accounting for age and BMI, and PCOS is also elevated in ME/CFS and POTS (78, 80).

The development of autoimmune conditions was also more common after COVID for people diagnosed with LC compared to controls. As of June 2024, following this study’s period of data collection, the presence of autoimmune disorders are included in the definition of LC (4). Autoimmunity has been proposed to play a role in LC even without coexisting diagnosis of conditions that are already established as autoimmune, as suggested by basic science research (81–83). Additionally, two EHR studies of adult Korean and Japanese patients found that COVID-19 is associated with a significant risk for developing autoimmune and autoinflammatory connective tissue disorders (84, 85).

Finally, our study confirms that allergies, sensitivities, and intolerances are common in LC. Allergies and sensitivities to environmental and food antigens are common in ME/CFS, and are included in both the Canadian Consensus Criteria and International Consensus Criteria for diagnosis of ME/CFS (86, 87). In an online survey of Dutch (n = 337) and US (n = 252) ME/CFS patients, 19.1% of the Dutch cohort and 46.8% of the US cohort reported “sensitivity to smells, food, medications, or chemicals” (88). These new and worsening sensitivities and intolerances have been theorized to be due to mast cell hyperactivation including MCAS (89–91).



4.2 Emerging mechanisms

Given the widespread effects of LC on the body, it stands to reason that key underlying mechanisms behind this disease would have the ability to affect multiple organ systems simultaneously. While there is no consensus on the etiology of LC, many theories have emerged (13, 38, 92). Proposed underlying pathologies in addition to immune and neurologic dysregulation have included mast cell disease, endothelial dysfunction and other sequelae of vascular damage, viral reactivation, and mitochondrial impairment, all of which were self-reported as occurring more frequently in people with LC than controls in our study (7, 93, 94). Research groups are increasingly evaluating the role of these pathologies in the context of LC and as related to each other, as well as in other infection-associated chronic conditions (93, 95).

Female sex, and particularly pre-menopausal status, have been associated with LC and conditions of hypermobility, orthostatic intolerance, and ME/CFS (12, 51, 96–99). Low testosterone has also been found to be a risk factor for developing LC (1, 100). Variances in hormonal composition has therefore become an area of interest in understanding the development of infection-associated chronic illness. There are key hormonal as well as chromosomal and metabolic factors that significantly impact both innate and adaptive immune responses to infection, and while such differences can be protective in the context of an acute infection, they may provide a double-edged sword that increases risk for infection-associated chronic illness (101). This may also relate to why a majority of autoimmune diseases, such as Sjogren’s syndrome and systemic erythematous lupus, occur more frequently in females than males, given how autoimmune diseases can themselves be triggered by infections (102–107).

Viral and other microbial infections are strongly linked to the development of ME/CFS, with 70–80% of patients reporting having had a viral infection just prior to the development of symptoms (21–25). Viral infections and viral particles could lead to persistent activation of the innate immune response. Additionally, many viruses are known to localize to mitochondria and utilize mitochondrial machinery for viral replication including SARS-CoV-2, which could lead to mitochondrial dysfunction in numerous cell types and organs (94, 108–116). This corresponds to mitochondrial dysfunction being a hallmark pathology of ME/CFS, and likely LC (38, 93). Oxidative stress, reduced perfusion to tissue, and metabolic dysfunction are additional emerging pathologies that could conceivably contribute to extracellular membrane and connective tissue breakdown (91).

Nervous system involvement is prominent in LC, both as an affected system as well as a mechanism of symptom development. Autonomic dysfunction, observed at higher rates in LC, ME/CFS, and hEDS/HSD, and often manifesting as dysregulated heart rate and blood pressure control, directly contributes to the fatigue, exercise intolerance, and orthostatic symptoms seen in many patients (7, 29, 61, 68, 93, 117). Autoantibodies have also been found in the context of dysautonomia, adding to inflammatory aggravation (82). Small fiber neuropathy commonly coexists with hypermobility and autonomic disorders, contributing to dysthesias and thermodysregulation as well (61). Insular cortex hyperactivation has also been noted across hypermobility, neurodevelopmental conditions such as autism, and dysautonomia, and multiple brain signaling abnormalities have been described in ME/CFS including of the brainstem (93, 118, 119). Advanced neuroimaging has demonstrated altered neurochemical milieu and neuroinflammation in ME/CFS and LC (120–122). Central sensitization syndrome has been proposed as a potential theory behind neurologic symptomatology, but has fallen out of favor given its inability to account for major manifestations such as post-exertional malaise as well as the demonstrated presence of the aformentioned neurologic and immunologic contributors (7, 8, 50, 123, 124).

Hyperactivation of mast cells is a likely mechanism that may link LC, hEDS/HSD, ME/CFS, POTS, and multiple other co-occurring conditions (125–128). Mast cells are antigen presenting cells found throughout the body that activate in response to infections and toxins (129). Mast cells may be activated by SARS-CoV-2 because they express receptors for viral entry, including H1, ACE2, TMPRSS2, NRP1, integrins and cathepsins (126, 127, 130). They then promote proinflammatory T helper (Th)2 responses and Toll-like receptor (TLR)4 induced interleukin (IL)-1β, which has been found to be elevated in LC patients (131–134). A Th2-type immune environment allows viral infections to have an advantage and/or persist, because Th1-type immune responses are needed to clear viral infections (131, 135). Aberrant mast cell activation has also been implicated in exacerbation of autonomic symptoms (136). In particular, mast cells have been found to activate the vagus nerve by release of IL-1β and tumor necrosis factor (TNF) (137, 138). Mast cells are also involved in thromboembolic responses that mediate many poor outcomes in COVID-19 (126, 127). Mast cell hyperactivation is also observed in patients with hEDS/HSD where they respond to defective connective tissue and promote the breakdown of extracellular matrix/connective tissue. Importantly, mast cell numbers and function differ by sex and genetic background, which may partly explain the frequency of LC, ME/CFS, and hEDS/HSD in White females (127, 139, 140).

Finally, tissue laxity worsened by the presence of inflammation may contribute to structural and vascular conditions (53, 56). The inherent connective tissue abnormalities in hEDS/HSD and related conditions can lead to vascular and structural instability. This laxity may impair structural integrity of blood vessels, leading to venous pooling and subsequent orthostatic intolerance. Patients with hEDS and HSD frequently exhibit signs of altered baroreflex sensitivity and increased sympathetic activity, issues that can impair normal autonomic responses to postural and environmental changes (61, 63). Orthostatic flow dysfunction via stasis of venous flow and pressurization, with concomitant venous hypovolemia above the pelvis, has been hypothesized to play a role in patients with pelvic pain secondary to pelvic congestion syndromes (141–143). A newer phenotype along the idiopathic intracranial hypertension spectrum, cerebral venous outflow disorders, was recently described with a high co-occurrence in connective tissue disorders and especially EDS (57). Therefore, it is reasonable to consider the potential contribution of vascular and spinal compression syndromes in LC.



4.3 Future research

The multiple intertwined pathophysiologic processes in LC underscores the need for comprehensive research to unravel the precise mechanisms and develop targeted therapeutic strategies. Future research should also explore the frequency of coexisting conditions across the different topics surveyed here, including the order and timeline in which these typically develop, to see if certain diagnoses are more likely to create a risk of or co-develop within LC. Future research should further study mechanisms in LC and similar infection-associated chronic illnesses. Areas could include, but are not limited to, examining the role of breakdown of connective tissue in these illnesses; immune dysfunction (such as mast cell activation), autoimmunity, and chronic inflammation; metabolic and mitochondrial dysfunction; sex and hormonal differences; tissue hypoperfusion; nutrient and mineral depletion; and persistent infections. The true prevalence of the lesser studied pathologies should be better elucidated as well. While our study suggests that potentially critical pathologies such as vascular and endothelial dysfunction, mast cell activation, viral reactivation, and structural/outflow contributors are starting to be discussed with patients, it is likely that involvement of these pathologies are underestimated.



4.4 Clinical implications

A strength of our survey is that we simultaneously assessed for numerous potential coexisting conditions. Our findings bring to question the impact of potential underdiagnosis of associated conditions by clinicians. While there are no formal guidelines or approved treatments currently for management of LC, people living with LC may find symptom improvement through management correlating with correctly identified coexisting pathologies and conditions. Long COVID clinics also specializing in connective tissue disorders, ME/CFS, POTS, fibromyalgia, mast cell activation, and associated conditions have effectively applied similar principles to the appropriate LC patients (13, 144, 145).

For example, people with LC identified to have features of post-exertional malaise, often associated with ME/CFS, can benefit from applying a pacing activity management strategy (28, 146, 147). Other non-pharmacologic interventions beneficial for post-exertional malaise, sensory sensitivity, orthostatic intolerance, and other symptoms may also be easily trialed by patients if present (98, 145, 148). People with LC and commonly overlapping illnesses, such as ME/CFS and POTS, should be screened for connective tissue disorders and vice versa. Screening for hypermobile tendencies may open opportunities for management and reduction in joint instability and chronic pain, dysautonomia, and other symptoms.

Similarly, therapeutics employed in overlapping conditions may be harnessed for LC (149). Pharmacologic options utilized in POTS may be helpful in cases of orthostatic intolerance as well as those meeting POTS criteria, as can fibromyalgia medications for pain associated with LC (7, 13, 98). Mast cell therapies and agents that improve endothelial dysfunction have also been associated with symptom improvement in LC (7, 13, 150, 151). Low-dose naltrexone has been helpful in patients with LC, ME/CFS, fibromyalgia, POTS, autism, MCAS, hypermobility, and autoimmune disorders. The beneficial effects of LDN may be secondary to neuroimmune attenuating effects which may further suggest potential overlapping pathologies of these conditions (13, 152–160). Identifying conditions or syndromes with autoimmune associations that could follow COVID-19 infection can allow for informed trials of immunomodulatory therapy (144, 161–166). The role of antimicrobials in managing infection-associated chronic illness is under investigation (144). Identification of structural contributors that are amenable to intervention may alleviate symptoms in select cases (56, 141, 142, 167).

Clinicians suspecting LC should apply the current ICD-10 code, U09.9—Post COVID-19 condition along with the code M35.89 for “other specified systemic involvement of connective tissue” related to COVID-19 if applicable (168, 169). Accordingly, diagnostic codes for overlapping conditions as mentioned here, such as ME/CFS (G93.32) and OI/POTS (G90.A) should also be considered. Additional diagnostic codes are being developed for coexisting pathologies. Use of these codes can improve electronic capture, thereby allowing for more accurate research and management related to these groups.



4.5 Limitations

Our study has several limitations. Both study sites were part of a single tertiary/quaternary care center and as such the findings from this cohort of patients may not represent all patient populations. The disparity in representation is also evident in that 93.9% of LC respondents were White. Controls were based only in Minnesota while LC patients were seen at both Minnesota and Florida sites and could be from any location, and there were no responses from non-White individuals for the control group. Furthermore, the control group utilized for this study was limited in number and, consequently, the study had uneven sample sizes. It is possible that severe symptoms affected the ability of some LC patients to participate in the call for survey responses. All participants in this study were at least 3 months from a COVID infection; however, the specific length of LC and whether the patient had multiple infections were not recorded. Although our survey population was aged similar to other studies at an average of 52 years, this could lead to a lower percentage of GJH being reported as GJH reduces dramatically post-menopause. The primarily female sample reflects the female predominance in infection-associated chronic illness groups, however a larger, more balanced sample would be better powered to assess sex differences within systems.

This is a survey-based study which is inherently limited by the recollection of participants regarding symptoms and diagnoses. It is important to acknowledge however that a number of the conditions evaluated in this survey are also only recently being recognized by many infection-associated chronic illness experts, and as such likely underdiagnosed even in our study population. As such, respondents who were evaluated more recently may have been more likely to receive diagnoses based on growing knowledge and recognition of certain comorbidities, compared to those evaluated much earlier in the rise of LC. The screening instruments incorporated into the survey are also insufficient to independently establish a formal diagnosis. Although inclusion of EHR data may have offered additional information, EHR data are especially fallible in the context of new and emerging diseases that may not have associated ICD coding yet.




5 Conclusion

In this study, we identified that a number of symptoms and comorbidities are new or worse following SARS-CoV-2 infection in patients diagnosed with LC compared to controls. The LC patients in this study also had similar co-occurrence of ME/CFS, GJH and orthostatic intolerance as other studies. Our paper provides a foundation to examine these relationships further. These findings highlight the presence of multiple underrecognized conditions in the context of LC, especially those involving autonomic dysfunction, connective tissue compromise and immune dysregulation. As the prevalence of different pathologies and conditions is better characterized in LC, research can further elucidate mechanisms that offer the potential for more effective treatments.



Software

Study data were collected and managed using REDCap electronic data capture tools hosted at Mayo Clinic. 1, 2 REDCap (Research Electronic Data Capture) is a secure, web-based software platform designed to support data capture for research studies, providing (1) an intuitive interface for validated data capture; (2) audit trails for tracking data manipulation and export procedures; (3) automated export procedures for seamless data downloads to common statistical packages; and (4) procedures for data integration and interoperability with external sources (170, 171).
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Extra-articular symptoms, including headaches, are frequently encountered in patients with Ehlers-Danlos syndrome (EDS) and hypermobility spectrum disorders (HSD), and may be the presenting complaint. Migraine is reported in up to three quarters of patients with symptomatic joint hypermobility, have a higher headache frequency, and an earlier age of onset compared to the general population. Orthostatic headache is an important presentation, and should raise suspicion of an underlying spinal cerebrospinal fluid leak, dysautonomia, and craniocervical pathology, which are all associated with heritable connective tissue disorders (HCTD) including EDS. Any proposed invasive procedure should be scrupulously balanced against its potential risks, taking into account the type of EDS (e.g., vascular EDS) and its systemic manifestations. This is particularly pertinent when suspecting craniocervical instability since it remains a controversial diagnosis with a limited treatment evidence-base. This article reviews the commonly encountered headache disorders in patients with joint hypermobility-related conditions with a focus on EDS and HSD, describes their diverse presentations, and an overview of the recommended management strategies. It also emphasises the need for increased awareness of comorbid conditions in EDS and HSD among clinicians treating headaches to ensure a patient-tailored approach and facilitate a multidisciplinary approach in managing often complex cases.
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Introduction

The Ehlers-Danlos syndromes (EDS) are a heterogenous group of heritable connective tissue disorders (HCTDs) characterised by excessive joint laxity and instability, musculoskeletal pathologies including joint and soft tissue injury and skeletal deformities, skin hyperextensibility and ease of injury, and other tissue fragility including visceral organ and vascular rupture. The 2017 update in nosology identifies 13 types based on major and minor phenotypic features and pathological genetic variants that affect collagen and extracellular matrix related proteins (1). Hypermobile EDS (hEDS) is the most common type of EDS, accounting for up to 90% of cases (2). Although hEDS appears to have an autosomal dominant pattern of inheritance, unlike the other types of EDS no pathological gene variants have yet been identified and clinical findings form the basis for the diagnosis (1).

Diagnosis of hEDS requires evidence of generalised joint hypermobility and two or more of: (A) systemic manifestations of a generalised HCTD; (B) positive family history of hEDS; and (C) evidence of musculoskeletal complications. Diagnosis also requires the exclusion of other mimics, including other forms of EDS and HCTDs. For a larger group of patients who have symptomatic joint hypermobility but do not satisfy the diagnostic criteria for EDS, including hEDS, the term hypermobility spectrum disorders is used (HSD) (1).

HSD is divided into four categories: (A) generalised (G-HSD); (B) peripheral (P-HSD); (C) localised (L-HSD); and (D) historic (H-HSD). G-HSD is characterised by evidence of generalised hypermobility, which is assessed on the Beighton scoring system. Joint hypermobility limited to hands and feet is labelled as P-HSD, while involvement of a single joint, or group of joints in the same region, is labelled as L-HSD. Patients who self-report historical generalised joint hypermobility using the five-point questionnaire (5PQ) without current evidence of it on Beighton scoring system are classified as H-HSD. All subtypes require presence of at least one secondary musculoskeletal manifestation which include joint subluxations and dislocations, impaired proprioception, persistent/chronic pain, early joint degeneration, and evidence of soft tissue injury (3).

The combined prevalence of EDS and HSD is estimated to be 1 in 500, with HSD being more common than EDS (4, 5).

Clinical presentation is not limited to musculoskeletal symptoms (6). Patients frequently experience extra-articular manifestations of hEDS and HSD which include neurological (e.g., headache disorders), autonomic (e.g., postural tachycardia syndrome (PoTS)), psychological (e.g., anxiety and depression), gastrointestinal (e.g., abdominal pain, and slow gut transit), genitourinary (e.g., pelvic-girdle pain, and prolapse), cardiovascular (e.g., mitral valve prolapse), respiratory (e.g., dyspnoea, and apnoea), immunological (e.g., mast cell activation syndrome), and multisystemic (e.g., fatigue) presentations (7, 8).

Headaches are not only common in patients with hEDS and HSD but are frequently the presenting complaint and the cause of significant disability. One study reported almost a third of the hypermobile cohort had a head and/or neck symptom as their primary complaint, with migraine being the commonest headache type accounting for 82.5% of the diagnoses (9). Headache disorders are ranked third by the World Health Organisation for the overall neurological disease burden (10). They are a high additional burden of disability in a population that is frequently young and affected by multiple other systemic concerns.

The timely and accurate diagnosis, along with early introduction of treatment is hindered by a gap in knowledge and limited awareness among clinicians regarding the various headache disorders associated with joint hypermobility. This article aims to provide a clinical overview of the headache disorders frequently associated with joint hypermobility and describe practical approaches to their management.



Headache disorders in hEDS and HSD


Migraine

Migraine is diagnosed using the International Classification of Headache Disorders 3 (ICHD-3) and is sub-divided based on whether attacks are associated with an aura and their frequency. Headache attacks occurring on ≥15 days per month for more than 3 months, with migrainous features on at least 8 days per month, is classified as chronic migraine.

Migraine attacks can be divided into four phases, based on their temporal relationship to the headache phase. First is the premonitory phase, which is reported by around 80% of the patients and can occur up to 2 days prior to the headache. It encompasses a variety of symptoms including mood disturbance and irritability, yawning, polyuria, food cravings, photosensitivity, and neck pain.

The next phase is aura, which can precede or accompany the headache phase. The underlying mechanism remains a subject of debate, but the most widely accepted hypothesis is that of a cortical spreading depolarisation. Aura affects around 30% of the patients and tends to have a gradual evolution over 5–30 min. Typically, an aura should not last over an hour. Types of auras includes visual, sensory, language, motor, brainstem and retinal (11, 12).

The headache phase, mediated via the trigeminovascular pathway, is characterised by a throbbing or pulsatile headache that is often unilateral and is aggravated by movement. It is associated with symptoms of nausea, vomiting, photophobia and phonophobia. Headaches typically last between 4 to 72 h. The migraine attack ends with the postdromal phase, where over 80% of patients report symptoms in the 24 to 48 h following resolution of headaches. This includes fatigue, difficulty concentrating, and neck stiffness (12).

A global review of headache disorders reported migraine prevalence to be 14% (13). Chronic migraine affects approximately 2% of the population (14). Prevalence of migraine in hypermobile patients is markedly higher than the general population with estimates between 40 and 75% (15–17). A retrospective study reviewing self-reported symptoms and comorbidities of 733 patients from an EDS clinic noted migraine in 42.5% of patients with HSD/hEDS, and chronic migraine in 13.8%. In patients who had both HSD/hEDS and fibromyalgia, migraine was reported in 63.8% and chronic migraine in 34.1% (18). Acknowledging the limitations of this study, it highlights the high disease burden from headache disorders in hypermobile patients. Hypermobile patients have also been reported to experience a greater frequency of attacks, have a greater associated disability, and a younger age at onset of migraine compared to the general population (19).

Management of migraine is multifaceted. Broadly, it can be divided into non-pharmacological treatment, pharmacological treatment, and neuromodulation. Non-pharmacological options include lifestyle modification, trigger avoidance (e.g., sleep deprivation, dehydration, missed meals) and neuropsychology. Pharmacological treatment options are divided into abortive and preventative treatment. Abortive treatment consists of combination therapy in the form of a triptan, anti-emetic (prokinetic agent) and a non-steroidal anti-inflammatory drug (NSAID)/paracetamol. With the recent advent of drugs targeting calcitonin gene-related peptide (CGRP), CGRP receptor antagonists (e.g., Rimegepant) also have a role in abortive management, particularly for those patients for whom triptans are contraindicated.

Hypermobile patients are at risk of developing medication overuse headache (MOH) due to a higher prevalence of headache disorders and presence of comorbid non-headache pain conditions (e.g., widespread musculoskeletal pain, abdominal, and pelvic pain). MOH is a headache occurring on 15 or more days per month in a patient with pre-existing primary headache disorder that develops as a result of regular analgesic overuse. Use of opiates/triptans on 10 or more days per month and/or paracetamol/NSAIDs on 15 or more days per month predisposes to MOH. MOH can contribute to the transformation of episodic migraine into chronic. In fact, approximately 50% of patients diagnosed with chronic migraine would revert to episodic migraine on analgesic withdrawal (20). CGRP receptor antagonists may be a useful option in patients who do use abortive agents frequently for their migraine since they have not been associated with the development of MOH (21).

Treatment of MOH involves complete cessation of the causative analgesic(s) and initiation of preventative treatment for the underlying primary headache disorder, if not already done so. In the absence of robust evidence to guide the speed of treatment withdrawal, the authors recommend a gradual approach in patients where the offending drug is an opiate as the withdrawal symptoms can be significant (22). It is important to warn the patient that the headache may initially worsen before improving regardless of whether the cessation is gradual or abrupt. Withdrawal headache can last between 2 and 10 days from time of complete withdrawal. A greater occipital nerve (GON) block to bridge this period may be helpful. Improvement of baseline headache can take up to 3 months.

Preventative treatment is considered in patients with >3 headache days/month, or highly disabling headaches. The aim of preventative treatment is to reduce the frequency and severity of headaches. Complete resolution of headaches is unrealistic and should be discussed with patients. The authors recommend continuing a target dose for at least 3 months, unless side-effects intervene. If efficacious (>30% improvement in severity and/or frequency), a patient can be weaned off the drug after 12 months.

It is imperative comorbidities are considered when prescribing a preventative agent. This is particularly true in hypermobile patients due to associations with dysautonomia (e.g., PoTS and Raynaud’s phenomenon), mood disorders, gastrointestinal disorders (e.g., slow transit constipation), and cognitive perturbance, which can contraindicate the use of several commonly used agents (Table 1).



TABLE 1 Migraine preventative agents and their side-effect profiles.
[image: Table showing various drugs categorized by type, maximum dosage, and side-effects or cautions. Categories include anti-epileptic, antidepressants, anti-hypertensives, beta-blockers, others, injectables, CGRP monoclonal antibodies, gepants, and supplements. Each drug lists its max dose and possible side effects such as weight gain, constipation, bradycardia, and more specific cautions like renal impairment and hypersensitivity reactions. Detailed dosage variations, such as once daily or three times monthly, are noted for injectables.]

Lastly, neurostimulation forms the final part of migraine management algorithm. Within non-invasive neurostimulation options, external trigeminal neurostimulation using the Cefaly device and single pulse transcranial magnetic stimulation (sTMS) can be utilised for abortive treatment, with recent evidence also supporting their uses for migraine prevention. Occipital nerve stimulation (ONS) has a role as preventative treatment in chronic migraine. ONS involves implantation of suboccipital electrodes that are connected to an implanted pulse generator in the chest or abdomen. Potential complications with ONS include infection, skin erosion, lead migration, lead fracture, persistent pain around implant site, haemorrhage, and nerve damage. Careful consideration is needed when pursuing ONS in a subset of hypermobility patients with poor wound healing and tissue fragility due to risk of significant complications.



Orthostatic headaches

Headaches are described as orthostatic when there is a postural component to them. The headaches are exacerbated or triggered by assumption of an upright position, and either improve or resolve with recumbency. Although there is currently no consensus or evidence-base for how rapid the onset and/or offset needs to be for it to constitute an orthostatic headache, headache of this quality in a patient raises the possibility of cerebrospinal fluid (CSF) hypovolaemia (spontaneous or iatrogenic), PoTS, craniocervical instability (CCI), migraine, or paradoxical presentation of idiopathic intracranial hypertension (IIH) (23). Except for iatrogenic CSF leak, all of these differential diagnoses (Table 2) are associated with hEDS/HSD and are therefore of great relevance when reviewing a hypermobile patient with headaches (24).



TABLE 2 Differentials for orthostatic headaches in patients with EDS.
[image: Table listing medical conditions with associated clinical and diagnostic notes. Conditions include spontaneous intracranial hypotension, postural tachycardia syndrome, chronic migraine, and craniocervical instability. Clinical notes describe symptoms like thunderclap headaches and orthostatic intolerance. Diagnostic notes reference tests such as MRI and active stand tests for evidence of underlying issues like bilateral subdural collections and abnormal CT/MRI results. Abbreviations used include FTD for frontotemporal dementia and SIH for spontaneous intracranial hypotension.]


Postural tachycardia syndrome

The association between joint hypermobility and dysautonomia is increasingly recognised (25, 26). Presentations of dysautonomia include PoTS, orthostatic intolerance, neuro-cardiogenic syncope, orthostatic hypotension, and Raynaud’s phenomenon. Prevalence of dysautonomia in EDS has been reported to be as high as 78% in the literature, highlighting the enormity of the problem among hypermobile cohort (27). One study found 71% of the EDS cohort that suffered from headaches also had a diagnosis of autonomic dysfunction, suggesting a possible causal association (28).

Of the various presentations of dysautonomia, PoTS in particular is associated with orthostatic headaches (29). It represents a highly disabling condition that is defined by a combination of exaggerated increase in heart rate on standing and associated symptoms of orthostatic intolerance. Diagnosis requires a sustained rise in heart rate of >30 beats per minute (bpm) in adults, and over 40 bpm in adolescents and children (<20 years of age), within 10 min of standing or head-up tilt (HUT). Symptoms of orthostatic intolerance include headache, light headedness, presyncope, palpitations, chest pain, dyspnoea, and tremulousness. There may be a preceding history of viral illness (up to 20–50%), vaccination, prolong period of bedrest, or a history of joint hypermobility (30, 31). Symptoms are frequently worse on first waking up and are exacerbated by hot temperature, fever, dehydration, and standing up for long duration.

PoTS has long been listed as a differential for patients presenting with orthostatic headache and has also been well described in the scientific literature. A prospective study of 24 consecutive patients with PoTS evaluated the presence of headaches during HUT. Fourteen patients had orthostatic headaches during daily activity, while 15 developed orthostatic headaches during HUT (29). Heyer and colleagues also proposed orthostatic headache as a predictive symptom for PoTS. In this study, authors reviewed adolescents referred to the unit for tilt-table testing and found that 33 out of 37 patients with PoTS had an orthostatic headache, compared to seven out of 33 patients without PoTS. This translated to pre-test sensitivity of 89.2% and specificity of 78.8% (32). In a systematic review by Ray et al., the prevalence of orthostatic headache in PoTS was reported in only four eligible studies and ranged between 2.2–58.3% (33).

The exact mechanism behind increased prevalence of PoTS in hypermobile patients remains elusive. One of the more accepted hypotheses relates to excessive distensibility of the veins, due to the underlying HCTD, leading to venous pooling and reduced venous return. This in turn results in a lower cardiac output stimulating reflex tachycardia and orthostatic intolerance. Due to the increased prevalence of small fibre neuropathy in EDS, this has also been speculated to be a potential cause of dysautonomia. Other possible causes include a hyperadrenergic state, excessive histamine-induced vasodilation possibly in context of comorbid mast cell activation syndrome, as well as use of vasoactive drugs (e.g., tricyclic antidepressants and opiates) again due to comorbid conditions in hypermobile patients. The pathophysiological basis of headache in PoTS is even less clear and there is need for further research (34, 35).

In hypermobile patients presenting with an orthostatic headache, there should be a low threshold in screening for PoTS. An active stand test is a simple to do and effective. It involves checking heart rate and blood pressure after lying flat for at least 15 min, before serial measurements on becoming upright after 0, 2, 5, and 10 min. The patient is asked to stand quietly and remain still. Due to recognised limitations, including the influence of factors such as fluid and fasting status, and intake of caffeine or nicotine, the authors’ practice is to acquire multiple readings over multiple days and different times of the day. If the readings approach the arbitrary threshold for a diagnosis of PoTS, and self-management treatments do not sufficiently help, patients are referred to a specialist autonomic or cardiology service for tilt-table testing to facilitate a formal diagnosis and instigate appropriate management.

The lack of research in the field means there is no evidence-base to guide use of specific headache treatments in people with orthostatic headache. Management is directed at optimising PoTS through non-pharmacological and pharmacological interventions. Non-pharmacological interventions include expansion of intravascular volume (intake of 2–3 litres of water and 10–12 grams of salt per day), lifestyle modification (limit amount of time spent lying down, and improve sleep hygiene), functional movement and other exercise programmes, and use of compression clothing (33).

Pharmacological treatment is aimed at management of symptoms rather than disease-modification. Medications are divided by mechanism of action into volume expanders, negative chronotropes, vasopressors, and sympatholytic agents. Medication choice is tailored to the needs of each patient. For example, propranolol is considered if tachycardia and palpitations are the prominent symptoms, whereas midodrine might be considered in those with a less severe tachycardia and where light-headedness from hypotension rather than palpitations is the predominant concern (36). From the authors’ experience, orthostatic headache often, but not invariably, improves with optimisation of PoTS, however, as this is a chronic condition it is also not uncommon for the headaches to flare-up during exacerbations of PoTS.



Spontaneous intracranial hypotension

Spontaneous intracranial hypotension (SIH) is caused by the spinal escape of CSF resulting is CSF hypovolaemia. Three causes are currently recognised: ventral dural tear secondary to herniated calcified disc or an osteophyte, spinal nerve root sleeve leak, and CSF venous fistula (CVF).

The incidence of SIH is estimated to be 5 per 100,000 with a female predilection (2:1) (37). The presence of a HCTD, such as hEDS is considered a risk factor for developing SIH. In one prospective study 18% of the cohort (n = 50) had a HCTD, while another 16% were found to have ‘benign joint hypermobility syndrome’ (BJHS) or isolated features of the HCTDs (38).

Patients typically present with an orthostatic headache, although other headache presentations are well recognised, including second-half-of-the-day and Valsalva-induced headaches. The orthostatic component can be lost with increasing chronicity of the condition and as such the headache history at initial presentation must be carefully revisited and phenotyped to avoid misdiagnosis. Besides headache, migrainous, audiovestibular, cognitive, and musculoskeletal symptoms are very common. Untreated, potential complications include superficial siderosis, bibrachial amyotrophy, cerebral venous sinus thrombosis, and frontotemporal brain sagging syndrome.

The initial work-up consists of contrast-enhanced brain MRI and whole spine MRI for evidence of CSF hypovolaemia and a spinal longitudinal epidural collection (SLEC), respectively. It is recognised that brain MRI can be normal in up to 20% of cases and thus normal MRI does not exclude SIH. As per the consensus guidelines by Cheema and colleagues, we advise against the use of a lumbar puncture (LP) when investigating for SIH since only a third of patients have a low opening pressure of <6 cmH2O, and it risks further exacerbation of symptoms through a post-dural puncture CSF leak (39).

When considering targeted management, localisation of the site of CSF escape is necessary. While standard MRIs have no localising value, they do help in predicting the underlying aetiology. SLEC is usually seen in ventral dural tears and proximal nerve root sleeve leaks and is absent in CVF and distal nerve root sleeve leaks. In turn, this determines the positioning of the patient when proceeding with localising investigations in the form of CT or digital subtraction myelography. Prone position is used for patients with a SLEC, while a lateral decubitus position is utilised in those without. Due to the suboptimal sensitivity of myelographic studies, it is not uncommon to have to repeat them on multiple occasions.

There is a subset of patients, often hypermobile, who have orthostatic headaches and symptoms highly suggestive of SIH, where PoTS has been excluded, but both MRIs and myelograms are consistently negative for evidence of CSF escape. The underlying pathophysiological mechanisms driving the symptoms remain unknown but may relate to increased compliance of the spinal compartment, or reduced CSF outflow resistance (40). Alternatively, a proportion of patients may have an occult CSF leak or fistula. This is supported by the findings from Schievink and colleagues who reported 10% of patients with orthostatic headaches and normal brain MRI and conventional spinal imaging had an underlying CVF on digital subtraction myelogram (41).

Treatment options are divided into conservative and invasive. Conservative management includes bed rest, adequate hydration (2–2.5 litres per day), use of caffeine (oral and/or intravenous), analgesics and abdominal binders, and avoidance of Valsalva manoeuvres. Invasive treatment can be subclassified into non-targeted epidural blood patch (EBP) and targeted treatment. The authors recommend persevering with conservative management for no longer than 2 weeks after the onset of symptoms as it has a relatively low success rate; estimated to be 28% in one meta-analysis (42). It is also recognised that early treatment is associated with improved outcomes (43). If symptoms persist non-targeted EBPs may be recommended. Meta-analysis suggests first epidural blood patch leads to resolution of symptoms in 64% of patients, but this number drops sequentially with repeat procedures. The authors therefore limit EBPs to two and if there is ongoing evidence of CSF hypovolaemia proceed to myelographic studies for localisation (39). If and when the CSF leak is localised, targeted management is pursued, and the type of treatment is dependent on the type of CSF leak. This includes targeted epidural blood patch, fibrin patch, transvenous embolisation, and surgical management.



Craniocervical instability

The craniocervical junction (CCJ) comprises of the occiput, atlas, axis, and its associated group of muscles and ligaments that under normal circumstances allow for a high range of movement while ensuring structural integrity to avoid risk of damage to adjacent nerve roots or the spinal cord (44–46).

CCI is most commonly recognised in context of trauma but is also seen as part of congenital osseous malformation and HCTDs. EDS has recently gained significant attention as a risk factor for the development of CCI. The proposed mechanism behind CCI in EDS has been attributed to excessive ligamentous laxity at the CCJ resulting in atlantoaxial subluxation and cranial settling. This is thought to cause compression and injury to neurological structures near the brainstem, leading to a wide array of symptoms that constitute the cervico-medullary syndrome (CMS) (47–49).

The prevalence of orthostatic headache in CCI is unknown despite CCI being widely considered as a differential diagnosis in orthostatic headaches. The small numbers of published reports also do not phenotype the headaches in detail, preventing meaningful comparison with other causes of orthostatic headaches to help deduce any disease-specific headache characteristics.

When CCI is suspected, a patient should be assessed by a specialist neurosurgical team with experience in managing this condition. Diagnosis is made based on radiological parameters thought to reflect CCI in context of symptoms consistent with CMS. Given CCI symptoms in EDS are often positional and exacerbated by upright posture, dynamic and/or upright (weight-bearing) imaging is performed in the form of CT and MRI (47, 50). Management is frequently guided by symptom severity and associated disability (51). First-line is conservative management (e.g., cervical orthosis and physiotherapy). A lack of response and/or progression of symptoms would be one of the indicators for considering surgical management (48).

CCI as an entity remains a highly controversial topic. There is no way to differentiate between hypermobility and instability (47). The specific radiological measurements used to make the diagnosis are inconsistently applied across the different centres that manage this condition, while no normative data currently exists for these measurements. There is a need for a study in healthy subjects using structural MRI to establish normative data for the commonly used morphometrics in diagnosing CCI. Additionally, further studies utilising upright dynamic MRI are required to ascertain whether hypermobile patients experiencing headaches and/or symptoms potentially related to the brainstem (CMS) exhibit evidence of a hypermobile craniocervical junction, or brainstem compression, compared to hypermobile patients lacking such symptoms.

There is also a lack of signal change seen within the spinal cord on MRI of the patients labelled as CCI to support the current proposed pathophysiology. Furthermore, a significant overlap exists between EDS, PoTS, and migraine. All the symptoms attributed to CCI can potentially be explained by these diagnoses. Thus, CCI is an area that urgently requires further research to ensure there is a strong evidence-base for the diagnosis and management in hypermobile patients.




Cervicogenic headaches

Cervicogenic headache is a secondary headache disorder occurring as the result of a cervical pathology. Recognised causes include, but are not limited to, facet arthropathy, fracture, local infectious and malignant processes (52). Cervical hypermobility and its secondary effects, with or without atlantoaxial instability, have been proposed as the possible mechanism behind cervicogenic headaches in patients with EDS or HSD. Scoliosis is associated with joint hypermobility, and it may also play a role in subjecting the cervical spine to supranormal stress, predisposing to cervical spondylosis and disc herniation, with resultant cervicogenic headache (53).

Headache is frequently centred over the occipital region and is chronic. Neck pain is invariably present, although not necessary for the diagnosis, and there may be associated pain radiating to the shoulder and ipsilateral arm (53, 54). ICHD-3 diagnostic criteria requires a temporal relationship between the headache and the onset of a cervical disorder that is recognised to cause headache, and to improve substantially on resolution of the pathology. Accompanying reduced range of movement and provocation of pain with neck movement are supportive features. Finally, absolute response to diagnostic block is part of the diagnostic criteria (52).

Within the neurology community, diagnosis of cervicogenic headache is controversial. Frequently, the presence of neck pain, in context of cervical tenderness to palpation and exacerbation by neck movement, radiological evidence of spondylosis, or good response to GON/diagnostic nerve blocks are deemed sufficient for the diagnosis of cervicogenic headache. However, it is not without its pitfalls and the diagnosis requires careful consideration as to avoid misdiagnosing patients where a primary headache disorder may be the more likely cause. For example, neck pain is a very common finding in primary headache disorders with a prevalence in migraine of up to 70% (55). Cervical tenderness to palpation has been shown to have poor diagnostic value and myofascial tenderness is frequently seen in patients with migraine (56, 57). Furthermore, a study found no difference in incidence of spondylosis on imaging between patients diagnosed with cervicogenic headache and healthy controls (58). Lastly, response to GON blocks is not specific to cervicogenic headaches and has no diagnostic or localising value. Their role in management of primary headache disorders is well established, including migraine and cluster headaches.

Therefore, while there are anatomical and pathophysiological bases for cervicogenic headaches, associated clinical and radiological features, alongside response to GON blocks, are not specific to the disorder and can frequently be found in, and explained by, other primary headache disorders. This is particularly important in the hypermobile cohort where primary headache disorders such as migraine are highly prevalent.



Temporomandibular joint disorders

Temporomandibular joint disorders (TMD) consist of a group of conditions affecting either the temporomandibular joint (TMJ) or the masticatory muscles. Its incidence peaks between the ages of 20–40 years and has a female predominance (59).

Risk factors for development depends on the type of TMD: intraarticular (TMJ) versus myofascial (masticatory muscles). Risk factors for an intraarticular TMD include articular disc displacement, trauma, osteoarthritis, and inflammatory causes. Joint hypermobility is associated with intraarticular TMD, possibly because of ligamental laxity causing TMJ subluxation, or even complete joint dislocation. Myofascial TMD risk factors include bruxism, mood disorders, autoimmune conditions, and chronic pain disorders. HCTDs, in addition to contributing to intraarticular TMDs, are also associated with a higher prevalence of mood disorders and chronic pain disorders, and may be implicated in the development of both intraarticular and myofascial TMDs (60).

Symptoms of TMDs include pain, TMJ clicking (also crepitations and popping with opening/closing of mouth), limitation of jaw opening, and audiovestibular symptoms (vertigo, tinnitus, and aural fullness). Pain is frequently centred over the temporal region, occipital region, periauricular region, neck and over the TMJ. Pain is typically triggered by function, such as swallowing, talking, and chewing. Palpation can also reveal tender regions (59, 61). TMDs are also associated with an increased prevalence of migraine, chronic daily headaches, and possibly episodic tension type headache (62).

Patients should be assessed by specialists with experience in TMD management such as oral medicine clinicians, oral and maxillofacial surgeons, and ear, nose and throat surgeons. MRI is the gold standard imaging modality for assessment of disc displacement and soft tissue (e.g., synovium and lateral pterygoid muscle) changes. Other imaging modalities include panoramic radiography, plain radiographs, CT and high-resolution ultrasonography (63). Management is multifaceted and includes conservative treatment (e.g., reassurance, patient education, soft diet), physiotherapy (e.g., jaw stretching exercises, posture training), psychology (e.g., cognitive behavioural therapy), pharmacotherapy (e.g., NSAIDs, benzodiazepines, neuropathic agents) and invasive treatment (e.g., intraarticular corticosteroid injection, Botox injections). Conservative management can improve symptoms in 50–90% of patients, while up to 40% of patients gain remission without any intervention (59, 60, 64).



Tension-type headache

Tension-type headache (TTH) is a primary headache disorder characterised by episodes of largely featureless bilateral headaches that are of a mild-to-moderate intensity with a tightening or pressing quality. Under the ICHD-3 diagnostic criteria, it is subclassified based on its frequency (infrequent episodic, frequent episodic, and chronic) and whether it is associated with pericranial tenderness.

TTH is reported to have a global 1-year prevalence of 26.8%, which is higher than that of its main differential, migraine. It is differentiated from migraine through its lack of association with nausea, photophobia and phonophobia. Furthermore, unlike in migraine, autonomic symptoms and aggravation of headache by physical activities are uncommon in TTH.

In clinical practice, distinguishing between the two conditions can be challenging, especially in patients who present with both headache types. Currently, there are no disease-specific radiological investigations or biomarkers, and diagnosis of TTH is based solely on clinical history. Congruent with our own experience, the Spectrum study has reported that a large proportion of headaches labelled as TTH are in fact migraine headaches when assessed by a neurologist, highlighting the importance of carefully reviewing the headache phenotype.

A Danish epidemiologic study identified poor self-rated health, inability to relax after work, few hours of sleep per night, female sex, and young age as risk factors for TTH. Unlike migraine, studies have not shown an increased prevalence of TTH in the hypermobile population. An Iranian observational-analytical study found no significant difference in the frequency of TTH between patients with BJHS and healthy controls. In a retrospective study by Malhotra and colleagues, only 2/140 patients with joint hypermobility had TTH. Similarly, Bendik et al. (17) observed a comparable prevalence of TTH in hypermobile patients and healthy controls but noted a higher TTH attack frequency in the hypermobile cohort. However, the latter study was relatively small, with only 28 hypermobile patients, preventing any definitive conclusions to be drawn.

Due to its milder severity when compared to migraine, patients are less likely to seek medical attention for its management. When management is required, simple analgesics can be utilised for abortive treatment. It is again imperative to consider risk of MOH and this should be discussed with patients. In patients with chronic TTH, oral preventative treatment can also be considered (e.g., amitriptyline or mirtazapine).



Chiari malformation 1

Chiari malformation 1 (CM-1) is the most common type of Chiari malformation with an estimated prevalence of up to 3.6% in MRI-based studies (65). CM-1 is characterised by an abnormally shaped cerebellar tonsils that are displaced below the level of foramen magnum. The general consensus among specialists is that a cerebellar tonsillar displacement of ≥5 millimetres below the foramen magnum is required for a radiological diagnosis (66). Mesodermal or neuroectodermal anomalies form the aetiological basis for the development of CM-1 (67). Milhorat and colleagues reported an overlap between CM-1 and HCTDs with 12.7% of their 2,813 patients with CM-1 meeting the diagnostic criteria for HCDTs, hEDS accounting for over 41% of this overlapping cohort (68).

There is a reported higher female-to-male ratio among CM-1 patients with a background of HCTD, compared to those without. Symptom onset may also be significantly earlier in patients with HCTDs who may first develop symptoms in adolescence (69).

CM-1 can manifest clinically in a variety of ways including headaches, syrinx formation, brainstem syndrome, cerebellar dysfunction, and occasionally hydrocephalus. CM-1 can also be an incidental finding on MRI with no attributable symptoms.

Headache is the most common presentation in CM-1. It is present in up to 81% of patients and is often triggered by Valsalva manoeuvres such as coughing (70). Pain typically involves the occipital region and the neck, with a duration of less than 5 min. The underlying mechanism for Valsalva-induced headache is thought to relate to the perturbed CSF flow at the level of the foramen magnum secondary to tonsillar herniation, but further research is required to ascertain the exact mechanism (71). Besides Valsalva-induced headaches, migraine is reported to have a higher prevalence in CM-1 patients with HCTD than those without HCTD (69). Features of intracranial hypertension may also be present and could indicate development of hydrocephalus.

Syrinx formation is a common complication, with frequency estimated between 35 and 75% in the paediatric CM-1 population (72). It is most commonly located in the cervical spine, and can occasionally extend cranially into the medulla oblongata, resulting in both a spinal cord and a brainstem syndrome.

CM-1 evaluation consists of brain and whole spine MRI. Whole spine MRI is important in assessing for development of syringomyelia (73). Phase contrast MRI is often also utilised to assess for CSF flow across the foramen magnum, which can influence management. In patients who are asymptomatic, conservative management with MRI surveillance can be considered, whereas neurosurgical evaluation for decompressive surgery is considered in those that are symptomatic and/or have evidence of CSF flow obstruction (74, 75). It is imperative that associated systemic comorbidities are given thorough consideration when pursuing surgical management in patients HCTDs to help achieve optimal outcomes. In a patient with EDS knowledge of the specific EDS type is also necessary since elective surgery in patients with vascular EDS, for example, may have potentially life-threatening complications.

A rare, but important, differential diagnosis for CM-1 in the hypermobile cohort is SIH. SIH can present with Valsalva-induced headaches and brain MRI can show pseudo-Chiari malformation as part of brain sagging. Moreover, pseudo-Chiari malformation can also result in syringomyelia, further complicating the clinical picture. The authors recommend a detailed history, focusing particularly on whether there was an orthostatic headache at the onset of the headache. When SIH is suspected, specialist review of brain MRI for evaluation of other radiological features associated with SIH, with consideration of contrast-enhanced brain MRI and whole spine MRI, is critical before proceeding with surgical management for CM-1 (73).



Vascular headache

Some HCTD, including some types of EDS are associated with an increased risk of neurovascular events such as aneurysmal subarachnoid haemorrhage, spontaneous arterial dissection, and carotid cavernous fistula (CCF). A patient presenting with a thunderclap headache, features of meningism, and/or impaired consciousness should raise the suspicion for subarachnoid haemorrhage. Similarly, acute onset of head or facial pain (usually ipsilateral to the dissection), associated neck pain, and focal neurology (e.g., Horner’s syndrome or relating to ischaemic stroke) are concerning features for a cervical artery dissection. Unlike the general population, patients with EDS can develop dissections spontaneously, in absence of a precipitant (1).

Vascular EDS and Marfan syndrome have been linked to the development of CCF (76). There is an aberrant connection between the carotid (internal or external) artery and the cavernous sinus. Presentation is variable depending on the type of fistula (e.g., direct versus indirect, and high versus low flow), but frequently includes headaches and ophthalmic signs. Headaches are often peri-or retro-orbital in location. Although ipsilateral pain is most common, patients can experience bilateral symptoms. Ophthalmic features include pulsatile exophthalmos, conjunctival injection, chemosis, diplopia, elevated intraocular pressure, as well as papilloedema. Early consideration of an underlying vasculopathy related to an HCTD is required as management can be high-risk due to associated vascular fragility.



New daily persistent headache

New daily persistent headache (NDPH) is a rare headache disorder with a distinct onset that is clearly remembered by the patient and becomes continuous within 24 h of onset. The headache needs to persist for over 3 months to fulfil the diagnostic criteria for NDPH. One study estimated 1 year prevalence of NDPH to be 0.03% (77). Studies have linked underlying HCTDs to an increased prevalence of NDPH, including Rozen and colleagues who reported cervical and widespread hypermobility in 11 and 10 patients with NDPH, respectively (78). A more recent study by Cheema and colleagues comparing NDPH and transformed chronic daily headaches (T-CDH), noted a background of joint hypermobility syndrome in 11.2 and 18.5% of their NDPH (n = 366) and T-CDH (n = 696) groups, respectively (79). The vast majority of the T-CDH was composed of patients with chronic migraine (99%).

Around half of patients diagnosed with NDPH recall a triggering event such as a flu-like illness, procedures requiring intubation and period of neck extension, or a stressful event (80). Phenotypically, NDPH can bear characteristics of chronic migraine or chronic tension-type headache. Previous history of migraine or tension-type headache (TTH) does not preclude one from making a diagnosis of NDPH if the criteria for NDPH are also met and there is no history of worsening headache frequency in association with migraine or TTH. The management is guided by the dominant clinical phenotype, although NDPH is frequently refractory to the standard treatments utilised in migraine (79).

Occasionally, spinal CSF leak can present as a NDPH. Presence of an orthostatic quality should be sought when taking a clinical history for a patient with NDPH; when present, there should be a low threshold to investigate for SIH. In patients with a new unilateral daily and persistent headache with prominent autonomic features, a diagnosis of hemicrania continua (a unilateral continuous headache for more than 3 months with episodic headache exacerbations) should be considered.

The pathophysiological basis for NDPH remain poorly understood. Given the phenotypic similarities of NDPH to migraine and TTH, it has been postulated that NDPH represents de-novo, and a persistent, variant of the two conditions. Others have proposed a possible inflammatory aetiology due to the associations with infections including Epstein–Barr virus and herpes simplex virus, as well as elevated levels of tumour necrosis factor alpha in CSF of patients with NDPH (81). Lastly, as described above, cervical hypermobility has also been implicated as a potential cause of NDPH.




Conclusion

Headaches are among the most common extra-articular manifestations in patients with joint hypermobility-related disorders. Both primary and secondary headache disorders are associated with HSD and EDS and require careful consideration (Figure 1) to ensure an early diagnosis and the timely institution of treatment, particularly in the case of secondary headaches. When selecting a treatment option, clinicians must consider the type of EDS and systemic manifestations, as this will influence the choice of intervention. The pathophysiological basis for the increased prevalence of certain headache disorders in EDS and HSD remain poorly understood and there is a need for further research. Proposed factors include cervical hypermobility leading to instability, autonomic dysfunction causing orthostatic intolerance and altered pain perception, and vascular fragility. However, there is a lack of robust data that clearly delineates the causal mechanisms. Understanding the pathophysiology may lead to the development of targeted treatments tailored to patients with EDS or HSD, and guide interdisciplinary approaches to identifying and treating these conditions.

[image: Flowchart outlining headache diagnoses based on type and symptoms. From "Headache onset," branches lead to "Thunderclap," "New persistent headache," and "Other." "Thunderclap" includes subarachnoid hemorrhage, cervical artery dissection, and spontaneous intracranial hypotension. "New persistent headache" covers NDPH, viral triggers, and carotid cavernous fistula. "Other" includes migraine, postural tachycardia syndrome, and Chiari malformation 1.]

FIGURE 1
 Diagnostic algorithm for headache disorders in EDS and HSD. NDPH, new daily persistent headache; MOH, medication overuse headache; SIH, spontaneous intracranial hypotension.
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Background: Upper cervical instability (UCI) is a potentially disabling complication of the connective tissue disorders hypermobile Ehlers-Danlos Syndrome and Hypermobility Spectrum Disorders (hEDS/HSD). UCI can impact various neurological structures, including the brainstem, spinal cord, cranial nerves, and blood supply to and from the brain, resulting in complex neurological signs and symptoms in this population. The current study was an observational study applying recent expert consensus recommendations for physical therapy assessment and management of patients with UCI associated with hEDS/HSD.
Methods: This was a retrospective observational study describing how the clinical decision-making model was used to screen, examine, and treat three patients with highly irritable hEDS/HSD-related UCI, resulting in complex neurological presentation. The treatment used a neuroplasticity approach, including proprioception and motor control training emphasizing patient education and biofeedback. Outcome measures tracked progress.
Results: All patients started with significant disability associated with UCI. One patient returned to full function with intermittent flares that he was able to manage. The second patient continued to have mild-moderate irritability but returned to parenting responsibilities and full-time work. The third patient required cervical fusion and remained disabled but was better able to minimize flares. The number of initial red and yellow flags was associated with the final outcomes, suggesting that the decision-making model might be useful for predicting patient prognosis.
Conclusion: This brief report applies recent recommendations for safely evaluating and managing hypermobility-related UCI and provides a first step in experimental studies to test both the assessment and physical therapy treatment approaches.
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1 Introduction

Upper cervical instability (UCI) is a potentially disabling complication of hypermobile Ehlers-Danlos Syndrome and Hypermobility Spectrum Disorders (hEDS/HSD) (1, 2). In the absence of evidence-based guidelines regarding physical therapy assessment and management of this population, a recent international expert consensus provided clinical decision-making recommendations for this population. The consensus group recommended ongoing decision-making regarding irritability of the UCI to avoid physical examination tests or interventions that could provoke a flare, as well as screening for Red Flags (RF) and Yellow Flags (YF). Figure 1 shows the decision-making guidelines for screening, physical examination, and intervention in symptomatic patients with UCI (3). The consensus recommendations fill a void in treatment guidance for hypermobility-related UCI. However, it is unclear how these expert recommendations can be applied in practice, and whether they provide a framework for systematic research regarding diagnosis, prognosis or treatment.


[image: Flowchart for evaluating symptomatic GMH and UCI. It starts with checking evidence of symptomatic GMH, then suspicion of UCI. It proceeds to assess irritability, reflexive flags, and screen for yellow flags. Based on red flags, the chart branches into pathways for physical exams and interventions for high, moderate, and low irritability, or urgent referrals if necessary.]
FIGURE 1
 Flow chart describing decision-making for safe screening, physical examination, and intervention in patients with upper cervical instability (UCI) associated with symptomatic generalized joint hypermobility (S-GJH). Bidirectional arrows between High, Moderate, and Low Irritability Interventions reflects the fact that patient status can change, either through recovery or flare. Modified slightly from (3) to create a single flow chart.


Currently, surgical fusion is the only evidence-based treatment for hypermobility-related UCI (4), and that evidence is not yet strong (5, 6). Fusion for craniocervical instability (CCI) and atlantoaxial instability (AAI) are problematic with a high percentage of patients requiring revision surgery, especially if the initial surgery was performed by a non-EDS specialist (7). Surgical success is also affected by patient selection, experience of the surgeon, technique used, and the anatomical variant. Even in expert hands with strict eligibility screening, 25% of fusion patients report no improvement in quality of life (4). Furthermore, all EDS patients have a high risk of surgical complications, including spinal surgery (8). This contributes to the increased healthcare costs for people with HSD/hEDS, which are $11,600–$21,100 more than for similar non-hypermobile people (9). Given limited high quality research regarding effectiveness of surgical management of UCI in this population (5), the limited number of surgeons with the necessary EDS expertise, cost and risks associated with fusion and the number of patients for whom fusion is not appropriate, it is important to explore conservative treatment options.

Joint stability is provided by three components: passive structures such as ligaments, muscles acting on joints, and the nervous system providing feedback and motor control. Although hypermobility occurs when ligaments are lax, instability occurs when the muscles and nervous system are unable to sense and control joint motion. People with hypermobility are known to have compromised proprioception (10) and motor control, and chronic neck pain is associated with further compromises in proprioception and muscle function (11). Neuroplasticity is the process by which the nervous system adapts to change. Maladaptive changes occur in response to injury, while beneficial neuroplasticity occur in response to appropriate rehabilitation. Neuroplasticity requires active, challenging, goal-directed movement with feedback about accuracy (12, 13). Pressure and laser biofeedback training meet the requirements to achieve therapeutic neuroplasticity by providing specific feedback on purposeful active movements, and have been shown to benefit chronic neck pain and instability (14–16). In fact, motor control training of the lumbar spine enhances cervical motor control and decreases neck-related disability, showing the benefit of motor control training remote from the injury (15).

The current brief report describes neurological signs and symptoms for three patients with high-irritability UCI associated with the connective tissue disorder, hEDS/HSD. The report applies the recent clinical decision-making tool for assessment and physical therapy management of these patients, using a multistep process involving screening for Red and Yellow Flags and determining irritability of the condition to determine what physical examination tests and interventions are safe to perform (17). This report also demonstrates how a neuroplasticity approach to managing UCI can be applied to benefit patients with severe UCI and varying outcomes that may occur (14, 16). This treatment approach, described in Appendix A, focuses on 5 components:

	1. Posture and alignment awareness training to minimize strain; using supports and braces as needed.
	2. Retraining common daily movements such as walking and hinge hip to optimize alignment and motor control.
	3. Slow, isometric, or small-range proprioception, stabilization, and movement training, often using biofeedback.
	4. Larger and other movement training and strengthening using previously learned proprioception and movement control.
	5. Application of improved stabilization and movement control to functional activities.



2 Materials and methods


2.1 Patient characteristics: history and subjective information

The current study was a retrospective observational design using patient data obtained during the medical history, subjective report, screening and assessment of condition irritability prior to physical examination and intervention (see Figure 1). Data were collected, with patient consent, from medical records and patients fact-checked the data. Interventions were customized for each patient but followed the principles of the neuroplasticity approach.

Because this was a pilot study, patients were purposefully selected. Inclusion criteria were hypermobility, severe UCI, and appropriate for conservative care. Severe involvement ensured that all components of the decision-making tool were utilized. Patients were selected with varied outcomes explore what elements in the decision-making tool might predict prognosis. Another inclusion criterion was complete data, including long-term follow-up. The small sample size was known to be a limitation, but was balanced against the challenges of compiling, organizing, and reporting such complex patient data.

Jay, a 44-year-old male, had seen a local, non-EDS neurosurgeon who concluded that Jay did not have cervical pathology. Jay subsequently saw an EDS neurosurgeon who diagnosed UCI based on upright cervical flexion/extension Magnetic Resonance Imaging (MRI) and recommended 3 months of conservative care before considering surgery. Emma, 40-year-old female, was diagnosed with Chiari malformation, UCI, Postural Orthostatic Tachycardia Syndrome, and hypermobility by an EDS-knowledgeable neurosurgeon after an upright cervical flexion-extension MRI. Kay, a 30-year-old female, was diagnosed with mild UCI and tethered cord by an EDS-knowledgeable neurosurgeon; her UCI symptoms worsened after tethered cord release. Our primary outcomes measures, Neck Disability Index (NDI) and SF-36, are shown in Appendix B. The NDI evaluates the degree of disability in patients with cervical spine injuries (18). The SF-36 is a general health survey that assesses eight health domains (19).

The first step in the clinical decision-making process (Figure 1) is determining that the patients have symptomatic Generalized Joint Hypermobility. Emma had a Beighton score of 7/9, and Kay had a Beighton score of 9/9; both met the requirements for HSD. Jay was not currently hypermobile but reported a history of hypermobility during adolescence, including excessive neck mobility and being “very flexible.” Jay scored 2 out of 5 on the 5-Item Questionnaire (20) and, therefore, had historical hypermobility (17).

Specific subjective and history findings are shown in Table 1. Jay's primary complaints began when he started sitting and using a laptop at the kitchen island 8–10 h/day. He reported additional symptoms, including difficulty walking, ankle instability, coccyx pain, imbalanced ribs and hips, pelvic floor weakness, and feeling “normal” during the upright cervical flexion-extension MRI in prolonged neck extension. Prior to PT, Jay had flared following chiropractic adjustment with an activator to the upper cervical spine, which provoked UCI symptoms, leaving him bed-bound, requiring a soft collar, and unable to stand or walk the following day. Emma reported an insidious onset of symptoms also noted in Table 1, plus symptoms of high heart rate fluctuation, migraines, fatigue, irritability, left-hand tingling, numbness, loss of fine motor control and weakness, photophobia, “shiny vision and moving dark spots,” icepick feeling back of skull. Emma was regularly bed-bound due to symptoms. Kay had mild UCI before starting PT, but her UCI symptoms flared after tethered cord release. In addition to symptoms listed in Table 1, she had migraines and right-side weakness that would come and go, triggered by light, sound, and smell; her symptoms increased with a 2-day trial of rigid cervical collar use. However, tilting her head 1 cm left temporarily resolved all symptoms.


TABLE 1 Suspicion of upper cervical instability symptoms and history.

[image: A table titled "Musculoskeletal UCI and Neurological UCI" with columns for symptoms and four individuals: C/S, Jay, Em, and Kay. Symptoms are marked with "S," "Y," or "N," indicating severity or presence of symptoms. Musculoskeletal symptoms include "heavy/bobble head" and "trouble swallowing." Neurological symptoms include "lump in throat" and "dystonia." Additional notes explain severity and diagnostic considerations.]

Red Flag (RF) symptoms and history are noted in Table 1 in italics. Jay had no RF symptoms but experienced occasional unsteady gait and a period of bowel urgency. Emma had several RF symptoms, including frequent cognitive changes where she “would be talking and then not present,” balance and coordination issues making it “hard to get her legs to function.” Kay exhibited all the RF inconsistently, so not all the RF were present at time of initial evaluation. Kay demonstrated rapidly progressing RF, including seizure-like activity, drop attacks, severe and frequent cognitive changes, and neurological signs leading to decreased functional status.

Yellow flags (YF), psychosocial factors that may impact intervention, may be assessed using a variety of screening tools. We chose to use the OSPRO-YF (Optimal Screening for Prediction of Referral and Outcome Yellow Flag) (21), which assesses negative mood, fear avoidance, and positive affect/coping that may impact physical therapy. Each of our patients presented with some YF at the start of care. Jay initially had very high anxiety, but we felt it would not interfere with his progress because he had strong family support. Emma had several YF initially due to the stress of being bed-bound and parenting 3 young children. Kay had all possible YF due to poor support systems, the stress of her health issues, living initially with a roommate and later alone, with her parents living over 2 h away. Psychosocial issues were a concern for both Emma and Kay, but PT had limited options to address them.



2.2 Assessment of irritability

Assessment of the irritability of the patient's condition is based on three factors: Condition is severe, Condition is easily flared, and prolonged time to calm after flare (3). Detailed assessment of irritability for Jay, Emma, and Kay is shown in Appendix C.

Jay met all three conditions for high irritability, with severe disability (see NDI and SF-36 measures in Appendix B), easily flared, and slow to resolve. For example, he was repeatedly unable to stand or walk for a day following chiropractic adjustments, taking several months of intermittent bed rest to settle to a pre-flare state. Jay also had a history of not tolerating any neck exercises. Emma met all three criteria, experiencing severe flares and prolonged recovery after events like attending a family wedding, necessitating the use of a hard cervical collar and bed rest, and feeling she was back to pretreatment status. Kay met all three criteria with severe flares and prolonged time to calm. For example, before starting PT, Kay had multiple neurological episodes and emergency room visits in response to chiropractic adjustments to her neck.



2.3 Physical exam

Figure 1 shows that physical examination tests are selected based on the patient's subjective history of irritability level. Because all three patients had high irritability, we only performed tests “Safe for All Patients” (test results are in Table 2). Tests for patients with moderate or low instability were not considered safe to perform, and those are listed in Appendix D.


TABLE 2 Physical examination testing for upper cervical instability: tests safe for all patients.
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Red flag tests, shown in italics in Table 2, include neurological and neurovascular assessments crucial for identifying serious underlying conditions requiring caution and possibly a neurosurgeon referral (see Figure 1). Jay had 2/9 physical test RF, Emma had 4/9, and Kay had 8/9. If multiple concerning RF signs like bulbar symptoms or myelopathy are present, we would normally consider referral to a neurosurgeon; each of our patients had already been evaluated by a neurosurgeon. Patients with moderate or high irritability UCI should be educated to recognize newly developing or worsening RF symptoms requiring urgent medical attention; this process is called “safety netting” (22).



2.4 Interventions

Treatment used a neuroplasticity-based proprioception and motor training approach based on “Finding Functional Foundations”™. Specific treatments over time are shown in Figure 2, with brief descriptions of each treatment approach as described briefly in Appendix A. Treatment frequency is shown as week number in Figure 2. Each visit was typically 60 min. Based on high irritability in the subjective and physical exam, the following interventions were deemed unsafe for all three patients: exercises involving neck movements, chin tucks or cervical isometrics, axial loading or distraction, cervical mobilizations or manipulations, and positions that create neural tension or isometric load to the cervical spine (3). Initial treatment focused on HSD/hEDS and UCI education as follows: recognizing signs and symptoms that trigger emergency or urgent follow-up (“safety netting”) (22), self-care in those situations (e.g., wear cervical brace), and functional training for posture and joint protection during essential activities of daily living (ADLs) such as bathing, brushing teeth, brushing hair, washing hair, sleeping postures, eating, and other ADLs. UCI education also included posture and body mechanics training, assessment for orthotics and bracing, body awareness and mindfulness training, pain management and self-care education, activity pacing, breathing, and gentle manual therapy remote from the instability.


[image: Grids displaying intervention data for three individuals: Jay, Emma, and Kay. Each grid lists various interventions along the left and corresponding data points across weeks. The grids compare frequencies and effects of each intervention for the respective individuals over a set period.]
FIGURE 2
 Treatment programs for Jay, Emma, and Kay. This does not accurately reflect treatment frequency and interventions are marked if they were included during that week or surrounding weeks. See Appendix A for more details about each of the interventions in the neuroplasticity training program. Surgeries are noted as dark vertical bars.


Sensory and motor control training included: systematic postural awareness practice; gait training; extensive lumbopelvic, scapulothoracic, and cervical stabilization using pressure biofeedback; cervical proprioception and motor control training using head laser, and full-body exercises integrating stabilization and mobility with pressure or laser biofeedback. All exercises were performed slowly engaging muscles over 5 seconds, maintaining 5 second hold while re-checking alignment, and gradually releasing over 5 seconds using gradually graded muscle effort to emphasize activation of deep stabilizer muscles. Most exercises involved biofeedback. Patients progressed to using these controlled movements during functional activities or exercises, such as hinge hip or using gym equipment. See Appendix A for more detail about the motor control exercises. Regular reassessment ensured treatment plans remained safe, effective, and responsive to the patient's fluctuating symptoms and functional abilities.

After his in-person consultation, Jay had telehealth appointments assisted by his wife, and he worked with a local physical therapist under our guidance for functional exercises and gentle soft tissue work. Jay's first 6 weeks of PT focused on education on safe ADL strategies, body mechanics, using supports, and lumbar stabilization biofeedback training performed in bed due to his inability to get to the floor. Weekly modifications helped manage flares. At 8 weeks, we added lumbar/hip and scapulothoracic stabilization with biofeedback and scapulothoracic and hinge hip at 16 weeks. At 24 weeks, we began functional training using new motor control patterns. Jay was seen once a week for 6 months, decreased to every other week for 18 months, then every month for approximately 8 months for a total of 3 years (see Figure 2).

Emma initially attended PT 1–2 times per week for 6 weeks, focusing on education, ergonomics, ADLs, instrumental ADLs, and lumbar stabilization biofeedback training (see Figure 2). Although she initially progressed well, she stopped PT due to COVID restrictions. After about a month away from PT, severe flares kept her bed-bound 90% of the time, making it difficult to care for her children. Four months after starting PT, she opted for O-C3 fusion. She resumed PT 1–2 times per week post-fusion, focusing on self-care, pain management, postural alignment, soft tissue work, deep tissue laser, and dry needling, gradually reintroducing previous neuroplasticity treatments. She progressed to scapulothoracic biofeedback and stabilization, cervical motor control head laser, cervical biofeedback stabilization exercises, and then to functional training, decreasing PT to once a week. Several surgeries interfered with her progress: removal of loose fusion hardware, ankle surgery, and tethered cord release. Overall, Emma attended PT off-and-on for about 4 years.

Kay began treatment post-tethered cord release, attending PT 1–2 times per week for 2 months, focused on education, postural awareness, alignment, supports, and bracing, ADLs/IADLs, neuroplasticity proprioceptive biofeedback exercises, lumbar/hip stabilization exercises (see Figure 2). Her UCI symptoms gradually worsened, leading to increased neurological episodes and flares with any alignment or resistance exercises. These episodes compromised her work and daily activities. She was referred back to neurosurgery, who performed an O-C3 fusion. After the fusion, she returned to PT 1–2 times per week for nerve calming strategies, joint protection, pain neuroscience education, gentle cervical and cranial manual therapy, and adding light resistance functional exercises when not in a flare. However, she made minimal progress due to frequent, severe seizure-like neurological episodes. Eight months later, her fusion hardware was removed, with no improvement. Kay attended PT for over 2 years, starting and stopping multiple times due to surgeries and high irritable flares, and has continued PT inconsistently over the last 10 months.




3 Results


3.1 Outcomes

Final NDI, and SF-36 outcomes are reported in Appendix B. Jay's NDI scores improved from complete disability at the start of care to no disability. Jay's SF-36 assessment initially indicated very poor health status in all categories, with significant improvement over time. Jay is currently back to work full-time as an education consultant, occasionally traveling overseas. He has returned to normal function and often does not even think about his cervical instability. He continues with his home exercise program and walks several miles daily. He reports occasional short-duration mild flares that he can manage.

Emma's NDI scores showed complete disability initially, improving to severe disability after several months, then to mild disability following O-C3 fusion and PT. However, her symptoms worsened due to hardware loosening, leading to severe disability again. After hardware removal and a tethered cord release, she improved over the last year to mild disability. Emma's SF-36 scores ranged from 0–100%, indicating poor to good in different health aspects at the beginning of care, with all categories improving from 16%−100%. Her status has fluctuated but she is now able to fulfill responsibilities as a mother and work full-time at a biomedical science lab. She continues with PT for strengthening and manual therapy and uses self-care techniques she learned in PT. She reports occasional mild to moderate flares that vary in intensity and duration.

Kay initially had fairly mild neck problems but developed severe disability post-tethered cord release, worsening over time and requiring O-C3 fusion and subsequent hardware removal. Her NDI scores fluctuated between complete and severe disability. Kay's SF-36 scores also showed significant variability with overall functional decline from the start to end of care. Due to worsening symptoms, Kay could not return to her full-time job as an operating room scrub technician. When she feels well, she currently works part-time as an administrative assistant with a flexible schedule and ergonomic accommodations. She continues to have frequent severe and intense flares that last for a long time. Kay was referred back to neurosurgery, who decided that no further surgical treatment was warranted at this time. Kay continues to consult other specialists to help manage her neurological symptoms and search for answers. She still occasionally attends PT during flares for neural calming techniques and manual therapy.

Outcomes for these patients were quite varied. Jay would no longer be classified as UCI or, at most, would have low irritability UCI. He had no yellow or red flags after PT. Emma would be classified as low-moderate irritability UCI with few yellow and no red flags. Kay would be classified as moderate-high irritability UCI and continued to have yellow and intermittent red flags.




4 Discussion

This brief report describes the complex neurological presentation of patients with hEDS/HSD resulting in UCI. Although this connective tissue is most often associated with joint problems, the current report demonstrates neurological presentation that is increasingly recognized among these patients (1, 2). It also demonstrates how the expert consensus guidelines (3) can help clinicians screen, assess, and manage hypermobile patients with UCI safely. By determining that these patients had highly irritable UCI based on history and subjective findings, we were able to determine which physical examination tests would avoid flares during the physical exam. These patients also show how RF and YF can alert providers to factors that may impact outcomes. The presence of RF indicates greater irritability of the nervous system, which suggests greater instability and increased risk of flare due to inappropriate testing or treatment (23).

A position statement regarding examination of the neck for vascular pathology prior to initiating PT also noted the importance of identifying subjective and physical RF suggesting cervical instability (22). A guideline for identifying serious spinal pathology also recommends screening for RF during clinical decision-making (24). The current brief report builds on prior reports suggesting grading scales rating the level of risk associated cervical vascular pathology (22), concussion (23), and spinal pathology (24). The grading scale for concussion (23) used “symptom instability” to rate irritability and severity post-concussion, showing the importance of assessing irritability in these neurological conditions. Evidence suggests that RF are most useful for clinical decision-making, but might not be associated with prognosis (24). Further research could determine whether the presence or number of RF predicts prognosis.

The results suggest that the expert consensus guidelines (3) might be helpful for predicting outcomes in patients with UCI. For example, Jay had 0/7 subjective and 2/9 physical examination RF; he progressed well with conservative care and did not need fusion. Emma had 4/7 subjective and 4/9 physical RF; although she was improving with PT, she opted for fusion because COVID restrictions limited PT access, difficulty with managing flares, and parenting demands. Kay had 7/7 subjective and 7/9 physical RF; she continued to have severe and prolonged seizure-like neurological episodes and flares that are unresolved despite fusion and conservative care. Future research might build on the current work to develop a validated scoring system for RF in UCI to identify patients at highest risk for poor outcomes.

Psychosocial factors reflected as yellow flags (YF) may have contributed to outcomes. Jay had excellent social support and a better outcome. Emma, whose initial physical presentation was only slightly more severe than Jay's, had multiple psychosocial stressors and a poorer outcome. Kay's continued difficulties might have lessened if she had more support to manage psychosocial stressors. These results are consistent with research showing poorer PT outcomes in patients with multiple YF (21), and the ability for YF to improve prediction of outcomes in 12 months (25).

Although there are publications about radiological diagnosis and surgical management of UCI in HSD (4, 6, 7, 26), we believe this is the first report describing conservative care for hypermobile patients with severe neurological involvement due to UCI. Several case reports describe conservative care for UCI in patients with rheumatoid arthritis (27) or whiplash, but those patients had less severe involvement and did not have neurological findings or RF (28).

Neuroplasticity is essential for improving functional outcomes in patients, as it underlies the brain's ability to reorganize and adapt in response to therapeutic interventions. Specific approaches, such as task-specific training, utilize use-dependent motor learning to induce structural changes in the brain, promoting long-term improvements in motor control and efficiency. Instructive motor learning, where patients receive feedback to correct movement strategies, engages cognitive processes to facilitate quick adaptations in motor behavior, including motor control and stability. Future research should focus on identifying which combinations of motor learning mechanisms most effectively drive neuroplastic changes and lead to sustained improvements in functional abilities, particularly in hypermobile individuals (12, 13).

This report also demonstrates how a neuroplasticity-based treatment approach can safely manage patients with UCI with varying degrees of success. This treatment approach is based on principles of neuroplasticity, so each patient progresses at his or her own pace. Patients with mild or moderate UCI would engage all the same components, but would likely progress more quickly and have fewer setbacks. Lumbar (15), and cervical pressure biofeedback (16) have been shown to be effective in patients with chronic neck pain but have not yet been studied in hypermobility-related UCI. Similarly, laser biofeedback has demonstrated effectiveness for chronic neck pain (14) but has not yet been assessed in UCI. The patients also show that cervical fusion is not always an instant solution, and PT may still be beneficial in addressing risk factors that contribute to cervical instability. Hopefully, this neuroplasticity approach can be assessed in future experimental research.

A strength of this brief report is that it provides a detailed description of the complex neurological presentation and physical therapy management for people with severe UCI using a methodical approach supported by expert consensus. The small sample size limits generalizability to a larger patient population, and purposeful sampling means that we cannot say these are typical responses. Retrospective design limits our ability to show causation. Although all were treated using a neuroplasticity approach, the variability of specific treatments used for each patient limits conclusions about any specific component of treatment. Two of the patients ultimately had cervical fusion but returned to PT afterward to recover strength and function and manage symptoms. There was significant variability in how often and how long each patient was seen in PT. Furthermore, these patients were seen in PT over extended time periods, ranging from 2–4 years of sometimes intermittent PT. The duration of PT care described in this report is both a strength and limitation. It is a strength because we have long-term follow-up, but it is a weakness because most patients do not have access to such extensive PT care. Because these patients all presented with severe instability, it is likely that patients with mild or moderate instability could be successfully treated in fewer PT sessions.

This report provides a first step toward systematic research. The expert consensus provides a viable framework for assessing patients, stratifying intervention by severity, and establishing prognosis. However, several challenges for prospective clinical research are clear. These patients have frequent flares of UCI or other hypermobility-related problems that lead to surgery or setbacks. It would be challenging to fully standardize an intervention for this population because tolerance to treatment is so variable. Also, the interventions here lasted up to 82 weeks, which would be difficult to implement for larger samples. Clinical studies might benefit from starting with patients who have moderate UCI rather than severe, as used here.

In conclusion, this case series provides a detailed description of potential neurological presentation in patients with UCI due to the connective tissue disorder hEDS/HSD. These cases demonstrate how recent expert consensus recommendations can be used to safely evaluate and manage patients with severe and irritable UCI. The neuroplasticity-based treatment approach described here is consistent with the consensus recommendations. This report also illustrates some of the challenges in treating these patients, including frequent flares, related or unrelated surgeries or medical issues, and slow and inconsistent response to conservative treatment. The current work, therefore, serves as a pilot study to guide future research. Future research should validate both the UCI clinical decision-making recommendations and conservative treatment approaches for patients with hEDS/HSD and UCI.
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The ligamentous cervical instability etiology of human disease from the forward head-facedown lifestyle: emphasis on obstruction of fluid flow into and out of the brain
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Ligamentous cervical instability, especially ligamentous upper cervical instability, can be the missing structural cause and/or co-morbidity for many chronic disabling brain and systemic body symptoms and diagnoses. Due to the forward head-facedown lifestyle from excessive computer and cell phone usage, the posterior ligament complex of the cervical spine undergoes a slow stretch termed “creep” which can, over time, lead to cervical instability and a breakdown of the cervical curve. As this degenerative process continues, the cervical curve straightens and ultimately becomes kyphotic, a process called cervical dysstructure; simultaneously, the atlas (C1) moves forward, both of which can lead to encroachment of the structures in the carotid sheath, especially the internal jugular veins and vagus nerves. This obstruction of fluid flow can account for many brain diseases, and compression and stretch of the vagus nerve for body diseases, including dysautonomia. This article describes the consequences of impaired fluid flow into and out of the brain, especially venous flow through the internal jugular veins, leading to intracranial hypertension (formerly called pseudotumor cerebri). Cervical structural, internal jugular vein, and optic nerve sheath measurements are presented from a retrospective chart review of 227 consecutive patients with no obvious cause for 1 of 8 specific brain or mental health symptoms—anxiety, brain fog, concentration difficulty, depression/hopelessness, headaches, obsessive thoughts, panic attacks, and rumination on traumatic events. A case example is given to demonstrate how cervical structural treatments can open up internal jugular veins and improve a patient’s chronic symptoms.
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Introduction

Many chronic brain disorders are thought to occur primarily because of brain physiology, including brain fog, fatigue, cognitive decline, emotional lability, and mental health conditions such as depression, generalized anxiety disorder, bipolar disorder, personality disorders, depersonalization, and dissociative disorders. There is a mental health crisis in the United States that continues to worsen. The percentage of American adults that suffer from a mental illness has increased from 17.7% (40.7 million people) in 2008 to 20% (57.8 million people) in 2021 (1, 2). According to the World Health Organization, it expects depression, which is the most common mental disorder, to become the largest single healthcare burden by 2030 (3). The meteoric rise of cognitive and mental health disorders may be explained by many factors, but one potential cause could be a breakdown of the cervical neck curve and ligamentous cervical instability due to the forward head-facedown lifestyle (FH-FDL) from poor posture while using electronic devices, leading to impairment of fluid flow out of the brain via compression of the internal jugular veins in the carotid sheath.

The body craves a balance between stability and mobility. When the body is exposed to trauma or chronic low-grade abnormal forces, it leads to ligamentous cervical instability (LCI) and ultimately broken neck structure, termed “cervical dysstructure”: 2 common conditions that are often overlooked or missed by current static supine diagnostic testing methods. Its incidence is increasing with the current ever-prevalent FH-FDL of looking at computers and down at cell phones and tablets. This practice is especially damaging for children, who have a heavier head-to-neck strength ratio than adults. While looking at electronic devices can appear innocuous, it is not so. As the posterior ligamentous complex of the neck stretches, LCI can develop, which is a progressive condition that can lead to cervical dysstructure. Simply put, LCI can lead to a broken neck structure.

LCI may have humble beginnings with prolonged stretching from FH-FDL posture, and the first sign may be neck tightness. If left unchecked, it can progress into neurocatastrophic consequences as the cervical supporting structures weaken and the carotid sheath and/or spinal cord, and the fluids contained within them, become compressed, torqued, and stretched. The 2 most common mechanisms by which severe symptoms arise are venolymphatic drainage compression—leading to intracranial hypertension/increased brain pressure (IBP, formerly referred to in medical literature as pseudotumor cerebri) and alterations of brain function—and cervicovagopathy (cervical-induced vagus nerve injury or signal interference), causing dysautonomia and systemic inflammation, both of which lead to dysfunctional body homeostasis. The most common spinal instability involves the spine’s most mobile segment, the atlantoaxial joint (C1-C2), whose pathophysiology may unlock the cause and solution to neurodegenerative conditions, including dementia.

Mechanical stability of the spine depends on its ability to maintain alignment and provide protection to the neural, vascular, and other structures it encloses during physiological loading so that there is no harm to any of these tissues and no symptoms are produced (4, 5). Clinical ligamentous cervical instability is an inability of the cervical ligaments to maintain individual, adjacent, or global vertebral alignment when subjected to increased forces by various postures, positions, and/or motions that alter bony, soft tissue, and/or neurovascular alignment and function such that symptoms result. LCI causes the bones to move in such a way that destructive forces are placed on adjacent tissues and joints, but also on the myriad vital structures that run through the neck. It is to be distinguished from hypermobility, which entails increased motion of bony and/or soft tissue structures without tissue injury or symptoms.

The potential seriousness of LCI is amplified when one considers that all of the major neurovascular structures from the body that enter and leave the brain and brainstem, including the autonomic ganglia, do so through the neck. The neck is thus a conduit for fluid and nerve flow that run the body through the brain and brainstem. LCI can disrupt this fluid and nerve flow and can explain many resulting chronic symptoms, disorders, syndromes, and diagnoses that plague humanity.



Cervical osseous-ligamentous anatomy

The cervical spine consists of 7 vertebrae and may be considered as 2 distinct regions: upper cervical (C0-C2), also known as the craniocervical junction (CCJ), and lower cervical (C3-C7). The lower cervical spine is connected by intervertebral discs and is thus inherently more stable than the CCJ. The C0-C1 joint is relatively stable, whereas the most mobile section of the spinal column is the C1-C2 joint because of the peg-like structure—the dens of C2—around which the arch of C1 rotates, giving it enormous flexibility. The C1-C2 joint sits between 2 more stable areas (C0-C1 and C2-C7), contributing to its being the most commonly unstable joint in the cervical spine. This precariousness is compounded by the fact that the average head weighs 10–12 pounds and sits on the 2-ounce C1 (atlas).

It is important to remember that ligaments are the fasteners of the bones, the connective tissues that hold adjacent bones together. Most ligaments of the body are capsular ligaments, meaning they are the primary structures of the joint capsule that stabilizes the joint. Ligaments can weaken over time if too much force is put upon them. The degeneration of ligaments (ligamentosis) is common in osteoarthritis (6, 7).

The major cervical ligaments that are overstretched by the FH-FDL in the process known as “creep” are those of the posterior ligament complex (PLC), especially the capsular ligaments of the facet (zygapophyseal) joints, the major joints in the cervical spine. All ligaments posterior to the vertebral body, including the capsular ligaments, ligamentum flavum, posterior longitudinal, interspinous, intertransverse, and supraspinous ligaments, are considered part of the PLC and are stretched during flexion, the very motion in FH-FDL (see Figure 1). Conversely, any ligaments located anterior to the vertebral body, including the anterior longitudinal ligament, are stretched during extension. In regard to the 4 motions of the cervical spine—flexion, extension, axial rotation, and lateral flexion—it is only the capsular ligaments of the facet (apophyseal) joints that inhibit all 4 motions (8, 9). Since the facet joint is the fulcrum of all motions of the cervical spine (except rotation, in which it is the atlanto-dens joint), when the cervical capsular ligaments of the facet joints weaken, it is potentially possible that all neck motions are increased, which becomes evident when motion diagnostic scans are performed.

[image: Illustration showing a sequence of poor posture impacts. The top panel depicts a person leaning forward while using a computer. The middle panel shows the same person using a smartphone with a rounded back. The bottom panel illustrates ligament injuries in the cervical spine, described as "Diffuse cervical ligament injuries in facet joints caused by ligament creep."]

FIGURE 1
 Forward head posture from hours of computer work and texting, resulting in cervical ligament laxity. “Creep,” which is a term signifying the slow stretching of ligaments, most commonly occurs by a forward head posture from computer work or looking at a smartphone.


The neck, primarily the upper cervical spine, must support the head and keep it balanced and safe at all times, for bodily and brain functions. The CCJ (occiput to C2) is without intervertebral discs and relies primarily on ligamentous stabilizers for support. The atlantoaxial is the most mobile joint in the vertebral column. It is also the most vulnerable to FH-FDL, as well as injury during whiplash and the quick head turning that occurs during head trauma when the skull hits another object (10).

The fulcrum of head rotation is the atlantoaxial joint (C1-C2) (11). The primary ligamentous supports of the lateral facet joints of C1-C2 are the capsular ligaments, whereas the atlanto-dens joint is held together by the transverse ligament and alar ligaments. The C1-C2 atlantoaxial joint provides 50% of cervical spine rotational mobility as the arch of C1 rotates around the dens of C2 (12). When stable, C1-C2 allows some flexion, but almost no lateral flexion. Lateral flexion in this joint is one of the hallmarks of facet atlantoaxial instability. In the medical literature, atlantoaxial instability generally refers to the connection between the atlas and the dens of axis, which can be described as dens atlantoaxial instability. This is an important distinction because dens atlantoaxial instability is more of a surgical lesion, whereas facet atlantoaxial instability can often be treated by conservative measures such as chiropractic care, physiotherapy, and Prolotherapy (13, 14).

Protection against anterior translation of the atlas comes from the capsular ligaments posteriorly and the transverse ligament anteriorly. Capsular ligament injury of C1-C2 results in facet atlantoaxial instability, whereas injury of the transverse and alar ligaments causes dens atlantoaxial instability. Injury to the atlantoaxial capsular ligaments causes a dramatic increase in lateral bending and axial rotation motion (43 and 159%, respectively), whereas transverse ligament disruption significantly increases the anterior atlanto-dens interval (15).

The remaining cervical vertebrae are the more typical vertebrae of the spine, each of which consists of a body, transverse processes and pedicles, and adjoining intervertebral discs. The discs make this part of the cervical spine inherently more stable. As with the CCJ, the fulcrum of motion is at the facet, with the C4-C5 facet joints being the fulcrum for neck flexion (16). The superior and inferior articular processes articulate bilaterally to form the facet joints at each level, which are true synovial joints. The lower cervical segments are chiefly supported by the intervertebral discs, anterior longitudinal ligament, posterior longitudinal ligament, ligamentum flavum, and the facet capsular ligaments (see Figure 2).

[image: Illustration showing three views of the upper cervical spine and surrounding ligaments. Panel A displays a lateral view of the skull and cervical vertebrae. Panel B shows a posterior view, detailing the bones and ligaments from the back. Panel C is a magnified view focusing on specific ligaments, including the transverse and alar ligaments, providing detailed anatomical labeling.]

FIGURE 2
 Ligament anatomy of the neck. (A) Lateral view. (B) Posterior view. (C) Upper cervical posterior view.




The innate importance of the cervical lordotic curve

Cervical lordosis is the anterior convexity of the cervical spine from the foramen magnum to the thoracic spine and is caused by its wedge-shaped vertebrae. Cervical lordosis maximizes the spine’s ability to handle forces, maintains global spinal alignment, and supports and balances the head. The ideal sagittal alignment of the cervical spine is lordotic as measured in the sagittal plane by the C2-C7 Cobb angle of 20–35° (17–20). The cervical lordosis depth is normally between 7 and 17 mm as measured by the Borden method (21, 22). This keeps the center of mass of the cranium posterior of the lordotic curve, reducing the forces on the structures in the neck.

The neurovascular and soft tissue support in the neck is best in a relaxed (innate) configuration with minimum tension, which optimizes function. If there is a disruption of cervical lordosis, the axial load (cranial center of motion) shifts anteriorly and will continue to do so until cervical kyphosis results (23). This kyphosis can lead to stretching and lengthening of the spinal cord and other nerves that travel in the neck, including the vagus nerve, affecting nerve impulse conduction (24). This shift in axial load will cause cervical posterior ligamentous creep, further stretching the facet capsular ligaments, explaining why LCI is a progressive disorder.

While there are many causes of cervical ligament injuries, including whiplash and head traumas, by far the most common today is due to the FH-FDL from too much time in flexion (25, 26). This constant head and neck flexion places enormous forces on the neck-supporting structures. A neck flexed at 40° while looking at a cell phone triples the forces at C2 (27). In one study, researchers found that the forces on the cervical nervous tissue increased from 2 pounds per square inch in the neutral posture to 40 pounds per square inch in flexion (28). An adult head weights 10 to 12 pounds in the neutral position. As the head tilts forward, the forces seen by the neck surge progressively up to 60 pounds at 60° (29). With the neck flexed, the maximum load the neck can handle drops drastically (25–50%) (30, 31). Eventually, the neck structure becomes broken, and the person loses their normal lordotic curve.



Cervical dysstructure degenerative cascade

LCI is a progressive disorder leading to a breakdown of the cervical lordotic curve, a condition we call cervical dysstructure (see Figure 3). Cervical instability causes many symptoms, including cracking, clicking, and grinding in the neck with movement, as well as neck stiffness, muscular tension and weakness (feeling of the head being too heavy), and headache. What is not as well appreciated is that it can potentially cause a host of other disabling symptoms, including vertigo, dizziness, tinnitus, migraine headaches, and brain fog (32). LCI causes human disease by 2 primary mechanisms: it interrupts nerve signals (i.e., spinal cord and vagus nerves) and obstructs fluid flow to and from the brain and body. Following Occam’s razor, we know that the simplest solution is normally the correct one, so for a complicated patient with myriad unexplained symptoms, ligamentous cervical joint instability could be the best explanation (33) (see Figure 4).

[image: Cervical spine diagram showing degenerative progression from lordotic curve to severe osteoarthritis with an "S" curve involving disc degeneration. Below, two X-rays compare a normal curve with an abnormal one, highlighting a forward atlas and the effects on the vagus nerve and jugular vein.]

FIGURE 3
 Ligamentous cervical instability is a progressive disorder causing a normal lordotic curve to break down, ultimately leading to an “S” or “sigmoid” curve and potentially compressing the structures in the carotid sheath, including the vagus nerves and internal jugular veins.


[image: Diagram illustrating various symptoms and disorders associated with ligamentous cervical instability. Arrows point outward from the central term to conditions like visual disturbances, autonomic nerve system dysregulation, whiplash-associated disorder, degenerative disc disease, cervicocranial syndrome, vertigo, tinnitus, migraine headaches, dizziness, balance difficulty, TMJ pain, increased intracranial pressure, post-concussion syndrome, swallowing difficulty, Ménière's disease, ear fullness, drop attacks, vagus nerve dysfunction, and paresthesia of upper extremities.]

FIGURE 4
 The many potential syndromes and symptoms caused by ligamentous cervical instability.


In the cervical spine, the body will always choose stability over motion to protect the adjacent neurovascular structures. This is why long-term osteophytes form, and eventually, osteoarthritis causes a limiting of motion. When cervical ligament injury is present, the body has 3 main mechanisms to try limiting motion to protect the neurovascular structures: muscle tension or spasms, joint swelling, and osteophyte formation (34). Through the ligament-muscular reflex, muscle spasms protect neurovascular structures when ligament injury is present. When the facet capsular ligaments undergo a noxious stretch, research suggests a strain threshold as low as 10% stretch for activation. The nerve afferents that innervate it are also stretched, triggering neuronal signaling to the central nervous system and many of the 30+ stabilizing cervical muscles, as muscle insertions have been found to cover nearly 23% of the capsule area in the cervical spine (35–37). A hallmark of ligamentous upper cervical instability (LUCI) is tension or tenderness in the suboccipital and posterior neck muscles, as they are activated by the ligament-muscular reflex (38, 39). The neuronal signaling from the ligaments and tight muscles can also cause referral pain to the head and arm.

The degenerative cascade will proceed if the forces continue to exceed the cervical spine’s ability to handle them. As the FH-FDL progresses, so do the LCI and cervical dysstructure. Eventually, the flexion of the lower cervical spinal segments (C2–C7) causes compensatory hyperextension of the suboccipital (C0–C2) to maintain horizontal gaze (40, 41). It is also possible for bony hypertrophy to occur, leading to spinal stenosis and possible myelopathic or radicular symptoms. Other possible consequences of the continual forces and destabilization of the cervical spine are torsion, stretch, and compression of the vital neurovascular structures of the central and autonomic nervous system nerves/ganglia and blood vessels on their way to or from the brain.

The Gestalt of cervical spine destabilization and resultant kyphotic curve and tissue destruction is degenerative disc disease and cervical spondylosis, causing traction on the cervical spinal cord and brainstem, potential stretch and compression of the vagus nerves, and restrictions of the fluid flow into and out of the brain from the carotid and vertebral arteries, internal jugular vein (IJV), and cerebrospinal fluid (CSF) (42–44) (see Figure 5). The detrimental consequences of cervical dysstructure can be many, and include increased forces on the PLC, fixation or fusions of vertebral motion segments, increased forces on vertebral segments that still move, dysfunctional vertebral motions, significant muscle tightness and shortening, altered mechanical tension on neurovascular structures, and narrowing of vital spaces all throughout the neck.

[image: Illustration of cervical spine issues, showing excessive atlas movement, cervical ligament injuries, and normal versus abnormal conditions. Diagrams detail carotid and vertebral artery compression, cerebrospinal fluid block, and internal jugular vein narrowing. Descriptions include potential symptoms like dizziness, headaches, vision changes, and chronic issues. Labels highlight ligaments, arteries, veins, and related structures.]

FIGURE 5
 Ligamentous upper cervical instability can affect all 3 fluid flows through the neck.




Cervical structural analysis: documentation of ligamentous cervical instability by upright, positional, and motion scanning

Humans spend the larger part of each day in the upright position, the very position that causes the majority of symptoms, yet most diagnostic tests are performed with the patient in the supine, resting position, the very position that provides relief. Scanning in the upright position can show the brain, brainstem, and cervical spine under the effects of gravity, and its alterations in blood flow, venous drainage, and CSF flow can also be seen while the person is upright. Many times, symptomology occurs with a specific head/neck position, such as flexion. Thus, while scanning the person (preferably during motion) when they are upright or in their symptomatic position, upright x-rays, MRI, or positional computerized tomography (CT) scans may be preferred, as static or supine scan abnormalities often do not correlate with symptoms (45–47). Dynamic MRI in the CCJ was found to be able to detect cases of cord compression that were not seen by static supine MRI (48). In a study involving 1,200 patients, cerebellar tonsillar descent (Chiari) of at least 1.0 mm was 4 times more likely to be diagnosed by an upright MRI vs. one supine (49). Cerebellar tonsillar ectopia was found 2.5 times more often in whiplash patients when an upright MRI was done vs. one that was supine. In this study and others, soft tissue lesions are found in the upper cervical region about 3–5 times more often when an upright (especially with flexion/extension views) vs. recumbent scan is performed (50–53).

Cervical structural analysis in the upright position and/or with motion allows the clinician to see the motion of vertebral bones in real time and discover previously hidden pathology. The 2 modalities that can be utilized for this imaging are digital motion x-ray (DMX) and upright cone beam CT scanning. Digital motion x-ray (videofluoroscopic) examination of the cervical spine has been shown to provide a high degree of diagnostic accuracy for the identification of vertebral instability in patients with chronic pain stemming from whiplash trauma (54). CT scanning of the cervical spine with 3-D reconstruction in various positions, including flexion, extension, and/or rotation, is another way to document cervical instability and misalignments that are missed by more traditional means (55). Cone beam CT scanning can document elongated styloid bones, which can compress the carotid sheath, and thus the IJVs, with head rotation and flexion (see Figure 6).
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FIGURE 6
 Common pathology seen by upright cone beam CT scan of head and neck. (A) CO-C1 instability. (B) Cervical spine misalignments. (C) Elongated styloid. (D) Ponticulus posticus.


DMX of the spine allows for a continuous and detailed examination of cervical spinal movement and allows unrestricted assessment of C0-C7 motion in multiple dimensions, including the sagittal, rotational, and frontal planes. DMX studies typically include actively moving the head and neck through protraction, retraction, flexion, extension, rotation, and lateral flexion. They show the functional integrity of the ligaments in the cervical spine, specifically the anterior and posterior longitudinal, supraspinous, interspinous, ligamentum flavum, transverse, alar, and facet capsular ligaments. The analysis of over 8,000 DMXs has found 4 common patterns1 (see Figure 7).

	1. Extreme overall instability throughout the cervical spine from patients, typically females, with congenital hypermobility syndromes such as Ehlers-Danlos syndrome.
	2. Instability above and below the level of prior surgical fusions or degenerative fusions, the latter being more prevalent in older males where the degeneration fusions (body fused or fixed the area by bridging osteophytes and disc degeneration) are in the lower segments, commonly C5-C7 and the unstable segments above it.
	3. Severe upper cervical instability, especially at the C1-C2 level, can occur from a car accident, head trauma, birth trauma, or high-velocity rotational injury.
	4. Cervical dysstructure: breakdown of the cervical curve with a very forward C1.

[image: X-ray images show cervical spine abnormalities. Panel A displays multilevel instability with measurements at various cervical vertebrae. Panel B highlights instability above a surgical fusion. Panel C indicates severe upper cervical instability. Panel D illustrates cervical dysstructure with significant misalignment measurements.]

FIGURE 7
 Common cervical digital motion (fluoroscopy) findings. (A) Multilevel cervical instability. (B) Instability above the level of a surgical or degenerative fusion. (C) Upper cervical instability at C1-C2 facet joints. (D) Cervical dysstructure.


Severe anterior spondylolisthesis is generally recognized when horizontal translation is greater than 3.0–3.5 mm (56). While there are radiographic diagnostic criteria for lower cervical instability and extreme cases of upper cervical instability, especially those involving the transverse ligament where neurologic insult is current or imminent and surgery is warranted, the accepted diagnostic criteria for chronic upper cervical instability not requiring surgery are not so clear-cut (57–60). These classification systems are well-suited for medial atlanto-dens instability but do not evaluate in-depth lateral posterior LUCI involving the C0-C1 and C1-C2 facet joints and capsular ligaments. Many of these diagnostic criteria involve non-moving and non-weight-bearing imaging. Upright and motion scanning allows changes to be seen between positions and motions. Cervical ligamentous injury is documented when adjacent vertebral alignments are no longer maintained in certain positions or with certain motions.



Neck vitals—ancillary diagnostic testing

Once the diagnosis of LCI, LUCI, or cervical dysstructure has been made by upright/motion radiography, ancillary diagnostic testing is performed to discover which pathophysiology is causing the most serious symptoms. We term the overall composition of pathophysiological tests that we perform the “neck vitals.” These tests include ocular and neck ultrasound, tonometry, pupillometry, and extracranial and transcranial Doppler ultrasound. They are used in conjunction with traditional testing methods such as brain, orbit, and cervical MRI, which typically have findings for conditions such as intracranial hypertension. Many of the MRI findings can be seen on ultrasound of the eye, including increased diameter of the optic nerve sheath, optic nerve sheath protrusion (length), retinal vein distention, and flattening of the posterior globe, which are correlated with intracranial pressure (ICP), intraocular pressure, and severity of papilledema (61–63). As MRI only shows the results of some cases of intracranial hypertension, the diagnosis can be missed (64). While obstruction of the various vascular fluid flows can be determined by MRI or CT angiogram, venogram, or CSF flow studies, as well as digital subtraction angiography, the main in-office methods we perform are transcranial and extracranial color duplex imaging. The net effect of CSF or venous flow obstruction can be intracranial hypertension (increased brain pressure), which can be found indirectly by various noninvasive testing methods, such as increased optic nerve sheath diameter. The neck vitals that pertain mainly to fluid flow analysis are discussed here.



Optic nerve sheath diameter to document increased brain pressure

Normal pressure within the lumbar and brain CSF is noted to be 6–15 mmHg in the supine and lateral decubitus position, and slightly lower while upright, because of gravity (65). Of interest is that in neurological patients, ICP positively correlates with intraocular pressure, remembering that the eye is within the central nervous system (66).

Intracranial pressure monitoring using invasive methods (lumbar, brain, or cervical spine puncture) has been the gold standard for the evaluation of IBP, defined as a cranial pressure of greater than 20 mmHg, but limitations include its invasiveness and its potential complications, such as hemorrhage and infection (67). The optic nerves, as well as the other cranial nerves and spinal nerve roots, are surrounded by CSF in the subarachnoid space. As ICP rises, especially from CSF stasis, the CSF looks for a path of least resistance, one of which surrounds the optic nerve and can be evaluated by optic nerve sheath diameter measurements. Pressure on the optic nerve from CSF within the sheath and increased intraocular pressure can explain many of the visual disturbances, including loss of visual field, diplopia, and blurry vision symptoms with LCI and LUCI (24, 68).

The optic nerve emerges from the posterior part of the globe and appears as a hypoechoic linear structure with a hyperechoic border (nerve sheath). The outer rim should be included in optic nerve sheath measurements and should be measured 3.0 mm behind the posterior rim of the globe (where standard measurements are made.) Measurements in adults and children without IBP are typically around 3.0 mm+/−1.0 mm (69). While some studies in adults use a cutoff as low as 4.5 mm and as high as 6.0 mm as evidence for increased ICP, emergency rooms and most others use an optic nerve sheath diameter measurement of greater than 5.5–6.0 mm to diagnose intracranial hypertension or IBP (70–74).

The optic nerve is well-suited for noninvasive evaluation of its diameter, as an ultrasound beam can travel unimpeded through the eyeball, which is mostly liquid. Historically, the optic nerve and its sheath diameter were noninvasively assessed by MRI and ophthalmoscopy, but transorbital ultrasound has recently emerged as a promising assessment tool (75). Ultrasound measurements of the optic nerve sheath diameter closely correlate with MRI measurements from in vivo and cadaver studies, and are reproducible (76, 77). Optic nerve sheath diameter has been shown to correlate with instantaneous assessments of ICP, including states of traumatic brain injury, and is even correlated with mortality (78–81). Typically, optic nerve sheath diameters over 6.0 mm are considered abnormal, and one of the evidences for IBP (see Figure 8).

[image: A person performs an ultrasound on a patient using a machine, which displays a screen showing the scan results. Two ultrasound images are shown, with the left labeled "Normal 5.1 mm" and the right labeled "Enlarged 10.2 mm," each marked with red arrows indicating measurements.]

FIGURE 8
 Ultrasound of eye to measure optic nerve sheath diameter, which is used as a marker for intracranial hypertension (increased brain pressure).




Comprehensive cervical ultrasound

Cervical ultrasound examination can reveal many findings that relate to cervical instability, including differences in size and flow velocities of carotid and vertebral arteries, and jugular veins, as well as evidence for dilated collateral vessels, lymphadenopathy, and measurements of pertinent nerve cross-sectional areas, including the vagus nerves (82–85). Vagus nerve degeneration (smaller cross-sectional areas) correlates with the amount of IJV compression. The differences between right and left sides are compared so the patient can be their own control and deviations from known normal values evaluated. Vascular obstructions are visualized in real time, including those in the carotid and vertebral arteries, and jugular veins, in various neck positions.



Dynamic transcranial and extracranial Doppler ultrasound

Transcranial Doppler (TCD) ultrasound provides real-time measurements of blood flow in the arteries that go to the brain, whereas extracranial Doppler (ECD) examines the veins and arteries in the neck as they go into and out of the brain. TCD has been called the “stethoscope for the brain” and ECD the “stethoscope for the neck.” These instruments can track moment-to-moment changes in blood flow to the brain from the vessels in the neck. They can assess the effect of interventions such as changes in neck position on brain blood flow (86–88) (see Figure 9). While the carotid and vertebral arteries can deform somewhat with neck motions such as rotation, there is not normally a significant change in carotid and/or vertebral artery blood flow with the upright position or neck rotation in patients with a cervical lordotic curve that is stable (89–92). TCD and ECD can be used to monitor the brain and neck blood flow for extended periods of time while holding a certain head/neck position. The blood flow in the brain, brainstem, neck, head, eye, and face can be compared in the supine, upright, and in various neck positions. A difference greater than 20% is considered significant to diagnose dynamic carotid artery stenosis or vertebrobasilar insufficiency, but changes in the waveform and pulsatility index (resistance to flow) can also be significant (93–96).

[image: Image A shows two medical professionals examining readings on a medical monitor. Image B focuses on a hand pointing at a computer screen displaying diagnostic charts. Image C depicts two professionals assisting a patient wearing a head device during a medical evaluation.]

FIGURE 9
 Motion transcranial Doppler monitoring. (A) Watching monitor while patient moves their neck. (B) Blood flow noted to be stopped in the middle cerebral artery. (C) Patient shown shortly after having a dystonic storm.


Blood flow constriction in the upper cervical spine is probable when LUCI is present due to the unique path the vertebral artery takes to go from the skull to the brain, where it is especially vulnerable to compression and stretch in the posterior neck at the level of the C1 and C2 vertebrae. The internal carotid artery is subject to compression and stretch, as it lies just anterior to the transverse processes of the C1, C2, and C3 vertebrae before entering the skull via the carotid canal.

While the real-time blood flow through the middle cerebral artery, the largest distal branch of the carotid artery, is measured by transcranial Doppler, so is pulsatility index, another noninvasive measurement for IBP (97, 98). Pulsatility index is a noninvasive method of assessing vascular resistance in the brain’s blood vessels, and it increases as intracranial pressure increases (99). Pulsatility index is defined as the difference between the peak systolic flow and minimum diastolic flow velocity, divided by the mean velocity recorded throughout the cardiac cycle, and a measurement greater than 1.20 typically means a brain pressure greater than 20 mmHg (100).



Dynamic carotid and vertebral artery compression

The cervical spine structural anatomy affects brain health in many ways. LUCI can affect the 3 major fluid flows through the neck on their way to and from the brain: venous, arterial, and CSF. The more acute and serious of the fluid flows to be altered is arterial, as obstruction of blood flow to the brain will cause immediate ischemia and can be life-threatening. Venolymphatic and cerebrospinal fluid flow obstructions are generally intermittent, lead to IBP, and are more chronic and subtle. Sometimes there are both obstructions, as the carotid artery pulsations can encroach on the IJVs (101).

Dynamic carotid artery and vertebral compression are identified by significant changes in arterial velocities, compared to baseline readings (102). They can be documented by transcranial and extracranial Doppler examinations, and the exact place of compression can be identified in the process. The brain receives 20% of the cardiac output, with the internal carotid artery supplying the anterior 75–80% of the brain, and the vertebral arteries supplying the posterior 20–25%. Just 5 s of cerebral ischemia causes a reactive hyperemia via cerebral autoregulation, and reperfusion after 30 s of ischemia causes an increase in cerebral circulation by 3- to 4-fold (103). Cervical dysstructure has been shown to cause a decline in cerebral blood flow, which improved as lordosis was restored (104). Standard static tests, including CT and MR angiogram, and even extracranial ultrasound, can miss dynamic carotid artery compression unless a person’s neck is flexed and/or rotated (105, 106). Carotid artery compression symptoms can range from intermittent dizziness, vertigo, and lightheadedness to transient ischemic episodes and full strokes (107). This condition is diagnosed via dynamic transcranial Doppler and extracranial ultrasound evaluations, showing significant changes in the middle and anterior cerebral artery (end-branches of the internal carotid artery), and internal carotid artery blood flows with neck posture and upright position (105).

Arterial flow obstruction can be analyzed in a similar manner as disruption of nerve signals. In LUCI cases, the most commonplace obstruction of vertebral arterial blood flow is at and around the atlas, and the most common area of instability is the atlantoaxial joint (108). The vertebral artery most often gets compressed near the lateral mass of C1 on its way to penetrate the atlanto-occipital ligament and enter the skull through the foramen magnum.

While there are many causes of cervicogenic dizziness, perhaps the most underdiagnosed is vertebrobasilar insufficiency (109). Bow hunter’s syndrome is quoted in the medical literature as being rare, but it may just be rare because physicians do not suspect it can occur in little children as well (110, 111). Again, arteries, veins, nerves, and other structures around bones move with the bones. If the atlas is malrotated or unstable, adverse mechanical tension can occur on the vertebral artery. As the vertebral arteries supply the posterior brain, brainstem, and upper spinal cord, symptoms can be acute from posterior circulation ischemia and include vertigo, dizziness, drop attacks, dystonic storms, loss of vision, double vision, numbness, tingling, confusion, cognitive deficits, trouble swallowing, or nausea/vomiting. If the brainstem or posterior brain blood flow only becomes ischemic with rotational (or other) head motions, then CT angiogram or Doppler ultrasound examinations must be done in the symptomatic position.

Loss of cervical lordosis is associated with decreased vertebral artery values in lumen diameter, flow volume, and peak systolic velocity (112). Another study evaluated 256 patients with radiologically detected cervical instability, looking at its effects on vertebrobasilar blood flow. In 80% of the patients with instability of the cervical spine of >3.0 mm, there was cerebral circulation dysfunction (113, 114). A decrease in vertebral artery blood flow has been significantly correlated with a loss of cervical lordosis, while improvements in cerebral blood flow with cervical curve adjustments have also been documented to restore lordosis (104, 112).



Internal jugular vein compression and increased brain pressure

The IJVs, also within the carotid sheath, exit the jugular foramen and run adjacent to the anterior border of the cervical vertebral bodies, especially the atlas, as fluid drains from the brain. The IJV is the main drainage port for the brain, especially in the supine position. Normal IJV cross-sectional area is 100 mm2 in the supine position and collapses to about 25 mm2 in the upright position because of negative pressure in the thoracic cavity with respiration (115–117). This IJV collapse increases cerebral pressure, helping maintain ICP in the upright position (118). The IJV cross-sectional area is easily measured under ultrasound.

Internal jugular venous compression is quite common and is one of the causes of chronic cerebrospinal venous insufficiency (119). In a study of 108 consecutive patients undergoing CT angiography for presumed arterial obstruction, 50% of them had IJV compression and 93% of the compressions were at the level of C1 (120). The IJV can also become compressed because of cervical instability, mandibular malposition, weary muscles, dysstructure, styloid bones, and even cervical collars (121, 122). Jugular venous outflow compromise is associated with many symptoms, as it can cause IBP, whose classic symptoms include head pressure, lightheadedness, headache, nausea, vomiting, visual loss, and sixth cranial nerve palsy, as well as swallowing difficulties, brain fog, photophobia, pulsatile tinnitus, and vertigo (123, 124).

ICP is normally kept in a very narrow range of 5–15 mmHg, with intracranial hypertension being a pressure greater than 20 mmHg. Intracranial hypertension is simply hypertension of the brain, or IBP. It is important to understand that just as high blood pressure is the silent killer of the heart, high brain pressure is the silent killer of the brain. Left untreated, IBP can have serious repercussions, including brain neuronal cell death and brain tissue atrophy (125, 126). The most likely cause of so-called idiopathic intracranial hypertension is venous hypertension from LCI, LCUI, and cervical dysstructure (127). Compression of the IJV is typically seen at the level of the atlas. Sometimes it is a combination of the atlas being too far forward from cervical dysstructure or moving too much because of LUCI, or because there are styloids also compressing the IJVs from the front. Symptoms of IJV compression from a styloid bone are worse with flexion and rotation to the side of the styloid.

At any one time, most of the volume of blood in the brain is in the venous system, trying to get out (128). While 32 quarts of fluids flow through the brain each day, 70–80% of them are contained in the brain’s venous system (128). In 94% of healthy people, the IJV is the main venous system through which blood exits the brain, with 6% of people draining less than one-third of the brain through the IJV (129). When the IJV is blocked by LUCI, especially in the upright position (for example, if C1 is unstable and sliding too far forward, compressing the IJV), the brain drains via vertebral veins, external jugular veins, as well as the deep cervical veins and lymphatics (130, 131).

Internal jugular venous compression can occur from something as simple as turning one’s head and wearing a cervical collar. Several animal and human studies have documented that by turning one’s head, the ipsilateral jugular vein can be significantly compressed (132–134). Besides causing compression of the IJV, head/neck rotation has been shown to block CSF flow and raise ICP (135, 136). The increase in ICP with neck motion was maximal with flexion and rotation, with ICP in 26% of the patients going over 50 mmHg when that position was held for 1–2 min (137).

Extracranial IJV compression is increasingly recognized as a cause of IBP, and occurs in the J3 segment at the level of the lateral mass (transverse process) of C1 and styloid process in up to 96% of cases (129, 138, 139). Styloid elongation greater than 30 mm is a risk factor for compression (140). This latter condition is known as Eagle syndrome, whose symptoms relate to compression of the carotid sheath contents (141, 142). Eagle syndrome can occur when extra tension is put on the stylomandibular and stylohyoid ligaments from FH-FDL and calcifies by pressure traction (143). The calcified styloid then compresses the carotid sheath, especially if it angles medially between it and the lateral mass of C1. It is easily seen by CT venogram with 3-D reconstruction of the cervical spine. This explains why lying down, mastication, laughing, and head retraction—all of which change the position of the mandible and C1 or a styloid bone, thus putting tension (stretching) on the carotid sheath—can worsen symptoms due to carotid sheath compression (144).

Compression of the carotid sheath, which contains the IJV, can be caused by a narrowing of the space between the lateral mass of C1 and the styloid (3.7 mm of narrowing, in one study) known as the atlantostyloid interval (145). The diameter of the IJV correlating with reduced size of the atlantostyloid interval and the asymmetric larger area of the lateral mass of the atlas on the side of compression (by 40%) suggests LUCI as a reason for the bony size discrepancy (146). Since the styloid is anterior to the carotid sheath, retraction of the head should increase symptoms if an enlarged styloid is the cause of IJV compression; protraction of the head/jaw therefore relieves symptoms, as the atlantostyloid interval increases with that motion. While the gold standard to diagnose IJV compression has been CT venograms, in many cases it is possible for CT or MR venograms done in the supine neck neutral position to miss the IJV compression, as the atlantostyloid interval is narrowed maximally by contralateral head rotation (132). Static neutral scans do not consider compression of the carotid sheath with rotation, flexion, or extension of the neck. Ultrasound evaluation while moving the head in different positions can show the narrowing of the IJV at the site of compression (see Figure 10).

[image: Ultrasound images labeled A to E show cross-sectional views of internal structures, each with an arrow pointing to a specific area of interest. The structures vary in shape and echogenicity, indicating different tissue characteristics or abnormalities.]

FIGURE 10
 Degrees of internal jugular vein compression as seen on ultrasound examination of the neck. (A) Normal, “open” internal jugular vein. (B) Slightly compressed. (C) Moderately compressed. (D) Severely compressed. (E) Completely closed. It is internal jugular vein compression (arrows), especially with upright posture and neck motions, that leads to intracranial hypertension (increased brain pressure).


A proposed cervical ligament etiology of IBP is the 3:1 to 18:1 female preponderance, often relieved by lying down, and the fact that neck flexion and rotation can increase ICP by almost 9 mmHg (147–149). In fact, 90% of the patients are females of childbearing age (the most flexible adults), again possibly pointing to cervical instability as a cause (150).



Treatment principles

Successful treatment is determined in large part by correctly identifying the underlying cause of symptoms and diseases. When the etiology is presumed to be structural in nature, treatment outcomes directed at the dysfunctional structure (dysstructure) will likely be more successful than chemical ones (medications). In regard to treatment of ICP, the main target of lowering the pressure in IBP is currently reached by medications such as acetazolamide, which acts as an inhibitor of the sulfonamide-sensitive carbonic anhydrases and reduces CSF secretion by approximately 50% (151). Weight loss combined with acetazolamide can be used, as well as ventricular shunting when ICP becomes severely elevated with significant symptoms (152, 153). The prognosis with these approaches is limited, as they do not resolve the condition (154).

As the most likely cause of ICP as presented here is structural, treatments should be directed at improving the structure. Brain fluid outflow is compromised by venous obstruction from both the immediate and long-term effects of LCI, which include vertebral malalignment, curve breakdown, and instability. A structural treatment program would therefore be necessary. Components of this program could include dynamic orthoneurological (chiropractic) adjustments for vertebral subluxations, curve correction by chest and head weights and therapeutic exercises, and Prolotherapy to tighten injured incompetent ligaments. It should be noted that while vertebral subluxations or misalignments—structural asymmetries in vertebral anatomy causing clinical symptoms—can be found objectively on radiographic or physical exam assessments, their clinical significance, though recognized by the World Health Organization, is not universally accepted (155, 156). When clinically significant, the correction is often performed by improving the biomechanics of the cervical curve and its structure, so the fluid flow and nerve signal transmission to and from the brain are improved, along with proprioception. This is confirmed by a lowering of the optic nerve sheath diameter and pulsatile indexes, documentation improvement of ICP, and thus brain health parameters.

The cervical structural, IJV, and optic nerve sheath diameter measurements for 227 consecutive patients aged 20–50 from January 1, 2022 to June 30, 2022, with no obvious cause for at least 1 of 8 specific brain or mental health symptoms—anxiety, brain fog, concentration difficulty, depression/hopelessness, headaches, obsessive thoughts, panic attacks, and rumination on traumatic events—were taken (see Figure 11). Some 96.2% of patients had an abnormal optic nerve sheath diameter (>6.1 mm). The cervical instability and dysstructure found are presumed to “simply” be from FH-FDL with computer and cell phone usage.

[image: A table displaying various symptoms with measurements. Symptoms include anxiety, brain fog, concentration difficulty, depression, headaches, obsessive thoughts, panic attacks, and rumination. Measurements cover IJV Supine C1-C2 CSA, IJV Supine C4-C5 CSA, Optic Nerve Sheath Diameter, C1-C2 Facet Joint Instability, and Forward Atlas Position. Each symptom is associated with specific numerical values across these categories.]

FIGURE 11
 Summary of cervical structural analysis and ultrasound measurements of internal jugular veins (IJVs) and optic nerve sheath diameters (ONSDs) in 227 consecutive patients aged 20–50 who came to an outpatient neck center and had at least 1 of the 8 symptoms above, with no history of trauma or etiology of symptoms. * Mean bilateral total internal jugular vein cross-sectional areas (CSAs), ONSDs, and C1-C2 facet joint instability in patients with various brain/mental health symptoms. Normal for IV CSA >180 mm2, ONSD is <12.2 mm, and optimal C1 overhang on C2 in lateral flexion, open mouth is <2–4 mm. ** C6A1 = C6-atlas interval, horizontal distance in the sagittal plane of the posterior inferior C6 vertebra to anterior atlas (optimal is <10 mm). Measures how far forward the atlas (C1) is in relation to lower cervical vertebra (C6).




Dynamic structural medicine

Body mechanics in health and disease are an integral part of medical specialties such as orthopedic surgery, physical medicine and rehabilitation, neurology, and osteopathic and chiropractic medicine. It involves how the human frame moves in 3-D space and its effect on joint and neurological structures, as well as organ systems and their functions. A more modern term to describe this field is “dynamic structural medicine,” defined as how human structure influences health and disease. “Dynamic” embodies the constant state of change that occurs in the human body to maintain homeostasis in various postures, positions, and motions. A coordinated and balanced effort between the musculoskeletal, neurologic, and vascular systems is required to maintain a healthy upright posture. It is underappreciated how subtle changes in spinal curvature, posture, and stability affect this delicate balance.

Without normal spinal alignment and movement, neurologic structures that traverse through the neck are at risk. Once alignment, curve, or stability are compromised, the body starts making compensatory changes down the spinal kinetic chain, with changes typically progressing from the neck down (157). Compared to people with normal lordotic curves, those with kyphosis note greater incidence of neck pain and scoliosis, disc herniations that are more severe, increased incidence of spinal stenosis with and without myelopathy, and spinal cord tensions associated with elevated intramedullary pressures (158–161). Missed dynamic cervical spine instability is associated with spinal cord compression, most commonly at the C5-C6 segment and cervical segments with greater disc bulge, more severe disc degeneration, greater angular motion, segmental kyphosis, and developmental stenosis (162).

Static and dynamic DMXs help determine which of the 3 variables (alignment, curve, and/or stability) are involved in a patient’s pathology, but typically one needs motion to show instability. By taking static and motion x-rays in the various neck planes, a picture of the 3-D cervical anatomy is revealed. The primary structural lesion is identified as causing the patient’s symptoms, and then the correct therapeutic remedy is applied. In cases of forward head posture or poor cervical curve in the absence of instability, restoration of the curve is crucial for overall health.



Neck reconstruction therapy

Ideal structural integrity of the cervical spine involves 3 primary parameters: alignment, curve, and stability. LCI can result in misalignment (subluxation), curve deformation, and ligamentous instability. In many ways, they are a continuum of the progressive nature of LCI, so treatment is directed at each part of the triad (see Figure 12).

[image: Flowchart illustrating the relationship between primary structural pathology and structural treatments for cervical spine issues. Issues like cervical stability, instability, instability with dysstructure, cervical dysstructure, and alignment/misalignment are shown. Treatments include prolotherapy, lifestyle adjustments, and vertebral adjustments. A highlighted area marks the most common condition.]

FIGURE 12
 Cervical treatment recommendations based on dynamic upright radiographic studies. Patients often have a combination of cervical instability, cervical dysstructure (breakdown of cervical curve), and misalignments, the 3 pillars of cervical structural health. * Some extreme cases of instability require surgery or other methods. ** Optimizing cervical curve is multifaceted and can include ergonomics, physical therapy and exercise, and many other physical medicine techniques.




Dynamic orthoneurological correction (upper cervical adjustment)

Specific spinal manipulations (or adjustments) are the basis for much of the chiropractic profession (163). Traditional subluxations are diagnosed via static x-rays and physical examination, while dynamic orthoneurological corrections put heavy emphasis on dynamic 3-D anatomy, including spinal curves, utilizing motion x-rays, and taking into account the diagnostic neck vital tests to determine the primary lesion. Corrections are of little force, especially for the upper cervical region, with an activator or adjustment tool that an upper cervical chiropractic specialist would use, and not with high-velocity rotational forces.

Misalignments, especially of the atlas and axis, can have significant effects on compressing the carotid sheath. They are easily diagnosed on DMX and can compress the carotid sheath on the side of the rotation (with specific head positions and motions), causing characteristic pathophysiology and symptoms. The correction is often performed from a mostly anterior to posterior approach, as the cervical deformation with LCI is anterior.



Cervical curve correction

While a study published in 1960 demonstrated that only 3 out of 180 patients (<1.7%) had cervical kyphosis, comparing it to recent studies shows that 30–40% of the general population has cervical kyphosis (21, 164). As those who have kyphosis are more prevalent in younger groups than those with straight or lordotic necks, and the fulcrum of the kyphosis is at C4-C5—the same fulcrum as neck flexion—clearly, the FH-FDL is involved (165, 166). One can then infer some connection between the alarmingly rising rates of cervical kyphosis and the increased use of cell phones and computers, especially in younger populations.

When cervical sagittal anatomy is optimized, symptoms including dizziness and neck pain resolve (167). Cervical curve correction may be initiated for many reasons, including structural, physiological, and symptomatologic (168). Indications that a patient may require cervical curve correction therapy are if observation and/or imaging show a significant forward head posture, or if the patient exhibits significant reversal of their cervical lordosis (169, 170). Other less obvious indicators that curve correction will be required for a successful treatment regimen are things like pooling of CSF at a certain level in the cervical spine with associated structural origin (as visualized on MRI) or flattening of the IJV in front of the upper cervical vertebrae.

Cervical curve correction can be as simple as changing one’s computer setup to be looking up, doing various postural exercises, or changing their sleeping position to one that opens up the jugular veins maximally (171). In our opinion, lying on a cervical orthotic such as the Denneroll® or using patient-specific weights in a standing or weight-bearing position can also help (see Figure 13). The patient can be x-rayed periodically to make sure the cervical curve is correcting, and the opening of the jugular veins can be verified with ultrasound.

[image: A series of images showing various therapeutic and ergonomic practices. A) A person sitting at a desk using a computer. B) A person seated against a wall with a therapist's guidance. C) A person standing barefoot in front of a yellow wall with a therapist assisting. D) A person lying on a mat, head resting on a supportive foam block, with a dog nearby. E) A person lying under yellow covers on a bed. F) A close-up of a contoured neck pillow with a headrest cutout. G) A person wearing a posture correction device, shown from multiple angles.]

FIGURE 13
 Methods to improve one’s cervical curve. (A) Proper workstation. (B) Proper looking-down posture. (C) Postural exercises. * (D) Laying on Denneroll®. (E) Proper sleep position. (F) Pillow with cut-out. (G) Wearing neck weights. * Postural restoration institute.




Prolotherapy

Prolotherapy is often referred to as a regenerative injection technique that is used to stimulate repair of injured soft tissues, including ligaments. Our definition of “Prolotherapy” is: proliferative injections onto the bone at ligament attachments that strengthen and tighten ligaments to resolve joint instability. It is our opinion that the progress of Prolotherapy can be shown by a decrease or resolution of the instability on repeat DMXs; what can also be shown is an improvement in the neck vitals.2

Ligamentous tissue is often slow to heal on its own due to a lack of blood supply, which explains why people can develop chronic cervical instability that worsens over time. Prolotherapy to the cervical spine involves injecting an irritating solution (often dextrose) at ligament and tendon attachment sites that creates a mild inflammatory response, initiating the body’s natural healing cascade targeted at poorly vascularized tissue (172, 173). Load-bearing capacity, mass, tensile strength, and elasticity of collagenous connective tissues are increased. This initiates responses such as fibroblast and platelet activation, which repair and reinforce injured connective tissue.

Prolotherapy was developed by George Hackett, MD in the 1930s with the primary target to treat potential pain sources within connective tissue by either proliferation of new cells or the improvement in the health of existing cells (174). The most studied type of Prolotherapy utilizes dextrose, but other solutions may be used, such as platelet rich plasma, adipose tissue, bone marrow aspirate, or other minerals or fatty acids. Evidence that Prolotherapy induces the repair of ligaments and other soft tissue structures, including tendons, has been reported in both animal and human studies (175–177). Prolotherapy injections in the neck are directed at the posterior ligament complex, especially the capsular ligaments surrounding the facet joints (see Figure 14).

[image: Diagram depicting the C1 and C2 vertebrae. Panel A shows excessive rotation and laxity in the C1-C2 capsular ligaments, highlighted in red. Panel B depicts the vertebrae with a correction tool, highlighting indications of stabilization, with C1 and C2 slightly realigned and marked.]

FIGURE 14
 3-D rendition showing upper cervical instability with motion and treatment by prolotherapy. (A) Upper cervical instability. (B) Prolotherapy to the C1-C2 facet joints.


In independent studies, Hackett and others reported significant successful outcomes in using Prolotherapy to treat ligament injuries, especially in those with cervical ligament injury-related symptoms, such as headache or whiplash-associated disorder (178–180). Additional clinicians documented significant symptom relief with cervical Prolotherapy directed at the posterior ligamentous complex, including the capsular ligaments (14, 181–183). Prolotherapy, in the absence of dynamic orthoneurological correction and cervical curve correction, is promising for those suffering from LCI. When coupled with loss of the lordotic curve and cervical malrotations, LCI could be reversed using proper structural treatment aimed at resolving targeted structural defects.



Case study

A 51-year-old man with a long history of anxiety, depression, dissociative disorder (depersonalization/derealization), panic attacks, brain fog, memory decline, concentration difficulty, chronic fatigue, low stress tolerance, chronic neck pain, and head pressure has worked as an engineer for 30 years, putting in long hours hunched in front of a computer screen. He has seen many healthcare providers, including psychiatrists, psychologists, and chiropractors, but his symptoms continue to progress. He admits to self-manipulating his neck many times a day. Initial cervical structural testing revealed severe cervical dysstructure and upper cervical instability, causing compression of the carotid sheath. He was told to stop self-manipulating his neck and was educated on improved ergonomics for his workstation, so he bought a rocker-bottom chair and standing desk and raised his computer height significantly. His best positions to sleep in were on his left side with his head extended or with a cut-out (Denneroll®) pillow, as they opened his IJVs compared to his normal chin-down sleeping position. He was initially told to lay on a Denneroll® for 5 min every hour (with improvements in curve, this time went down to 20 min per day), started exercises to strengthen his neck musculature, and was given Prolotherapy for his LCI. Over the course of 1 year, during which he received 6 Prolotherapy sessions, we noted a significant increase in his IJV cross-sectional areas and improvement in his neck curve (see Figure 15). Upon his last visit to the clinic in June 2024, he noted no more dissociative episodes nor panic attacks, and approximately 80–90% subjective improvement in his brain and mental health symptoms. He continues his cervical curve correction program.

[image: Comparison of medical data from June 2023 and June 2024. The table shows measurements of IJV supine total cross-sectional area, optic nerve sheath diameter, C1-C2 instability, and forward atlas. June 2023 had C1-C2 73.6 mm² and C6AI 40.3 mm, whereas June 2024 had C1-C2 131.1 mm² and C6AI 0.0 mm. Below are side-by-side images of C6AI measurements in June 2023 and June 2024, depicting cervical spine positions with red lines indicating measurement points.]

FIGURE 15
 Improvement in patient’s cervical curve structure correlates with opening of his internal jugular veins and reduction in optic verve sheath diameter. Over the course of a year, his brain and mental health symptoms improved significantly. * Mean bilateral total internal jugular vein (IJV) cross-sectional areas (CSAs), optic nerve sheath diameters (ONSDs), and C1-C2 facet joint instability in patients with various brain/mental health symptoms. Normal for IJV CSA is 180 mm2, ONSD is <12.2 mm, and optimal C1 overhang on C2 in lateral flexion, open mouth is <2–4 mm. ** C6A1 = C6-atlas interval, horizontal distance in the sagittal plane of the posterior inferior C6 vertebra to anterior atlas (optimal is <10 mm). This measurement shows how far forward the atlas (C1) is in relation to the lower cervical vertebra (C6).




Summary

The FH-FDL from excessive time spent looking at computers, laptops, and cell phones causes the slow stretching of posterior ligaments in the cervical spine, especially the capsular ligaments. As cervical ligaments stretch out, they can no longer handle the forces of the head on the neck and the normal cervical curve starts to break down, a process called cervical dysstructure. Clinical ligamentous cervical instability results, which is an inability of the cervical ligaments to maintain individual, adjacent, or global vertebral alignment when subjected to increased forces by various postures, positions, and/or motions that alter bony, soft tissue, and/or neurovascular alignment and function such that symptoms result. The cervical lordotic curve becomes straight and then kyphotic as head forces go in front of the cervical vertebrae, causing the condition to be progressive. This change in cervical curve can affect everything that traverses the neck, including vital neurovascular structures. Cervical muscle spasms, facet joint swelling, and degeneration occur to try and limit destructive neck motions. When the body runs out of compensatory mechanisms to limit forces and destruction, neurologic and vascular compromise and injury occur, causing symptoms.

Dynamic structural medicine explains how human posture and motion affect body and brain health and disease. Detrimental changes in the neck curve—cervical dysstructure from ligamentous cervical instability—cause compression of the carotid sheath, narrowing the jugular vein and stretching and putting pressure on the vagus nerve, potentially causing brain and body disease, respectively. The most serious symptoms occur when brain health is affected by the IJVs and the carotid and vertebral arteries becoming compressed, causing intracranial hypertension and arterial insufficiency or ischemia, respectively. These conditions can cause myriad symptoms from neck tension, headache, blurry vision, dizziness, tinnitus, and ringing in the ear, to personality changes and many others. Because the neurovascular compression often occurs in the upright position or with specific neck motions, traditional MRI or CT scans in the supine position can miss it. Cervical structural analysis is performed in the upright position in different head and neck positions with DMX and cone beam CT. A neck vitals analysis is done to document the pathophysiology caused by the LCI.

As presented here, the most likely cause of IBP is structural. This reaffirms that a structural treatment program should be prescribed that is aimed at correcting incompetent structures of the cervical spine. Ligamentous cervical instability is often the missing structural cause for many chronic conditions associated with the cervical spine and neck’s relevant anatomy. Instability, along with loss of the cervical lordotic curve, can be the cause of increased brain pressure and many associated chronic conditions. Treatments directed at cervical vertebral malalignments (subluxations), curve dysstructure (breakdown), and instability include dynamic orthoneurological (chiropractic) low-force adjustments, curve correction and therapeutic exercises, and Prolotherapy, respectively.
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Footnotes

1   Analysis of patients coming to our outpatient Hauser Neck Center. As of November 1, 2024, final statistical analysis is being completed for scientific publication.

2   Opinion based on 8,000 DMXs and data that are forthcoming in subsequent articles after this overview article.
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Individuals with joint hypermobility and the Ehlers-Danlos Syndromes (EDS) are disproportionately affected by neuraxial dysfunction and Central Nervous System (CNS) disorders: such as Spontaneous Intracranial Hypotension (SIH) due to spinal cerebrospinal fluid (CSF) leaks, Upper Cervical Instability (UCI; including craniocervical or atlantoaxial instability (CCI/AAI)), Occult Tethered Cord Syndrome (TCS), Chiari Malformation (CM) and Idiopathic Intracranial Hypertension (IIH). The neuraxis comprises the parts of the nervous system (brain, nerves, spinal cord) along the craniospinal axis of the body. Neuraxial tissue includes all tissue structures that comprise, support, sheath, and connect along the neuraxis and peripheral nerves. Altered mechanical loading or vascular supply of neural structures can adversely impact neural health and conductivity, with local and remote effects on inflammation, venous congestion, and muscle control. With EDS characterized by altered structure of the connective tissues found throughout the body including the neural system, altered mechanical properties of the central nervous system (CNS) and its surrounding tissue structures are important considerations in the development and diagnostics of these CNS disorders, as well as response to therapeutic interventions. Experts have identified a need for neuraxial curriculum in medical education and hypermobility-adapted treatment approaches in pain management, neurosurgery, anesthesiology, hematology, gastrointestinal surgery, dermatology, cardiology, dentistry, gastroenterology, allergy/immunology, physical therapy, primary care, radiology and emergency medicine. This paper reviews the interactions between neuraxial biomechanics and pathology related to CNS disorders seen commonly with EDS. First, we provide a concise synthesis of the literature on neuraxial kinematics and fluid dynamics. We then discuss the interplay of these biomechanics and their involvement in clinically-relevant diagnoses and overlapping symptom presentations, modeling physiological reasoning to highlight knowledge gaps, support clinical decision-making, improve multidisciplinary management of hypermobility-associated complexity, and add weight to the call for medical education reform.
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1 Introduction

Neurological conditions recently surpassed cardiovascular and musculoskeletal conditions to become the leading disease burden globally, affecting 1 in 3 people in 2021 (1). Hypermobile patients are disproportionately affected by neuraxial disorders (2–4)—including Spontaneous Intracranial Hypotension due to spinal cerebrospinal fluid leaks, Upper Cervical Instability, Occult Tethered Cord Syndrome, Chiari Malformation and Idiopathic Intracranial Hypertension (2, 3)—with interacting pathology, dysregulation, and complexity that transcends conventional silos in healthcare. Rethinking how various changes in neural, fascial and vascular tissue biomechanics interact, the neuraxial-myodural complex provides a framework that can clarify the mechanisms at play behind symptom cascades and unexpected treatment responses. The dynamics of the neuraxial-myodural complex—the combined interactions of neuraxial tissue and the myodural bridge—in each hypermobile patient present an additional challenge to diagnostic assessment and treatment planning as the extracellular matrix and tissue components may deviate from expected physiology while also offering opportunities for preventative and therapeutic intervention. Neurological function requires the neural system to accommodate changes in mechanical loading while maintaining allostasis of metabolic, fluid, and conductive functions, dependent on the capacity and integrity of neural and vascular connective tissue. Altered connective tissue structure, volume, and production impacts neurological function and neuraxial biomechanics, which can be adaptive or maladaptive. Small changes in fluid dynamics (including tissue osmolarity and fluid flow, volume and pressure) or kinematics (motion of body parts) can have widespread and long-term effects. Compromised neuraxial biomechanics in tissue or fluid components at any point in the system can impact the integrity of mechanical tissue properties, and subsequent capacity for neural conduction and CNS response to everyday changes in posture, body motion, or physiological function. When overlooked or maladaptive, this interplay contributes to cascades of “unrelated” pathology, ineffective treatments, and compounding stigma. Understanding the associations between mechanical and functional interactions—between spinal joint function and sensorimotor control, the myodural bridge, dural and cord motion, dural compliance, CSF and vascular pressure—is essential to improve diagnostic decisions, treatment plans, and therapeutic outcomes, and to avoid preventable harm to patients with altered connective tissue.

Biomechanical differences predispose people with hypermobility to higher risk of neuraxial comorbidities (often multiple simultaneously) and neurological dysfunction (both central and peripheral) (2, 5). With increased rates of cervical spine instability and related complications in hypermobile patients, experts have identified a need for neuraxial curriculum (6) (and related reform) in medical education (7) and hypermobility-adapted treatment approaches (8): in pain management (9), neurosurgery (7), anesthesiology (6), hematology (10), gastrointestinal surgery (11), dermatology (12), cardiology (13), dentistry (14), gastroenterology (15), allergy/immunology (16), physical therapy (17), primary care (18, 19), radiology and emergency medicine (20).

Neuraxial tissue must accommodate greater range of spinal motion and spinal canal elongation in patients with hypermobility (21). Hypermobility increases the risk of injury and systemic impairments in response to normal body movement, with significant biomechanical, neuromuscular, and neurovascular vulnerabilities in the neuraxis and associated structures. Increased demand in response to hypermobile patterns of movement and mechanical load, when combined with variations in tissue compliance and fragility, likely compromises neural compliance, nutrition, metabolic waste clearance, or elasticity limits of the impaired and overloaded neuraxial structures.

Structures in and around the craniocervical junction are particularly vulnerable with hypermobile necks and spines. Spinal hypermobility (increased physiological joint range of motion due to anatomical and tissue variance) or mechanical instability (excessive accessory joint motion due to reduced capacity of tissue to stablize or hold a joint in place) can have serious consequences with higher segments having higher consequences. Finite segment analysis shows that hypermobility of upper cervical segments increases mechanical loading of the spinal cord (22). Increased cord stress is associated with higher ranges of atlanto-axial rotation and lateral translation, and higher rotation is associated with compromised cranial vascular supply and vertebral artery patency (23, 24). Perioperative planning and diagnostic investigations should consider the potential for articular subluxation or hemorrhagic complications during routine patient transfers, cumulative exposure to radiology contrast, anesthesia resistance, delayed wound healing, and reduced kinematic control when assessing or treating conditions associated with connective tissue or cervical musculoskeletal dysfunction along with associated conditions such as dysautonomia, whiplash, migraine, tinnitus, and other (6, 10, 11, 25, 26).

This paper reviews the interactions between neuraxial biomechanics and pathology related to CNS disorders seen commonly with hypermobility and related conditions including the Ehlers-Danlos Syndromes (EDS). First, we provide a concise synthesis of the literature on neuraxial kinematics and fluid dynamics. We then discuss the interplay of these biomechanics and their involvement in clinically-relevant diagnoses and overlapping symptom presentations, modeling physiological reasoning to highlight knowledge gaps and equip clinicians to manage this complexity in practice. Enriched understanding of neuraxial biomechanics and fluid dynamics in EDS serves to improve long-term health outcomes, support clinical decision-making, avoid preventable harm, and guide complex care planning. By clarifying the functions, consequences, and interplay of neuraxial-myodural dynamics—kinematic, proprioceptive, fluid, and tissue changes—we aim to support clinical decision-making, improve multidisciplinary management of hypermobility-associated complexity, and add weight to the call for medical education reform.



2 Neuraxial kinematics and biomechanics

The neuraxis is the axis of the central nervous system (CNS), comprising the brain and spinal cord, and continuous mechanical tract of supporting tissue structures anchored at many points including the craniocervical junction and coccyx. The neural system is academically divided into central and peripheral neural systems (PNS) while in fact being connected structurally and by the flow of fluids, including CSF, throughout both CNS and PNS (27). Clinically, injury, impairment, and instability may present differently in each of the major neuraxial transition junctions—atlantoaxial to cervical, cervical to thoracic, thoracic to lumbar, lumbar to sacroiliac—and interact via this continuous tissue tract. As a mechanically continuous structure, a change in kinematics of any part of the neural tissue tract has the potential to change the forces operating on any other part of the tract. For full, asymptomatic function, all tissues of the neural tract must be able to accommodate the mechanical loads associated with bodily movement, postural changes relative to gravity, and fluid dynamics of the CSF and vasculature, while maintaining the capacity for impulse conduction. Changes in mechanics anywhere along the tract may therefore contribute to pathological neural function in both local and remote areas of the neural system (28).


2.1 Neuraxial length adaptation

The neuraxis can be deformed during head and spinal movement, with neurons and associated vasculature and connective tissues all potentially undergoing mechanical deformations. Spinal motion involves changes in the length of the central canal to which the neuraxis must adapt. In an average human spinal column, the central canal is estimated to be 5–9 cm longer in trunk flexion than extension, with a greater length change posteriorly than anteriorly (29, 30). Both the anterior and posterior neuraxis lengthen in flexion and shorten in extension as the entire neuraxis is positioned to the same aspect of the axis of motion. The neuraxis shows less change in length than the bony spinal canal during flexion and extension, with a relative displacement of the end of the dural sac suggesting some degree of stretch (31). Nerve roots generally follow relaxed, curved paths in an extended spine, being drawn into straightened paths during flexion (31). During lateral flexion of the spine, the convex side of the canal will lengthen, and the concave shorten. During rotation of the spine, there is potential for spinal structures to encroach on the dural sac, with the canal narrowing at the craniocervical junction (due to atlas movement) and the cord narrowing at the thoracic level. Nerve roots also stretch up to 1 cm during rotation of adjacent vertebrae (31, 32).

Shortening of the spinal column involves telescoping and folding of tissues along the length of the neuraxis, while lengthening is normally accommodated via unfolding then elastic lengthening of the neural tract structures (30). The axons, blood vessels, and connective tissue fibers of the neuraxis, surrounding the neural cells and investing into the cord surrounding vascular structures, are arranged in various geometric networks that are able to accommodate length changes through shifts in the geometry of the fiber network, such as coiling or concertina like folds on shortening, with a sudden arrest of connective tissue length change occurring when the fiber networks are fully folded or opened (28, 30), thereby protecting the neural cells from excessive distortion. Dural tissue demonstrates greater resistance to longitudinal stretch than transverse as a consequence of the primarily cranio-caudal orientation of the collagen fibers, with variable stiffness in different regions of the spine and viscoelastic properties attributed to the presence of elastin fibers and ground substance of the extracellular matrix in addition to the collagen fibers (33, 34).

As a consequence of the mechanical continuity of the neural tract, movements of any part of the body, not only the spine, may influence the forces on the neuraxis remotely. Transmission of tension to the lumbar cord during cervical flexion is shown in cadaver studies, and animal studies demonstrate potential for distal limb movements to change tension in remote neuraxial tissues (29, 35, 36). A differentiated response of the dura to pathological forces has been described dependent on the pre-tensioning of the neuraxis, with a cranial or caudal force producing significant deformation of the dura over a small range when applied to slack dura (such as in spinal extension), while a pre-stretched dura required larger forces to produce deformation which transmits over greater distances (28).



2.2 Neuraxial tissue interfaces

During spinal motion, in addition to length change, there may also be relative motion between different tissue layers, such as the neuronal tissue, dural membranes, and spinal structures to a non-uniform degree throughout the spinal canal (37, 38). There are multiple locations where the relative motion between layers is restricted by direct attachments. The cranial dura is adhered to the inner surface of the cranial bones to varying degrees and is structurally continuous with the spinal dura. As depicted in Figure 1, the spinal dura is tethered to the anterior and lateral aspects of the spinal canal to varying degrees along its length by Hoffman’s ligaments and dorsally to the ligamentum flavum by a central septum, along with fixation to the margins of the intervertebral foraminae, and the nerve root complexes thereby mechanically attaching the neuraxis to the peripheral nervous system (31, 39). Within the dural sac, the cord is connected by a series of denticulate ligaments connecting the pia and dura mater which have been suggested to prevent excessive cord elongation based on animal studies (40). Additionally, an intermediate layer between the pia and arachnoid mater has been described which is most prominent dorsally, forming a series of septa within the spinal subarachnoid space (41). The intermediate layer is described as highly fenestrated in the lateral cord aspects and suggested to potentially influence movement between the cord and arachnoid mater as well as potentially dampening pressure fluctuations. Anatomy diagrams tend to oversimplify this; it’s complex and overcrowded in the craniocervical junction and the epidural space.
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FIGURE 1
 The myodural bridge. Sagittal section of the myodural bridge and its connections to the dura and spine. The posterior atlantooccipital membrane (1) extends from the occiput and coalesces with the dura mater at the cerebrospinal junction. The superior myodural bridge (2) merges with the superior vertebrodural ligament (3) of the atlas and fuses with the PAOM at the level of the atlantooccipital interspace. The inferior myodural bridge comprised of the rectus capitis posterior major fascia (5a) and obliquus capitis inferior fascia (5b) courses between the atlantoaxial ligamentum flavum (4) as bundles of dense fibers. The inferior myodural bridge fuses with the PAOM. The nuchal bridge (6) merges with the inferior vertebrodural bridge (7) and attaches to the PAOM. The PAOM terminates at the level of C3 after this transition point (*). The dura mater (DM) continues as an independent structure after that. O, occiput; C1, atlas; C2, axis; C3, third cervical vertebra; NL, nuchal ligament; PAOM, posterior atlantooccipital membrane. Adapted from Scali et al. (160).


At the craniocervical junction, the spinal dura mater attaches to the skull base, upper cervical vertebrae, and suboccipital musculature (rectus capitis posterior major, rectus capitis posterior minor and obliquus capitis inferior), by a complex of membranous attachments passing through the occipito-axial and atlanto-axial interspaces; this complex is the myodural bridge, depicted in Figure 2 (42). The action of the suboccipital muscles connected to the dura via the myodural bridge may influence CSF pressure and flow and control the folding of the dural membranes during spinal motion (43, 44), Caudally, the meningeal tissues and cord are anchored via the fibrovascular filum terminale, a structure usually demonstrating greater elasticity than the cord, extending from the conus medullaris to the dorsal aspect of the coccyx (38). Through these direct connections between the neuraxial tissue and spine, the neuraxial motion and vertebral motion can directly influence each other and both influence the myodural bridge and filum terminale (42, 45, 46).
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FIGURE 2
 Components of the neuraxis. Diagrammatic cross-section of the spinal canal contents and immediately surrounding bony elements, showing attachments of the neuraxis. Adapted from Butler (35).


The volume of the epidural space varies at different levels of the spine with the cord noted to occupy less than half of the canal volume at the C1 level, compared to around three quarters at C6 (47). Surrounding the dura, in the spinal epidural space, is the internal venous plexus embedded in epidural fat deposits (48). The spinal epidural plexus, which occupies much of the epidural space (31) is described as a series of longitudinal plexuses with interconnecting venous rings at each vertebral body level, providing drainage for the cord and vertebral bodies. It has been suggested that the compressibility of the epidural plexus could offer the cord some protection against other structures encroaching into the canal during movement (such as bulging spinal ligaments) and buffering of changes in canal pressure during motion (31).

The tissues which may interface in direct contact with the CNS in the spinal canal, and therefore influence neuraxis motion, vary as the cord moves within the canal under the influence of both joint motion and gravity. In horizontal body alignments, the untensioned neuraxis (such as in a neutral or extended spine posture), will drop onto the lower surface of the spinal canal under the influence of gravity: the posterior aspect of the canal in supine, or the lowermost side of the canal in lateral lying. By contrast, in the flexed spine, when the neuraxis is under tension, it will be lifted away from the lower canal surface. Thus, combinations of body posture relative to gravity and segmental alignment of the spinal and limb musculoskeletal system can jointly influence the degree of contact between the neuraxis and surrounding structures, both anatomical and pathological (28). Factors which alter the relative displacement of tissue layers, such as epidural scarring, may alter the relative motion between tissues and the transmission and dissipation of applied forces (30).



2.3 CNS fluid biodynamics

The neuraxis is influenced by fluid dynamics of cerebrospinal fluid, lymphatic, glymphatic, and vascular systems; fluid pulsations, volume, pressure, directional forces, osmolarity, interacting hydrodynamics and fluctuating permeability of surrounding tissue (7). Due to the relative rigidity of the cranium and spinal canal and incompressibility of their neural contents, the dural sac with its contained CSF and the venous systems display interrelated dynamics responding to changes in each other’s volumes (described by the Monroe-Kellie hypothesis) (49), as well as to changes in intracranial, intrathoracic and intra-abdominal pressures (50). The buoyancy effect of the CSF normally reduces the downward displacement of the CNS under the influence of gravity in upright postures, significantly reducing the effective weight of the brain and likely also providing a hydraulic cushioning effect for the spinal cord (29, 40).

The understanding of CSF dynamics continues to evolve. According to modern hypotheses, CSF pulsates and circulates between the cranial ventricles and spinal cavities at the foramen magnum. CSF secretion and absorption occurs throughout the entire subarachnoid space, with regions of hyperosmolarity found throughout the CNS, cranial ventricles, and periventricular white matter (7, 50). No specific sites of active or passive absorption or secretion have been identified experimentally; contrary to the century-old classic hypothesis, the choroid plexus acts as neither pump nor primary source of CSF secretions. Instead, rapid changes in osmolarity has been identified as the main contributor to CSF dynamics in typical presentations (as osmolarity increases with inflammation). Impairments in osmolarity cause dural inflammation and craniospinal compensatory mechanisms (7). Constant fluid exchange and CSF turnover occurs in cerebral capillaries, and some absorption occurs through glial or glymphatic and perineural pathways following cranial nerves, passing to the cervical lymphatic system, and via the canalicular system from the subarachnoid space to the subclavian veins, interacting with other CNS hydrodynamics (51). Experimental findings also challenge the classic hypothesis of unidirectional flow of CSF in a craniocaudal direction, demonstrating bidirectional pulsating CSF movement influenced by body posture and vascular dynamics (7, 51, 52). The CSF continuously pulsates with respiratory and cardiac cycles with the brain and cord mechanically impacted by the oscillating pressure of these pulsations. The upper cord demonstrates cranio-caudal and anterior–posterior oscillations in a resting subject (45, 53, 54).

The pressure dynamics of the CSF will be a function of its volume (impacted by the rate of ingress and egress) as well as the compliance of the intradural space, both cranial and spinal as communicating compartments with differing properties, and influenced by vascular volumes. The relative compliance of the cranial compartment may differ from the spinal compartment, which is less constrained by a surrounding bony structure (55).

During a Valsalva maneuver (forced expiration against a closed glottis), the lower spinal dura rapidly narrows, displacing CSF upwards and distending the cervical dural sac, with an associated transient rise in intracranial pressure (50). Bilateral compression of the jugular veins, thereby restricting cranial venous outflow, has been associated with distension of the lower dural sac extending into sacral nerve roots suggesting caudal displacement of CSF (50, 52).

The mostly valveless spinal epidural venous complex allows bidirectional flow and can effectively connect the venous drainage from the cranium and lower body depending on pressure gradients (48). Cranial venous outflow is primarily via the internal jugular veins in the supine postures, transferring to primarily via the vertebral venous system in upright as the internal jugular veins collapse (56–59). Human cadaver and animal studies by Batson (60) demonstrated venous flow from the pelvic and chest regions, through the spinal system and into the cranium which was more pronounced under conditions of increased intra-abdominal pressure.




3 Interplay of neuraxial biomechanics in hypermobility


3.1 Kinematic interactions

Due to connective tissue differences in hypermobile individuals, CNS and fascial structures respond differently to increased demands in mechanical loading and the elastic, tensile and compressive forces associated with normal movement; increased stress on these structures is associated with reduced capacity to maintain vascular and perivascular patency under load (Figure 3) (23, 24). In patients with EDS and TCS, the filum terminale shows abnormalities in elasticity, collagen fibrils, and inflammatory cell invasion, and the myodural bridge shows swelling, disruption and altered orientation of collagen fibrils (61, 62). Collagen and inflammatory alterations, hyaluronan dysregulation, and impaired wound healing reduce capacity to recover structural integrity and mechanical function after damage; crucial peri-operative and post-operative considerations. Greater range of physiological motion and segmental spinal instabilities increase the risk of damage, and impaired or delayed wound healing reduces structural and mechanical integrity, further compounding instability and risk. This vicious cycle explains why an initial insult (injury or surgery) with hypermobile patients so often leads to recurring injuries or surgeries from which the patient does not quite recover as expected. Restoring kinematic control is needed early in both conservative injury rehabilitation and surgical intervention to address pressure differentials, reduce risks of secondary complications, and strengthen the capacity to recover structural integrity before adding surgical trauma to injury. Minimally invasive, strategic, coordinated treatment planning is essential with these conditions; the right treatments in the wrong order can have serious long term implications.
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FIGURE 3
 Neuraxial-myodural complex: Neuraxial components, pathologies, and interactions. Conceptual representation of the functional connections between elements of the neurological system and associated systems and pathological changes in hypermobility related disorders. CSF, cerebrospinal fluid; MDB, myodural bridge; TCS, tethered cord syndrome; SIH, spontaneous intracranial hypotension; EDS, Ehlers-Danlos Syndrome; IIH, idiopathic intracranial hypertension; CM, Chiari malformation; CNS, central nervous system; UCI, upper cervical instability; ICP, intracranial pressure.


The oscillating motion of the spinal cord, in a cranio-caudal direction, results from the pulsations of CSF and blood driven by the effects of the cardiac and respiratory cycles (45, 58). At normal CSF volumes, CSF pressure may dampen spinal cord motion; reduced CSF volume in the spinal compartment may reduce this dampening effect (63). Cranio-caudal motion is altered in the presence of CSF leaks and cervical myelopathy. Increased cranio-caudal motion has been flagged as an early indicator of cervical myelopathy, “the cardinal pathophysiological change” before structural cord changes are apparent on MRI (45, 64). In CSF leaks, altered cardiac-synchronous pulsatile motion of the upper spinal cord structures and altered CSF flow may contribute to SIH symptoms by putting “increased mechanical strain on neural tissue and adherent structures” (63). Increased cardiac-synchronous pulsatility of the cervical cord has also been noted in patients with EDS (without CSF leak), together with an altered pattern of antero-posterior cord displacement within the canal during cervical spine movement (61). In the same study, electron microscopy identified structural changes in the myodural bridge, including fibril swelling and loss of integrity in fiber arrangements. Altered pulsatility and antero-posterior motion of the upper cord is posited to be “caused by laxity of [myodural bridges]s, as well as laxity of all other ligaments of the [cranio-cervical junction], including other dural suspension ligaments, [cranio-cervical junction] joint ligaments, and even the dentate ligaments” (61). Given the role of multiple connective tissue structures—stabilizing cranio-caudal motion and buffering pressure changes—tissue laxity throughout the neuraxis may reduce the resistance of the spinal cord to pressure fluctuations in EDS. Given the risks of surgery, anesthesia, and imaging contrast associated with altered connective tissue (25, 65, 66), assessment of changes in spinal cord motion may enable early detection of these conditions, providing a lower risk diagnostic option. Pathological spinal cord motion assessment is an emerging field, with future research needed into diagnostic and therapeutic applications: in diagnostics and early detection, to distinguish patterns with and without EDS, POTS, CNS pathology, CSF pressure disorders, spinal instabilities and other structural changes (such as Chiari Malformation, tethered cord, CCI/AAI); and in therapeutics: evaluate and compare the efficacy of surgical, kinematic, and other interventions by monitoring cord pulsatility and cord mechanics before and after treatment (or as a routine vital sign to aid early detection of multiple conditions, such as diabetes and cardiovascular disease).



3.2 Proprioception and motor control

Proprioception influences motor control and is targeted in conservative treatment for neuromusculoskeletal conditions (67, 68). The myodural bridge and filum terminale anchor the neuraxis and are associated with structural, proprioceptive, and functional changes throughout the whole body (46). Electrical stimulation of the filum terminale activates paraspinal musculature (46). In the legs, a diseased filum is associated with altered EMG responses in lower limb muscles. In the brain and spine, irritated meninges may cause contractions in suboccipital musculature (69). Impairment of these sensory functions can contribute to impaired muscular control of spinal and cranial articulations, dural folding, CSF dynamics, and damping of the mechanical loading of the spinal cord (43–46).

Animal models suggest myodural influences on intracranial CSF pressure, with increases in intracranial pressure during neck motion and contraction of obliquus capitis inferior (43, 44), and experimentally induced hyperplasia of rectus capitis posterior major and minor (39, 43). Co-occurring upper cervical instability with Chiari Malformation morphology is posited to increase activity of myodural bridge musculature, reducing dural compliance and thereby impacting the CSF pressure dynamics at the foramen magnum (70). This mechanism can lead benign Chiari Malformation to become symptomatic (42–44, 70), and may explain failure of decompression surgery to relieve symptoms in some patients (44, 71).

A bi-directional interplay of the myodural bridge function and CSF dynamics in the cranio-cervical region offers an explanation for suboccipital motor and sensory dysfunction in the presence of altered CSF dynamics. The dura is easily irritated by structural damage, mechanical overload, low CSF volume, extradural CSF, or local or systemic inflammation. Inflammation has also been found to increase permeability of mucosal and neuraxial tissue, including the dura and blood brain barrier (25, 42, 72); dura permeability necessarily impacts the CSF fluid within. Altered CSF volume or dynamics (IIH, SIH, Chiari) or irritation of the dura may alter myodural loading and function. Compounded by sensory, tissue, and proprioceptive sensitivity to changing fluid dynamics, altered myodural loading may subsequently impair proprioception, and muscle control, and contribute to further changes in dural irritation, dural tissue compliance, pressure dynamics, and risk of future leaks. This cluster of symptoms indicates the need for investigation of upstream factors as potential markers for early detection of CSF and neuraxial pathology, and potential intervention targets to address myodural or filum terminale impairment.

The myodural bridge transfers force from the suboccipital musculature to the cervical dura, with bi-directional compensatory effects. This can amplify and transfer impairment effects along the path of force transmission; reducing capacity to regulate muscle responses, resulting in over- or under-contraction relative to demand. Thus, dural irritation may contribute to (or exacerbate) impairments via the path of force transmission, including muscular regulation, sensory sensitivity, proprioceptive capacity, or myodural bridge function. Primary pathology of CSF pressure or flow may also drive changes in spinal mechanics via myodural force transmission through the suspensory structures—from the myodural bridge and filum terminale to the skeletal elements—or changes in sensory input and spinal motor control. Altered suboccipital muscle loading can transfer force via the myodural bridge to pathologically load the cervical dura; upper cervical laxity provides insufficient passive restraint of joints (even under normal load), increasing compensatory load on suboccipital musculature. Further research is needed to understand the role of the myodural bridge in regulating CSF and venous flow at the craniocervical junction, to understand associations between altered suboccipital muscle function and neuraxial tissues, bi-directional interactions between dural tissue and SIH, and to evaluate relevant diagnostics and therapeutic interventions.

Spinal stabilization deficits can directly load dura, influencing vascular, lymphatic and CSF circulation and pressures. Complex interactions between upper cervical function (neuraxial motion, joint stability, muscle regulation, force transmission) and CSF dynamics, modulated by myodural bridge function, offer insights into effective management strategies for CNS dysfunction and craniocervical structures in EDS. Multidirectional compromises of musculoskeletal, sensory, CSF dynamics and neuraxial motion provides an explanatory framework for clinical reasoning and rich targets for therapeutic and preventative strategies. Assessment and treatment of any one condition in this area must consider all elements and interacting functions of the neuraxial-myodural complex. Secondary deficits of proprioception and sensorimotor function of the upper cervical spine should be explored as exacerbating factors in primary CSF pressure disorders. Treatments to improve proprioception and kinematic motor control should be explored as a peri- and post-operative therapeutic target to improve overall functional recovery from surgery and leak repair, and reduce post-repair rates of CSF leak recurrence.



3.3 Fluids and the dura: neuraxial elasticity and compliance

Changes in neuraxial tissue compliance or elasticity lead to changes in kinematics and mechanical behavior, which can manifest anywhere else in the neuraxial system, as well as fascial dynamics or muscle control from the skull to the limb extremities. Anything affecting neuraxial tissue properties may impair the regulation of responses to mechanical loading, body motion, and fluid dynamics; local alterations transfer to remote areas of the neuraxis, impacting CSF dynamics and associated vasculature. Further, altered mechanical properties influence spinal joint mechanics, directly (via altered force vectors in the spinal canal or transferred via attachments of the neuraxis to the spine) or indirectly via effects on sensory feedback and motor control. Changing tissue compliance may cause or respond to hydrostatic effects of CSF pressure in the dural compartment or other changes in neuraxial tissues. Alterations of craniospinal compliance are associated with CSF pressure disorders—both high CSF pressure (idiopathic intracranial hypertension; IIH) and low CSF volume (spontaneous intracranial hypotension; SIH or CSF leaks). In IIH the spinal canal shows reduced compliance in MRI studies (55). Conversely, in SIH the intrathecal spinal canal shows increased compliance to infused fluid (73–76), and venous distension (a proposed diagnostic sign for SIH) is noted both intracranially and within the spinal canal (77, 78). Intracranially, MR elastography studies in SIH show increased stiffness in periventricular brain regions and decreased stiffness around the cerebellum and frontal lobe (79, 80).

Changes in dural compliance, fluid pressure and tissue architecture in the spinal canal affect kinematics of the whole neuraxial system, which may permanently change in response to a CSF leak and persist after sealing. Dural defects, like Type 1 and 2 spinal CSF leaks, will alter the distribution of mechanical stresses around and along the neuraxis due to the discontinuity of tissue fibers. Acute and chronic spinal CSF leaks have distinct symptom profiles; potentially due to tissue compliance and CSF dynamics changes over time in response to CSF pressure abnormalities (81). Despite this, calls to update the SIH diagnostic criteria to report both chronic and acute symptoms have not yet been implemented (82). “Scarring, fibrosis, and subsequent epidural compartmentalization” or “the formation of adhesion between the protruding arachnoid and the surrounding soft tissue” is hypothesized to reduce egress of CSF through the dural defect over time (81, 83). New membranous structures develop on the dura surrounding spinal CSF leak sites—“neo-membranes” or herniated arachnoid membranes—along with arachnoid blebs or pseudomeningoceles, which may persist beyond the apparent sealing of a CSF leak (83). Epidural scarring may occur after epidural blood patch (EBP) treatment, impacting dural mechanics, but the frequency with which this occurs is unknown (84). The short- and long-term biomechanical implications of these structural changes are not yet understood. No longitudinal studies have established whether compliance is restored to normal levels after successful CSF leak repair. Many questions remain unanswered: Do repaired dural defects regain the same mechanical properties as the original tissue? How restorative are different treatment approaches, and pre- peri- and post-operative protocols? How do physical therapies influence mechanical properties, optimize sliding between tissue interfaces, and guide restoration of fiber organization within the tissue through controlled loading during the tissue repair and remodeling phases?



3.4 Inflammation, congestion, and structural changes

Inflammatory processes impact neuraxial tissue plasticity, elasticity, and capacity to accommodate normal loading (30). Neural tissue inflammation is associated with psychiatric and physiological conditions, impaired motor control, proprioceptive deficits, venous congestion, and CSF pressure changes (85). As raised intra-abdominal pressure can increase vascular congestion in the spinal venous system, comorbid pathologies that may raise intra-abdominal pressure also deserve attention in attempts to prevent or manage conditions involving altered CNS fluid dynamics. This should include consideration of inflammatory, gastrointestinal and respiratory dysfunction, as well as compensatory patterns of trunk muscle function related to general skeletal instability.

Occult tethered cord is associated with changes in inflammatory infiltrates, tissue structure, vascular distention and reduced elasticity of the filum terminale (2, 62, 86). Pathological changes in filum elasticity may cause altered transfer of mechanical stresses to the spinal cord with resulting changes in neural function and subsequent symptoms. Altered mechanical loading of the filum (possibly due to the interaction of increased spinal range, connective tissue fragility and impaired proprioception) may result in vascular distention and altered venous drainage of the area, further impacting the filum mechanical properties. Venous congestion of the epidural veins may also arise as a result of extra-spinal venous compressions or lowered CSF pressure. Cauda equina syndrome may be attributed to epidural venous engorgement secondary to extra-spinal lesions and the resulting compression of lower spinal neural structures (87–89). Venous hypertension is associated with extravasation of inflammatory cells across the vascular epithelium in other tissues (90), and may be adding potential inflammatory effects to the compressive effects of epidural venous engorgement on the neuraxial tissues of any cause (including reduced CSF volume, venous compression syndromes) (90, 91). PET scans have detected inflammation in extradural tissues surrounding a spinal leak, potentially due to pro-inflammatory properties of extradural CSF or the dural tissue damage (92, 93). Further research is needed to understand intrinsic inflammatory interactions with dural perfusion, dural injury, EBP or surgical repair, and the implications of these inflammatory effects on dural healing times and mechanics with acute or chronic leaks, or persistence beyond leak sealing.



3.5 Compression, pressure, and entrapment mechanics

Due to the mechanical continuity of the neural tract, one or more sites of pathomechanics of the PNS have the potential to alter the neuraxial kinematics. Peripheral nerve entrapments and subluxations (common with EDS and Thoracic Outlet Syndrome, all underdiagnosed) (94), impact management of CNS pathology via the interplay of the PNS and CNS mechanics; CNS treatment may impact and be affected by peripheral nerve pathology, and vice versa. Targeted management of peripheral nerve pathologies may reduce pathomechanics that transmit aberrant forces to the neuraxis and attached structures; thus preventing or reducing kinematic factors that contribute to CNS pathologies (tethered cord, upper cervical instability, recurrent spinal dural tears).

EDS predisposes higher rates of venous compression syndromes involving peripheral vascular structures (70). Abnormal venous compression can contribute to intracranial or spinal venous congestion. Restricted outflow via the internal jugular vein (such as in Eagles Syndrome or Thoracic Outlet Syndrome) could contribute to cranial venous congestion (95). Hypertonic or hyperplastic suboccipital musculature related to upper cervical instability or altered skeletal kinematics or proprioception may also affect flow through the posterior cranial venous system Abdominal or pelvic venous congestion (due to compressions such as the nutcracker compression of the left renal vein) can result in backflow via collateral circulation into the spinal epidural veins (60) as noted in cadaver and animal studies, and clinical practice with EDS patients. Given the increased flow from pelvic veins to the spinal system in conditions of increased intra-abdominal pressure (60), sources of raised intra-abdominal pressure deserve more investigation as a potentially significant variable in CNS symptoms driven by increased CNS fluid pressures.




4 Treatment considerations

Multiple pathologies may contribute to CNS dysfunction with EDS, with a high likelihood of multiple coexisting, interacting pathologies in the one individual. Table 1 demonstrates the significant overlap of symptoms that pose a challenge for both clinical diagnostics and treatment planning. Ignoring the neuraxial interconnectedness and interacting pathomechanics between spinal motion, neuraxial motion, spinal muscle function, proprioception and CSF and vascular dynamics risks prescription of premature, delayed, ineffective or overly-invasive treatment options and unnecessary side effects due to unmanaged consequences of an intervention on other aspects of the system. A multidisciplinary focus that prioritizes neuraxial biomechanics and interactions throughout preventative care and treatment is crucial for responsible care to support long-term neuraxial regulation and neurological function.



TABLE 1 Symptoms of CNS disorders associated with EDS.
[image: Table listing common symptoms associated with four conditions: Upper Cervical Instability (UCI), Spontaneous Intracranial Hypotension (SIH), Idiopathic Intracranial Hypertension (IIH), and Chiari syndrome. Symptoms include headache, neck pain, interscapular pain, photophobia, vision and hearing changes, dysphonia, dysphagia, disturbed balance, vertigo, dizziness, altered taste, pituitary dysfunction, altered consciousness, cognitive deficits, movement dysfunction, altered sleep architecture, evidence of dysautonomia, signs of cranial nerve compromise, and sensory loss. Symptoms overlap across the conditions.]

Where raised intracranial pressure is suspected, a comprehensive, multidisciplinary assessment may identify many contributing factors amenable to low risk intervention as first line treatment. Traditional treatments focus on relocating excess CSF via surgical shunting of CSF or surgical management of intracranial venous stenosis where weight loss and pharmacological management of intracranial pressure have failed. The positive effects of weight loss on IIH are likely moderated by changes in intra-abdominal pressure; so identifying contributing factors to increased intra-abdominal pressure may suggest other first line, non-invasive, low risk treatments. Contributing factors may include gastrointestinal, respiratory and trunk muscle dysfunction, all common in EDS and potentially manageable by dietary intervention, gastroenterology input, management of dysautonomia and physical therapies. Multidisciplinary treatment planning may consider a wider range of conservative treatment options prior to escalation to invasive or neurosurgical intervention. Other factors contributing to raised intracranial pressure include inflammation and disturbances of venous or lymphatic function outside the CNS, which result in impaired cranial venous and CSF drainage or venous backflow into the spinal epidural system. Such vascular and lymphatic insufficiencies may be modified by physical therapies to improve overall lymphatic function (96) or address musculoskeletal dysfunctions contributing to neurovascular compression, or to surgical intervention options in lower risk regions before considering higher risk vascular procedures.

Current spinal CSF leak treatment guidelines encourage early intervention to seal the leak in order to optimize outcomes (97, 98). But timely intervention is rare with non-iatrogenic SIH, and many factors influence the longevity of the dural closure and recovery of optimal CNS function and neuraxial kinematic control—especially with chronic leaks. Alterations in the biomechanical properties of the meninges and associated tissues may adversely impact both neurological function and the capacity of the dura to withstand loading associated with functional activity beyond the initial tissue healing phase. Treatments must aim to restore the dura’s functional capacity to withstand and dissipate normal forces associated with physiological movement and fluid pressure changes. Any regional change to the dura (elongation, tears, inflammation, adhesions) will influence force dissipation through the dural structures thereafter, potentially setting up pathological loading that could continue to adversely impact the dura, spine or remote areas of the neuraxis. Patient positioning immediately following EBP, therefore, should be optimizing travel of the blood bolus to the leak site, avoiding contracture or lengthening of areas of the dural tissue, and maintaining the capacity of the dura to move relative to associated tissue interfaces. Neutral spinal alignment supports the healing of the dura without stretching or folding the tissue. Body positioning relative to gravity determines the position of the neuraxis within the spinal canal; so “log rolling” motion could reduce adhesion formation by limiting sustained contact between the dura and adjacent spinal canal structures, while aiding distribution of the EBP bolus. As healing progresses, controlled loading and motion influences the fiber orientation and architecture of the dura to assist in re-establishing resilient tissue that maintains integrity under load and can induce positive effects on inflammation within neuraxial tissues (36, 99). Informed physical therapists can guide gradual progression of dural loading and recovery of spinal muscle control—reducing risk of further leaks short- and long-term—assisting recovery of general physical capacity while accounting for pathology cascades and comorbid conditions. Managing factors that add mechanical load to the dura could increase EBP success rates and reduce the likelihood of recurring leaks. Such factors include myodural load, any segmental instability of the spine (inducing nerve root stretch and vertebral encroachment on the dura), or tachycardia (amplifying the interacting effects of CSF volume and cord pulsatility).

In clinical presentations suggesting altered kinematics of the neuraxis and spine (upper cervical instability, tethered cord), comprehensive treatment planning considers all influences on kinematics to identify potential therapeutic targets. Physical therapy manages proprioceptive and motor control deficits and transmitted pathological forces due to peripheral nerve entrapments or myodural bridge overload (due to compensatory sub-occipital muscle activity), and venous distension due to various compression syndromes and aims to reduce mechanical loading of the neural system and musculoskeletal sources of nociceptive input. Injection based therapies, such as proliferative injections and hydrodissections, can be explored for their potential to improve kinematics by modifying soft tissue properties (100–103). Managing the inflammatory impacts of epidural venous congestion may reduce aberrant loading and mechanical property changes of the dura and filum terminale in tethered cord. Management of dysregulated hyaluronan or mast cell activation may also be indicated in the presence of atypical responses to anesthesia, imaging contrast, NSAIDs or exercise (25, 66). Managing tachycardia may also reduce the impact of altered cardiac synchronous spinal cord motion. Best practice integrates these measures into perioperative “prehab” planning when considering surgical spinal fusions or filum terminale excision. Comprehensive multidisciplinary treatment planning (managing neuraxial kinematics, spinal stability, fascial and fluid dynamics, proprioception, motor control, neuraxial loading, nerve entrapments, inflammation, tachycardia) has potential to reduce surgical risk and improve pre- and post-surgical outcomes, improve pain management, reduce complications or the need for repeated surgeries, and may reduce symptomatology and improve functional capacity enough to delay or avoid surgical intervention in some cases.


4.1 EDS, MCAS, POTS, and GI

The Ehlers-Danlos Syndromes (EDS) are a group of heritable disorders of connective tissue “characterized by joint hypermobility, skin hyperextensibility and tissue fragility” (104). Fourteen subtypes of EDS have been identified with genetic variants impacting the structure of fibers of the connective tissue, its volume, production, or overall architecture of the extracellular matrix (2, 105). Due to the ubiquity of connective tissue in body systems, EDS is associated with a broad range of symptomatology across multiple body systems, including gastrointestinal, urogynaecological, psychological and immunological manifestations (104, 106–108).

Mast Cell Activation Syndrome (MCAS) is increasingly recognized as a significant factor in EDS symptomatology, due to the diffuse actions of mast cell mediators throughout the body, inflammatory impacts, and trophic effects on connective tissue (107, 109–112). Mast cells are primarily located in tissues that interface with the external environment, and in the meninges, and mucosal and neurological tissue, with involvement in inflammation as well as immune responses, and gastrointestinal and neurological dysfunction (72). Dysautonomia has been reported to have twice the diagnosed prevalence of MCAS in EDS, which likely reflects healthcare access inequities and diagnostic delay rather than actual prevalence of the condition.

Autonomic dysfunction, most commonly presenting as Postural Orthostatic Tachycardia Syndrome (POTS) is commonly diagnosed in individuals with EDS (111, 113–115). With comorbid dysautonomia and mast cell activation syndrome, odds of EDS increases by 32 times, and dysautonomia mediates the association between hypermobility, chronic pain, and neurodivergence (116, 117). Reduced cerebral perfusion and compensatory tachycardia in the upright posture presents in many individuals with EDS, with increased compliance of vascular structures (allowing dependent blood pooling) and disordered autonomic neural regulation proposed as explanatory mechanisms (118). POTS may cause headache and pain in the cervical and thoracic region, attributed to reduced vascular perfusion of tissues in the cranial and upper trunk regions, and is also associated with SIH, UCI, and IIH (3, 111, 119–121).

A range of spinal and neurological manifestations are associated with EDS and hypermobility—peripherally: entrapments and subluxations of peripheral nerves (attributed to the lower resilience of the perineural connective tissue) (94) and small fiber neuropathy (122); centrally: symptomatic Chiari Malformation and segmental spinal instability (including at the craniocervical junction and upper cervical spine), Spinal CSF leaks, Tethered Cord Syndrome (TCS), spinal deformities (4, 5), migraine, Idiopathic Intracranial Hypertension (IIH), and early degenerative changes (2, 95). Impaired proprioception reduces kinematic control of skeletal articulations, and regulation of muscle forces during movement tasks (123, 124).



4.2 Spinal CSF leaks and spontaneous intracranial hypotension

Spontaneous Intracranial Hypotension (SIH) is low intracranial CSF volume in the absence of iatrogenic cause (post-puncture CSF leaks secondary to dural puncture or spinal surgery complications). Spontaneous CSF leaks may arise after whiplash or with no traumatic precipitant (125). Low CSF volume is the recommended descriptor with this condition, as normal CSF pressure on lumbar puncture is common and cannot rule out SIH or CSF leaks (82, 97, 98, 126). A significant proportion of patients presenting with SIH clinically have underlying connective tissue disorders (126–128), however studies are yet to confirm prevalence or incidence of SIH in EDS (129). Spontaneous CSF leaks are categorized based on the location of leakage: ventral dural tears (Type 1a); posterolateral dural tears (Type 1b); meningeal diverticula or dural ectasia (Type 2); and direct CSF-venous fistulae (Type 3) (82) and CSF-lymphatic fistulae recently described (130). Classically, SIH presents with orthostatic headache—headache that is worse when upright and better on lying down, although not consistently the case, especially with more chronic leaks, so cannot be relied on diagnostically. One study found that 24% had non-positional headache, and 16% had orthostatic symptoms present after up to 2 hours of upright posture (97, 131). The absence of orthostatic headache does not rule out SIH, as a subset of patients with confirmed CSF leak present without orthostatic headache; a wide range of other symptoms are common (Table 1) (97). SIH can severely reduce quality of life (132), with serious implications if untreated including superficial siderosis or spinal cord herniation (133), dementia (134), coma or death (135–137).

Negative results on whole-spine and brain MRI cannot rule out SIH, as false-negatives are common, and spinal MRI does not detect CSF-venous fistulae (representing an estimated 50% of leaks) contributing to significant diagnostic delays and misdiagnoses (97). Current radiology approaches seek to identify morphological changes in the brain with SIH, loss of CSF buoyancy, compensatory venous engorgement, or spinal epidural CSF collections. SIH can be misdiagnosed on imaging as Chiari malformation due to the presence of cerebellar tonsillar ectopia although certain radiographic measures may help differentiate the two conditions (71, 138). Studies have consistently demonstrated normal or high spinal CSF opening pressure in patients with confirmed leaks, making this an unreliable biomarker for a leak. Despite this, the diagnostic criteria still reference low opening spinal CSF pressure (40, 73, 139, 140). EBP treatment is recommended if SIH is suspected clinically, as a significant percentage of patients show positive treatment responses to EBP in absence of orthostatic headache, positive imaging, or low opening pressure (97, 141).

Treatment for SIH includes conservative measures of bed rest to encourage self healing, EBP or fibrin glue patch, surgical closure of dural tears, and embolization techniques for CVFs (30, 31, 82, 142). EBPs can be “targeted” directly to the leak site where it has been identified, or “non-targeted” (remotely in a location of convenience) but generally require larger volumes and repeated applications for spontaneous leaks in comparison to treatment of post dural puncture leaks (129). Shorter duration of pre-operative symptoms is the strongest predictor of outcomes for surgical repairs (81), supporting a call by clinical experts for earlier, more aggressive treatment to seal CSF leaks (98). Successful treatment can result in significant improvement in quality of life, however many patients experience only partial symptomatic recovery, recurring leaks or rebound intracranial hypertension, particularly if closure of the leak is delayed (81, 132, 140, 141, 143, 144).



4.3 Idiopathic intracranial hypertension

IIH presents with raised CSF pressure, reflected in opening pressures at spinal level, and papilloedema, with a range of associated symptoms. Management includes pharmacological interventions to reduce intracranial pressure, weight loss (which can indirectly reduce intracranial pressure), and physical redirection of CSF via insertion of shunts. While referred to as “idiopathic,” venous sinus stenosis is a common finding in patients with IIH, with stenting of the venous sinus proposed as treatment (145–147).

IIH is clinically associated with EDS, with the prevalence rate yet to be established (33, 79). An association has been reported between EDS, IIH, and extracranial cerebral venous outflow obstruction (34), with EDS patients having lower opening pressure, and co-occurring immunological, and neurological signs and symptoms not present in controls. IIH is a risk factor for development of CSF leaks and “rebound intracranial hypertension” can occur after sealing CSF leaks, necessitating careful management post-CSF leak repair to prevent rebound intracranial hypertension and recurrent CSF leaks (97, 126, 148).



4.4 Upper cervical instability

While emerging literature reports an association of UCI with EDS, the incidence of UCI in EDS remains unknown (3, 149, 150). UCI encompasses instability of the atlanto-occipital articulations (craniocervical instability, CCI) or the atlantoaxial articulations (atlantoaxial instability; AAI). While the term CCI is colloquially used to refer to both the instability of the atlanto-axial and atlanto-occipital articulations, the precise term UCI is used as the collective term here to prevent confusion. UCI has been associated with a range of symptoms of neuromusculoskeletal dysfunction as well as indications of “myelopathy, cranial nerve neuropathy, brainstem compression, vertebrobasilar artery compromise and compromised venous or cerebrospinal fluid outflow” and cerebellar dysfunction (149), as described in Table 1. The term “instability” refers to separate but related concepts of “mechanical instability” or laxity of passive joint restraints permitting excessive accessory joint motion and “functional instability” which is the subjective experience that a joint may sublux or “give way” due to insufficient neuromuscular control and differs from “hypermobility” which refers to increased range of physiological joint motion.

Inconsistencies remain in the diagnostic criteria and surgical management pathways for UCI in EDS, with a variety of radiological measures proposed as indicators of pathological joint motion (5, 150, 151). Clinical diagnosis is based on identifying indications of functional instability in the upper cervical articulations or mechanical instability of these joints together with neurological symptoms arising from the instability. Non-surgical management of UCI is currently guided only by clinical consensus guidelines, necessitating further research to clarify optimal approaches, treatment responsiveness and risk assessment for patient subgroups likely to benefit from non-surgical management (149).



4.5 Neurovascular entrapments

Recurring or widespread entrapment, impingement, compression, or subluxation of nerves or blood vessels may indicate underlying hypermobility or neuraxial dysfunction. Entrapment neuropathies and polyneuropathies commonly occur in the limbs (such as Carpal Tunnel or Cuboid Syndrome) and in the trunk (such as Median Arcuate Ligament Syndrome, Superior Mesenteric Artery Syndrome, May Thurner and Nutcracker compressions) (91, 94, 152). Compression of the proximal internal jugular vein in the space between the styloid process and C1 lateral mass has also been described in association with EDS and associated with intracranial hypertension (153).

Thoracic outlet syndrome (TOS) results in compression or impingement of arteries, veins or nerves passing through the thoracic outlet with movement of neck, arms and shoulders (154, 155); 90% of cases are neurogenic, and treatment options include physical therapy, decompression, or surgery. While certain sports, occupations, anatomical variants and shoulder girdle postures are known risk factors for TOS (154, 155), hypermobility is also a significant risk factor. One study found that 54% of hypermobile patients also had TOS symptoms (155), suggesting it as a potential target for diagnostic screening and both therapeutic and preventative intervention. In hypermobile athletes, electromyography shows myopathic or mixed neuropathic-myopathic patterns, which TOS researchers link to possible primary CNS impairment (154). History of entrapment and polyneuropathies should inform diagnostic assessment and treatment planning. Addressing underlying kinematic control and neuraxial capacity for muscle regulation may potentially reduce the frequency and severity of these neuropathies.



4.6 Tethered cord syndrome

A clinical presentation of progressive lower back and limb pain, bowel and bladder dysfunction and sensorimotor deficits in the lower limbs associated with a low lying conus medullaris on radiography has been well described as TCS. More recently, a similar symptomatic presentation without the low lying conus medullaris has been described in association with the Hypermobile subtype of EDS (hEDS) and termed Occult TCS (2, 35), with diagnosis based on the same clinical presentation without the radiological findings of TCS. Management of TCS by surgical release of the filum has been reported to result in similar improvements in patients diagnosed with occult TCS as compared to TCS with low lying conus (35, 156). The filum terminale of patients diagnosed as occult TCS have shown reduced elasticity, abnormalities of collagen fibrils and inflammatory cell invasion (35).



4.7 Chiari syndrome

Chiari malformation (CM) is typically characterized by caudal ptosis of the cerebellar tonsils through the foramen magnum (37). CM may be asymptomatic or associated with a range of symptoms (Chiari Syndrome), or may transition from asymptomatic to symptomatic in association with, whiplash, head/neck trauma, childbirth, dural puncture or spontaneously (38, 157).

An association exists between EDS and Chiari Syndrome, with ligamentous laxity contributing to functional changes at the craniocervical junction in CM (38, 157, 158). Altered craniocervical junction morphometrics detectable in upright imaging and reversible with cervical traction or return to supine posture have been noted in hypermobile CM patients that differ from non-hypermobile CM patients and may contribute to failure of surgical decompression alone to resolve symptoms (71, 158).




5 Biomechanical research directions

Connective tissue and biomechanical changes typify EDS, predisposing a range of CNS disorders, and these interactions remain underreported and overlooked in practice and research. Research and clinical education are needed into the interplay of neuraxial mechanics, tissue and fluid dynamics—with particular clusters of dysfunction, and changes over the lifespan—to identify potential risks and etiological factors relevant to the development, assessment, and treatment of different symptomatic presentations. Improved understanding of prevalence, progression, and mechanisms underlying common multimorbidity phenotypes could assist in earlier detection, intervention and preventative management of risk factors. Research suggests these CNS pathologies are associated with particular subtypes of EDS, most commonly the hypermobile type (hEDS) (2, 5, 159). While heterogeneity of presentation is noted in hEDS, a recent study identified three phenotypic clusters, one cluster showing a notably increased rate of neurological pathologies (4). As knowledge of the various genotypes and phenotypes of EDS develops, identifying specific risk factors, including kinematic and genetic variants, could inform timely diagnosis and preventative interventions in asymptomatic individuals with identified risk factors.

The craniocervical junction hosts a complex, multifaceted structural and functional interconnectedness of the neuraxial tissue and skeleton; presenting a prolific field for clinical and basic research. Dural mechanics, spinal kinematics, proprioception and CSF dynamics all have demonstrated patterns of influence via the myodural bridge and associated craniocervical structures, likely bidirectional patterns of influence. Complex chain reactions of pathology, stemming from any type of initial dysfunction, impact on this region. Initial pathology anywhere in the CNS that alters neuraxial biomechanics or sensorimotor function of the myodural bridge may lead to further alterations of joint kinematics, neuraxial loading and CSF dynamics, and adverse effects throughout the neuraxis.

Investigations of various biomechanisms in context may clarify predisposing factors and relative risk of deterioration, exacerbation, or developing additional pathology: mechanical properties of the neuraxis and spine in the context of CSF and vascular pressure disorders; CSF and vascular fluid dynamics in the context of spinal hypermobility and instability; spinal hypermobility and neuraxial loading in the context of increased tissue permeability (increasing osmolarity of porous tissues such as skin, gut, and blood brain barrier) and mast cell activation. A comprehensive understanding of these interactions guides treatment prioritization and planned sequencing of interventions where multiple pathologies impacting the CNS coexist (particularly with co-occurring or underlying EDS).

Research is needed to evaluate the role and efficacy of conservative therapies such as targeted motor control and proprioceptive training, and manual therapies to relieve sources of aberrant CNS tissue loading, vascular compression, neurovascular or lymphatic congestion, and to restore regulatory capacity subsequent to mechanical and other adverse effects. If mechanical risk factors can be identified earlier, physical therapies to manage or modify these risk factors may potentially delay, reduce, or avoid invasive surgical measures and the secondary complications and inherent risks of surgery in vulnerable patient populations.

Diagnostic delay is common and detrimental, due to the significant overlaps between symptom profiles of many CNS pathologies common in EDS. Combined with the absence of sensitive or specific diagnostic tests for these conditions, speed and accuracy of identifying contributing pathologies is lacking, and differential diagnosis is especially challenging. Research investigating the biomechanical characteristics of these disorders holds promise to add to existing diagnostic capabilities, with patterns of related mechanical dysfunction detectable in imaging studies. Further studies of CSF dynamics, cord motion and dural compliance parameters, may inform differential diagnosis and guide treatment prioritization by identifying mechanical patterns indicative of UCI, SIH, and other CNS mechanisms. Segmental spinal control and proprioception deficits contribute to aberrant mechanical loading of neurological structures, and may be further impaired by pathology of those structures. Research on spinal muscle activity patterns and proprioceptive function throughout the axial skeleton holds significant potential to illuminate contributing factors and potential therapeutic targets.

Beyond comparison with healthy controls, stratification or between-group analyses (EDS +/− UCI or EDS +/− SIH, for example) may examine the predisposing or causative role of hypermobility in altered cervical spinal cord motion, altered CSF dynamics or CNS pathology, and vice versa, further clarifying treatment priorities and preventative care targets. Between-groups comparisons of spinal muscle activity patterns and proprioceptive function could identify predisposing factors for the development or progression of CNS pathology, increased symptom burden and functional impairment. Investigation of the interactions between mechanical changes at different locations along the neuraxis and axial spine, proprioceptive function and motor control are needed to identify nuanced effects of neuraxial loading, risk factors, and precise therapeutic targets.

Altered CSF, vascular, and lymphatic fluid dynamics impact the mechanical properties of the dural and epidural tissue, with immediate effects on tissue compliance, elasticity, displacement, compression, and on the metabolic and immunological status of tissues. Altered fluid dynamics in the CNS, therefore, can have diffuse impacts on neuraxial tissues and connected structures to normal mechanical loading, and on proprioceptive functions, impacting progression or deterioration of CNS disorders. Investigation of neural biomechanics, proprioception and spinal muscle activity in the presence of altered fluid dynamics may clarify aetiological factors and therapeutic targets in management of disorders of CNS fluids (IIH, SIH, central venous engorgement). Further, longitudinal studies may indicate the progression of pathomechanisms and ascertain whether altered CNS fluid dynamics increases risk of structural changes such as tethered cord or upper cervical dysfunction long term.



6 Conclusion

Hypermobility has been flagged as a challenge across medical specialties, leading most fields to call for improved management approaches that account for the complexities of hypermobile patients. We have demonstrated that the biomechanical complexities introduced by hypermobility, connective tissue disorders, and related pathologies to neuraxial dynamics must be considered in diagnostics and treatment planning for neurological conditions. The more overt changes in neuraxial-myodural dynamics arising in the hypermobile physiology present the diverse medical disciplines with a unique opportunity to extend medical knowledge, and refine approaches to modulating neuraxial-myodural dynamics. With the rapid increase in the global burden of neurological diseases, there is an urgent need to enhance clinical education, diagnosis, and treatment of neuraxial dysfunction—so advances in hypermobile neuraxial care will potentially have far-reaching benefits across all facets of healthcare service and systems.
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Introduction: People with hypermobile Ehlers–Danlos syndrome (hEDS) experience multisystemic dysfunction with varying severity and unpredictability of flare occurrence. Cohort studies suggest that individuals with hEDS have a higher risk for autonomic dysfunction. The gold standard for assessing autonomic function, clinically, is the heart rate variability (HRV) assessment from 24-h Holter monitor electrocardiogram data, but this is expensive and can only be performed in short durations. Since their advent, biometric devices have been a non-invasive method for tracking HRV to assess autonomic function. This study aimed to understand the intra- and inter-individual variability in autonomic function and to associate this variability with gastrointestinal symptoms in individuals with hEDS using wearable devices.
Methods: We studied 122 days of biometric device data from 26 individuals, including 35 days highlighted as high gastrointestinal (GI) dysfunction and 48 days as low GI dysfunction. Utilizing wavelet analysis to assess the frequency domains of heart rate signals, we compared participants’ HRV data for high, low, very low (VLF), and ultralow (ULF) frequency domains associated with physiological differences.
Results: We found a significant difference between the VLF and ULF signals on high-GI symptom days compared with low-symptoms days for 92 and 76% of the signals sampled, respectively.
Discussion: Our pilot data show a change in HRV for individuals with hEDS experiencing a flare day for a single-body system. Future research will focus on evaluating the relationship between longitudinal multisystemic symptom severity fluctuations and HRV.
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1 Introduction

Ehlers–Danlos syndrome (EDS) is a group of 13 inherited connective tissue disorders, the most common type of which is hypermobile Ehlers–Danlos syndrome (hEDS), which does not have an established genetic etiology (1). Patients with hEDS are diagnosed using clinical criteria comprised of an assessment of generalized hypermobility in nine joints plus two of the following: (a) a minimum of 5 of 12 objective signs; (b) a first-degree family member diagnosed using the 2017 criteria; and/or (c) chronic pain or recurrent joint instability for at least 3 months, and all other differential diagnoses, including other types of EDS ruled out (1, 2). Individuals who do not meet the generalized hypermobility or minimum objective signs criteria but have other differential diagnoses ruled out, are considered to be on the same disease spectrum and are diagnosed with hypermobile spectrum disorder (HSD) (3). hEDS accounts for approximately 90% of all EDS diagnoses, with prevalence estimates at 1 in 500 people (4); however, prevalence for hEDS and HSD is posited in as many as 1 in 100 people (3, 5).

People with hEDS experience dysfunction across multiple body systems resulting in a wide range of intermittent symptoms of varying severity, both within and across affected individuals. Signs and symptoms in people with hEDS include chronic pain, frequent joint subluxations and dislocations, sleep disturbance, fatigue, immune and inflammatory issues, gastrointestinal (GI) issues, and orthostatic dysfunction (1, 6). Two of the most prominent and interrelated patient complaints involve GI and orthostatic intolerance (OI) symptoms. This is supported by reports showing that a hEDS diagnosis increases the risk for autonomic dysfunction (AD) (7), including GI dysfunction (8, 9) and orthostatic issues (10). GI dysfunction in hEDS patients is frequently comorbidly reported with OI, and the absence of organic etiology indicates that the GI symptoms in hEDS patients are also attributable to AD (11).

While there are many manifestations of AD, orthostatic disturbances are highly studied and discussed. These are very common in people with hEDS, with 80–94% of people reporting orthostatic disturbances either through self-reported clinical symptom scales or as measured objective signs (12–14). Orthostatic problems are variable and are classified as orthostatic intolerance when signs and symptoms are present but do not meet the full criteria for postural orthostatic tachycardia syndrome (POTS). Still, for simplicity, we will refer to any degree of orthostatic intolerance as OI. OI is directly attributed to failures in the autonomic nervous system (ANS) in maintaining homeostasis. These ANS failures can present in multiple body systems and are functional, as indicated by fluctuating periods of severity within and between patient populations, which makes the diagnosis and management of AD clinically complicated (15, 16).

The exact prevalence of GI symptoms in people with hEDS is unknown due to the challenges inherent in diagnosing functional disorders (17), but one report shows that up to 62% of hEDS patients often receive an IBS diagnosis prior to their hEDS diagnosis (18). Furthermore, in another cohort study, 63% of patients had at least one GI symptom at the time of diagnosis (19) and one-third of all hEDS patients are referred to a GI clinic for management of symptoms (20). OI and GI symptoms are frequently comorbid in hEDS patients, and the absence of organic etiology for GI symptoms in hEDS patients presents the potential that those symptoms are attributable to AD (21, 22). hEDS patients with POTS have an increase in GI diagnoses and symptoms compared to POTS-negative hEDS patients, including increases in IBS (59% vs. 51%) and functional gastroduodenal disorders (75% vs. 67%) (18). GI and OI symptoms have a high impact on physical quality of life and pain, leading to reduced health outcomes and increased psychological stress (12, 21, 23).

People diagnosed with hEDS undergo a protracted diagnostic odyssey consisting of evaluation by an average of 15.6 different provider types, with nearly all (99.8%) reporting initially receiving at least one alternate diagnosis with an average of 10.45 codiagnoses for hEDS-associated signs and symptoms. Unfortunately, the time to diagnosis remains high at 10.4 years, with the majority receiving the diagnosis from subspecialists (77%), leaving many individuals undiagnosed and without a pathway for diagnosis (24).

Individuals who are embroiled within this pathway or who are postdiagnosis but still learning how best to manage their symptoms struggle with managing bouts of symptom exacerbation. Like other chronic disease symptoms, GI dysfunction often presents as intermittent, recurring events (i.e., flare-ups) that are not directly tied to known causes such as dietary or hormonal changes (25), making management of symptoms challenging for the patient (26). Reports of alternating bowel symptoms in hEDS patients further complicate this.

There has been a recent surge in wearable biometric devices marketed to the public. These provide an affordable means for self-monitoring previously restricted to the clinical realm. The dominant device type allows measurement of autonomic responses, including heart rate variability (HRV), breathing rate, pulse, oxygen saturation, movement, and many more emerging metrics. Recent data demonstrate physician use of these types of data to facilitate monitoring and management of disease efficacy, which becomes critical in multisystemic chronic conditions with a lack of providers, such as hEDS (27). Furthermore, the etiology of many of the reported complaints in hEDS patients is unknown, and autonomic failures to maintain homeostasis appropriately are accepted theories (28).

Autonomic function is evaluated using analysis of heart rate variability (HRV). Adaptations seen as fluctuations in heart rate (HR) are, essentially, differences in the time between beats [respiratory rate (RR) interval]. Having highly variable responses is consistent with having a normal and functional ANS. HRV is highly individualized, even among healthy populations, so analysis of functionality and fluctuations in HRV is best tested in individuals and populations over time (29); more specifically, fluctuations in HRV around a mean over time can be mathematically assessed to estimate the overall functionality of the ANS in an individual. The ANS consists of a system of excitatory and inhibitory signals that can interact synergistically or antagonistically. Thus, the RR signal can be analyzed as a composite of various co-occurring signals that can be mathematically separated or decomposed into distinct frequency domains representing the various ANS functions defined by the number of full signal cycles seen within a discrete unit of time or hertz (Hz).

Although identifying the contributions to symptoms flare-ups is difficult for the patients, identifying when the flare-up is occurring is easily discernible by patients and generally occurs for at least 24 h. Therefore, we proposed to pilot the tracking of autonomic function and occurrence of symptoms in hEDS patients over time using commercially available wearable biometric devices and daily self-report of symptom occurrence and severity to determine whether there is a predictable correlation that could be used for self-management of future flares. Given the strong co-occurrence of OI and GI symptoms in hEDS patients, we, limited this study to assessing the relationship between GI symptoms and HRV patterns. This study aims to establish methods for generating HRV metrics in a sample of individuals with hEDS and determining associations with GI symptom fluctuations.

The gold standard for assessing autonomic function, clinically, is the HRV, measuring the changes in time intervals between consecutive heartbeats from 24-h Holter monitor electrocardiogram (ECG) data (30). However, this is expensive and can only be performed in short durations. Technological improvements in biometric devices have increased sampling rates and increased their viability as a proxy for more expensive ECG devices in health studies, including for HRV (31, 32). Lower HRV is frequently associated with individuals with chronic conditions (33, 34) and studies using wearable devices to assess HRV have correlated decreased cognitive function, bouts of illness, and increased physiological stress associated with a lower HRV (35). However, this has had limited application in hEDS patients due to limitations in the exact mechanism and prevalence of AD within this patient population (10). Assessing overall HRV in patients with chronic conditions is critical for symptom management and overall quality of life, as lower HRV and associated AD have been associated with poorer mental health outcomes, increased mortality, and disease morbidity over time (16, 36).

HRV is described via multiple metrics, including time domains, frequency domains (or signal energy in frequency bands), and non-linear metrics (17). Frequency domains are a span of frequencies where the contributions to the behavior of these cyclical events, such as heartbeats, often referred to as a signal, can be defined as a function of frequency. Frequency, measured in hertz (Hz), is the number of occurrences of cyclical events per unit of time. One method to assess HRV via both time and frequency domains simultaneously is using wavelet transformation-based analysis. By using wavelet transformation methods, representations of changes in HRV can be utilized to correlate changes in both frequency and time domain features to periods of increased physiological stress, manifesting as increased autonomic dysfunction. Therefore, this pilot study aims to understand the intra- and interindividual HRV utilizing wavelet transformation methods in autonomic function associated with high and low-GI-symptom days in individuals with hEDS using wearable device beat-to-beat heart rate data to assess if HRV can be predictive of GI symptom fluctuations.



2 Materials and methods


2.1 Study participants

Thirty participants were recruited for this study through direct recruitment from a previous hEDS study (37) or outreach via social media and email listservs. Participants were eligible if they were. Aged 18 or older, of any sex or race, met the 2017 diagnostic criteria for an hEDS diagnosis, were willing to comply with all study measures, and were willing and able to use wearable device technology, including an associated smartphone application. Participants were excluded if they had the following conditions known to alter autonomic function: (1) a current medical diagnosis of specific conditions with significant effects on autonomic function such as POTS; diagnosed by tilt table test or cardiological evaluation, untreated sleep apnea, pregnancy, or any primary dysautonomia diagnosis such as neurocardiogenic syncope, familial dysautonomia, multiple system atrophy, or pure autonomic failure; (2) had a cardiac implant used for cardiac rhythm maintenance; (3) were pregnant or intending to become pregnant over the study period, and (4) had any known allergic reactions to using wearable devices. Excluding patients with POTS and other known diagnosed autonomic conditions reduced eligible participation within this pilot but tested the feasibility of capturing relationships between HRV that would be masked by autonomic failure. Eligible participants were asked to consent to all parts of the study, including self-reporting survey data, monthly check-ins, a quarterly orthostatic test, and 24-h continuous heart rate data from the WHOOP wearable device (38). This study was approved for human subject research via the University of Arizona Institutional Review Board as protocol number STUDY00000191.



2.2 Study protocol

This was a pilot study assessing autonomic function through the use of a wearable biometric device (WHOOP, Boston, MA, United States) wearable fitness tracker strap (38) or Fitbit (Fitbit is made by Fitbit Inc San Francisco, CA) for 12 months. Four patients who used Fitbit were excluded from further analyses due to differences in collected data. There was no predetermined sample size calculation as this was a pilot study, and the number of participants is in keeping with similar studies of wearable devices and chronic conditions (39).

We conducted an interview to gather information on baseline symptoms, medications, and therapies. Participants were contacted monthly by the study team to report any major changes in self-management that could be used to determine anomalous data for an individual. For the first 6 months of the study, participants completed a daily, weekly, and monthly set of questionnaires measuring various symptoms. This study only used the daily survey for analysis and is described in detail in the following section.


2.2.1 Questionnaire

Participants completed daily questionnaires for 6 months that contained questions about sleep hygiene (time asleep, time awake, number of times awakened during the night, and duration of wakefulness). They also completed 11-point Likert scales asking about symptom severity from None (0) to Extreme (10) for the max value in the preceding 24 h for pain, fatigue, difficulty sleeping, brain fog, anxiety, depression, and GI symptoms. We also asked about any illness or menstruation present. We analyzed only the GI symptom scale in this study for comparison with HRV data.



2.2.2 Biometric data

Biometric data were collected from each participant wearing a WHOOP (Boston, MA, United States) wearable fitness tracker strap (38) for 1 year. Only participants using the WHOOP devices were included in this analysis. Data available include heart rate (HR) (defined as the number of heartbeats per minute) collected once per second, the sleep metrics [e.g., sleep latency, disruptions, rapid eye movement (REM) sleep, and light sleep], and activity metrics, including accelerometer data. This analysis only used the HR data.




2.3 Transformations


2.3.1 Gastrointestinal symptom severity

The daily GI severity scales were standardized to Z-scores and used to calculate a mean GI symptom severity score. Any days with a GI severity Z-score that was 1.5 standard deviations (SDs) away from the participant mean were flagged as high- or “low-symptom days based on the direction of the difference. Biometric data from the low- and high-symptom days were analyzed individually and as pooled data.



2.3.2 Biometric data transformation

The RR intervals collected through WHOOP are not reported at consistent periods across all participants or days. Therefore, we manually calculated RR intervals from device-reported HR data on low- and high-GI-symptom days using the following formula (30):

[image: Equation showing RR equals sixty seconds divided by HR.]



2.3.3 Heart rate variability

Autonomic function is evaluated using analysis of heart rate variability (HRV). Adaptations seen as fluctuations in heart rate (HR) are essentially the differences in the time between beats (RR interval). Having highly variable responses is consistent with having a normal and functional ANS. The fluctuations in HRV can be mathematically assessed to estimate the overall functionality of the ANS over time in an individual and represent the HR fluctuations around the mean over time. The ANS consists of a system of excitatory and inhibitory signals that can interact synergistically or antagonistically. Thus, the RR signal can be analyzed as a composite of various co-occurring signals that can be mathematically separated or decomposed into distinct frequency domains representing the various ANS functions defined by the number of full signal cycles seen within a discrete unit of time or hertz (Hz).

Previously, the gold standard for analyses of HRV used fast Fourier transform (FFT) based methods (30, 35). However, FFT methods do not allow for the simultaneous analyses of a signal in both the time and frequency domain, precluding the correlation of changes in specific frequency subdomains over time (40, 41). Previous techniques allowed us to look at the distinct frequency signals present within an observed composite signal, but these could not be correlated with the timing of symptoms. Therefore, the current approach is to assess HRV via time and frequency domains simultaneously using wavelet transformation-based analysis. Wavelet transformation methods can create representations of changes in HRV over time and correlate changes in frequency to time, such as identified periods of increased physiological stress or increased symptom severity.

Four recognized HRV frequencies are operating within different bands: ultralow frequency (ULF [image: ≤ 0.003 Hz]), very low frequency ([image: The image shows the mathematical expression "0.003 is less than."] VLF [image: Text reads "≤ 0.04 Hz."]), low frequency ([image: Mathematical expression showing the inequality: 0.04 is less than an unspecified value.] LF [image: Less than or equal to zero point fifteen hertz.]), and high frequency ([image: Mathematical expression reading: zero point fifteen is less than pi.]HF [image: "Less than or equal to 0.3 plus Hz."]). In general, LF and HF are thought to correspond to activities of the sympathetic and parasympathetic nervous systems, respectively, the VLF corresponds to thermoregulation and vasomotor action, and the ULF is not well understood and is often excluded clinically due to its long duration but is thought to be associated with metabolic or slower endocrine changes (42). Table 1 describes the frequency domains and proposed associated biological mechanisms.



TABLE 1 Heart rate variable frequency domain bands and associated biological processes.
[image: A table displays four domain bands in heart rate variability: ULF, VLF, LF, and HF, with corresponding minimum recording intervals, contributing biological mechanisms, and possible reported outcomes. ULF is associated with slow biological processes and psychiatric disorders. VLF involves vasomotor tone and inflammation-related outcomes. LF is linked to baroreceptor activities and blood pressure fluctuations. HF corresponds to parasympathetic activity and stress-related outcomes.]



2.3.4 Signal transformations

HRV was decomposed into frequency domains using an 8-level wavelet packet decomposition scheme. This scheme was implemented in the Python 3 Python is an open source license by the Python Software Foundation (43, 44) to produce scalogram plots of signal strength as a function of time for each sampled day of each individual. These plots allow for an assessment of broad trends in activity at HF, LF, VLF, and ULF frequencies across time. In this case, the scale axis of the figures corresponds to 6-h time blocks over 24 h on the time axis to provide a sufficiently large window of data to capture lower frequency domains such as VLF and ULF. These scalograms were inspected for broad trends in the concentration of RR signal strength across time domains by frequency domains. Figure 2 visually represents the data transformations used in this analysis. Power density, or the strength of the RR signal per Hz, was also calculated to validate peaks of scalogram activity across the frequency domain. The transformation methods are detailed in supplemental methods. The ratio of normalized LF/HF power over 24 h. a high LF/HF ratio indicates high sympathetic activity and lower parasympathetic involvement, while a low LF/HF ratio indicates parasympathetic activity (30). Although this remains controversial in HRV analysis due to complexities in balances between the two systems, the impact of testing conditions when analyzing these frequency bands has poor correlation and validation (30, 45).

[image: Diagram illustrating signal decomposition across eight levels (L0 to L8) with frequency ranges specified. Each level further divides into components labeled with letters like 'a' and 'd,' representing frequency bands. A legend on the left indicates frequency bands: HF, LF, VLF, and ULF.]

FIGURE 1
 Wavelet packet decomposition tree showing parts of the decomposed heart rate (HR) signal used to reconstruct high (HF), low (LF), very low (VLF), and ultralow (ULF) time domain representations for each individual. A visual summary of the decomposition scheme for each level of wavelet decomposition and shows the process of reconstituting the frequency bands from each heart rate (HR) signal. Hz, hertz; a:d-filtering operations of the wavelet decomposition L-level of decomposition node.


[image: Flowchart illustrating a six-month, 24-hour patient data collection process. Starts with data acquisition from a biometric wearable for heart rate and a Likert scale for gastrointestinal symptoms. Heart rate data is processed into RR intervals, then analyzed using wavelet transformation to determine frequency domains. Symptoms are quantified as mean and standard deviation, leading to a Z score calculation. Symptom and non-symptom days are classified as greater than 1.5 or less than 1.5, respectively.]

FIGURE 2
 Data processing for all study data used within this analysis and the timeframe of data collection. Timeline of data collection and process of data transformations used for analysis within this study from both the wearable device and self-reported gastrointestinal (GI) survey data collected from participants.





2.4 Analysis


2.4.1 Descriptive statistics

Proportions, means, and standard deviations were used to describe the study sample and the number of low- and high-symptom days of data included in the analysis. The frequency domains (HF, LF, VLF, and ULF) that were reconstructed from the wavelet packet decompositions of HRV include RR-mean, RR-variance ([image: Symbol for variance, represented by a lowercase sigma squared in parentheses.], and standard deviations of the RR interval (SDRR) for each frequency domain. The SDRR is a standard HRV metric that captures the RR readings distribution about its mean value. By computing this metric for each time domain by frequency domain generated from the wavelet packet decomposition of the HRV for each sampled date, statistical comparisons of the SDRR about the means for LF, VLF, and ULF subsignals were compared for high- vs. low-symptom days. Consequently, the frequency ranges responsible for the most significant contributions to overall HRV trends could be isolated and identified, This helps to identify periods of symptomatic activity, such as the increased severity of a GI symptom, that assist in identifying upcoming periods of increased AD by tracking changes in the SDRR (30).



2.4.2 Wavelet transformations

A representative example of the scalograms generated with a continuous wavelet transformation of an observed date’s HRV signal is shown in Figure 3. Visualizations for the remaining participant’s dates are available in the supplemental materials. The peaks of these scalograms were compared to the peaks in power density to assess where the most significant signal activity was occurring.

[image: Graphs labeled A and B display signal frequency over time in seconds, spanning low to ultra-low frequencies. Below, multiple line graphs show frequency variations in milliseconds. In Graph B, vertical lines mark times at 6 a.m. and 4 p.m. Both sections illustrate data processing via RR wavelet packet decomposition.]

FIGURE 3
 Scalogram of time series plots for low (LF), very low (VLF), and ultralow (ULF) frequency signals and RR Intervals for (A) representative participant data and (B) wavelet transformed data. These time series representations show periods of increased respiratory rate (RR) levels at roughly 20,000 s from midnight to about 60,000 s, corresponding to conventional times of increased activity of about 6:00 a.m. to 4:00 p.m., with a decrease at about 4:00 p.m. RR levels of greater than 1,000 ms across samples during this period in both the original signal and the ULF component, with peak variations in LF and VLF components at |250| ms and |500| ms, respectively.


Cross-correlation was performed on R-R and time-domain subsignals for each individual’s high- and low-symptom days to calculate the lag time associated with the maximum cross-correlation value. Here cross-correlation measures the amount of overlap of the plots of two R-R signals. In maximizing the cross-correlation value, you are “sliding” the plot of one signal over the other until the most excellent fit between the two is achieved. The lag is the amount that one signal must be translated to achieve this fit. This is often performed to compare better two signals that may have similar profiles, but which occur at different points in time. This ensures any statistical differences are due to changes in the signal rather than other contributing factors such as effects of changes in daily sleep/wake or inactivity across the population. Aligned RR signals and time-domain subsignals for individuals’ high- and low-symptom days were then paired for statistical comparison.

Differences in observed signal and time-domain subsignal variances, or the square of the SDRR, between sampled days were tested for significance using an F-test. F-tests were chosen due to the continuous nature of the heart rate data. The test value is calculated by

[image: Formula showing F-value calculation, where \( F - \text{value} = \frac{\frac{\sigma_a^2}{N \cdot \text{dof}_a}}{\frac{\sigma_b^2}{N \cdot \text{dof}_b}} \). The expression involves variances \(\sigma^2\) and degrees of freedom \(\text{dof}\) for groups \(a\) and \(b\).]

where [image: The image shows the mathematical notation sigma squared subscript a, indicating the variance of a variable a.] and [image: The image shows the mathematical notation sigma squared sub b, representing the variance between groups in statistics.] are the variances of each variable, and Ndofa and Ndofb are their respective degrees of freedom or individual readings per tested sample. Here, values from the F-test were compared against p > 0.01 for hypothesis testing. F-values to indicate the ratio of statistically significant sample means (46) were calculated for observed variances of high-symptom days vs. low-symptom days and low-symptom days vs. low-symptom days.



2.4.3 Effects of symptom severity

The results of individual F-tests were aggregated, and a population-wide ratio of significant F-tests of RR intervals between frequency domains was calculated for the total population and each frequency domain.

The power density calculated the total strength of the HRV signal in the frequency domain. The total average power density of all frequency domains and their SDs were calculated for high- and low-symptom days across the population. Here, power density measures the amplitude of the HRV signal at a given frequency. The average power density for each frequency subdomain can be viewed as a measure of the contribution to the overall amplitude of the HRV measurements of the ULF, VLF, and LF signals. The average power density can be then tested for any statistical differences in the changes in behavior in HR signals, to verify the frequency domain of the majority of the HR signal activity, and to assess for broad trends between high- and low-symptom days.





3 Results

A total of 30 participants were recruited, but 4 participants were excluded from the analysis due to the use of a different biometric device that could not be consolidated without additional standardization, resulting in a sample of 26 individuals. These 26 individuals reported 4,615 total daily-GI-symptom days over the 6-month period, the majority of which were within ±1 SD of their overall mean symptom severity score. Approximately 5% of all collected symptom days were classified as either low or high. Of the 230 high- and low-symptom days, 122 days were sampled in the wavelet analysis. Table 2 describes our sample—predominately women (92.3%) of non-Hispanic ethnicity (73.1%). The average age of our cohort was 44.6 years (20–74). Our cohort’s daily GI mean symptom score was 4.73 out of 10, which was normally distributed. High-symptom days (high-GI symptoms) used in this analysis had a mean GI score of 7.59 (±1.28), and low-symptom days had a mean of 2.58 (±1.27). Days with a score of zero, representing no symptoms experienced, occurred on 615 (13.3%) days reported by all participants over the 6-month survey period.



TABLE 2 Demographics, gastrointestinal (GI) symptom severity, and heart rate variability (HRV) characteristics of study participants.
[image: A statistical table displaying data on demographics, daily symptom severity, and heart rate variability. Key points include age mean of 44.6, gender distribution (92.3% female, 7.7% transgender male), and high symptom days with a mean of 7.59. Heart rate variability metrics are also listed, such as a mean RR interval of 785.99 milliseconds and low-frequency variability of 18.18. Significant p-values below 0.01 across data.]

Table 2 also describes the mean and SD of each daily symptom domain asked in this study. The highest severity of daily symptoms was found in fatigue (5.84 ± 1.64), pain (5.44 ± 1.60), and brain fog (5.1 ± 1.94). The average awake occurrences were reported as 1.91 ± 1.77 times a night for all individuals. Illness was reported in 318 days (6.8%).

Table 3 provides descriptive statistics for the HRV metrics for the low- and high-symptom days. There was no statistical difference in overall HRV metrics comparing the high- and low-symptom days for this population within any frequency domain variance or in the mean between low- and high-symptom days. Only the ULF domain demonstrated a statistical difference in average power density (amplitude) between high- (562109.52 ms2) and low-symptom (627435.80 ms2) days. The consistency of these time-domain subsignals reconstructed via wavelet transformations, the power density, and the scalogram plots suggest that this study verified wavelet transformations. Power spectrum density analysis showed that amplitudes of HF frequencies occur minimally in this analysis compared to the ULF and VLF due to the more significant time observation period. This made HF contributions to the composite signal minimal and not further analyzed beyond the LF/HF ratio.



TABLE 3 Descriptive statistics, total max correlation, significant F-tests, and average power density by frequency domain of total population, low-, and high-symptom days.
[image: A table comparing frequency domain statistics of RR intervals for high and low symptom days. It includes means, variances, correlation means, significant F-test percentages, and average power density means. LF/HF ratio values are also provided, showing differences across conditions. Measurements are in milliseconds and hertz.]

HRV is highly individualized and, therefore, it is not surprising that the calculated variances and means for the total RR and constructed frequency domains did not differ from the overall total between high- and low-symptom days. However, we did find differences in the variance of HRV and frequency domains between high- and low-symptom days at the individual level. F-test statistics comparing sampled high- and low-symptom days in individual participants demonstrated statistically significant patterns at p < 0.01 with the maximum cross-correlation values (3.94e10 ms2 high vs. low and 4.15e10 ms2 for low vs. low) occurring at a mean time of 0.0 ([image: Equation showing the mean tau equals zero point zero.]) (Table 3).

The most significant ratio of successfully aggregated F-tests is found in the high-symptom vs. low-symptom sample days for the VLF and ULF domains at ~76 and ~92%, respectively, suggesting a strong correlation between changes in HRV at these frequencies for symptom expression (Table 3). Comparison of variances on low-symptom days tested against high-symptom days yields weakly correlated results, with the majority of the ratios for these tests hovering at approximately 50% across the different frequency bins.

The frequency domain average power density for HRV and ULF, VLF, and LF time domain signals are summarized in Table 3. Higher signal strength (power density) differences were found in the ULF HRV in both the low (327609.66 ± 219398.35 ms2/Hz) and high (302253.49 ± 204729.12 ms2/Hz) GI-symptom days, as compared with all other frequency domains. Statistically significant differences were only observed in LF (0.08) HRV. The LF/HF ratio was calculated for high- and low-symptom days, and all days were assessed via the frequency domain. High-symptom days reported a ratio of 5.92 ± 1.29; however, low-symptom days and all days assessed reported 6.64 ± 1.45 and 6.30 ± 1.42, respectively.



4 Discussion

Symptoms associated with AD have a disproportionate effect on the quality of life for individuals living with chronic illness. These frequently begin with complaints of OI and correlate with perceptions of overall health and symptom exacerbation directly. Specifically, AD is frequently identified in people with hEDS, and the overwhelming majority of people with hEDS report some degree of OI (7, 10, 12–14). Clinically, the standard for assessing autonomic function uses HRV, or the changes in time intervals between consecutive heartbeats, from 24-h Holter monitor ECG data (30), but this is costly and can only be done in short durations. Therefore, we sought to determine the feasibility of using commercial biometric wearable devices to detect subtle changes in autonomic function and to seek to associate that with changes in subjective GI symptom severity. Our study demonstrated that determining HRV patterns using wearable devices in a population with chronic illness is feasible despite their inherent limitations compared with their clinical gold-standard counterparts.

Celletti et al. found that baroreceptors in people with hEDS were more sensitive to changes in pressure, about 30% of individuals could not coordinate their breathing sufficiently to complete the Valsalva maneuver, and none of the participants could complete the sustained handgrip activity (13). Baroreceptor activities are associated with the LF band, and our data showed a significant average difference in power density means between low- and high-GI-symptom days in the LF band.

Cross-correlation between samples is intended to remove contributions of external causes of variability. The minimal lag time between signals during cross-correlation suggests the observed effects are associated with physiological changes. The population level means of the maximum cross-correlation values for each individual were slightly different ([image: Plus or minus approximately five percent.]) showing differences in absolute signal behavior values are likely localized within the sampled signals or found in different sample features like variance and standard deviation.

The scalogram and power density calculations demonstrate the critical role of the ULF in shaping the overall HRV trends. The ULF band is less understood than the other bands of HRV primarily due to the previous transformation methods and shorter duration of HRV measurements, ~5–10 min, corresponding to the rapid changes initiated by the nervous system in the LF, VLF, and HF bands. The ULF signal cycle fluctuation could occur in an epoch as long as 24 h and, therefore, is thought to be associated with circadian and neuroendocrine responses in homeostasis. Our data demonstrate that the high variability in ULF and VLF are associated with high-symptom days for 92 and 76% of all F-Tests but show no difference when differentiating low-symptom days from high-symptom days. These domains are associated with slower, longer-term biological responses like thermoregulation, metabolism homeostasis, circadian rhythms, and inflammatory processes, all of which are frequently reported as dysfunctional in people with hEDS (47). This suggests that the GI symptoms are spiking (>1.5 standard deviations) in symptom severity, resulting in a ULF/VLF response.

Weaker and less predictive relationships were found when assessing other frequency domains, particularly the VLF and the LF, suggesting that signals derived from VLF and LF data do not strongly correlate with the expression of symptoms within this study. More specifically, the means of zero for both the VLF and LF bands suggest they only have minimal contributing hz power to the total frequency domain for HRV over the 24-h period. This result could be from the need for higher sampling rates to track these frequency domains, or they could correlate better with other symptom domains not analyzed within this study. Future studies will focus on increasing the sample size to assess these frequencies and include additional symptom domains. The LF/HF ratio also did not show the expected results as a higher ratio was found on low-symptom days compared to high-symptom days, although this study found a higher ratio range in all days compared to studies of healthy individuals where a range is expected to fall within 1–2 (48). However, the LF/HF remains controversial and has had poor predictive value in other biometric device studies (49) despite being frequently reported in many HRV clinical analyses.

hEDS patients experience intermittent and frequent symptoms associated with AD that make everyday-symptom management difficult and contribute to poor overall quality of life (16). Moreover, the lived experience of people with hEDS and the overall impact of the condition have been associated with increased anxiety and depression, poor quality of life, and increased functional disability (50). Few self-management techniques have been validated for hEDS patients (45), and lack of clinical knowledge of hEDS and barriers in accessing the necessary clinical specialists have made effective symptom management challenging (51). OI in this population is well documented (10, 13), but no existing clinical or static tests predicted its occurrence (13). Disease burden for AD, GI, and orthostatic complaints is correlated with reduced perception of global health and increased reports of pain (12). Our cohort within this study demonstrated a high average daily burden of many of these other symptoms associated with AD, including brain fog, pain, and fatigue. These symptoms can often be interrelated and cumulative but are often overlooked or undermanaged in clinical care (51). Therefore, identifying periods of increased symptom severity to mitigate bouts of increased functional disability is critical for this population.

Self-management strategies for GI symptoms in hEDS patients are currently underdeveloped. The majority of clinical management relies profoundly on trial-and-error methods of symptom management, predominately based on dietary changes (8, 9, 62). The limited self-management techniques and decreased quality of life associated with GI symptom severity may increase the naturally occurring reduction in HRV as a patient ages (52) and thereby increase the risk of additional comorbidities associated with AD. Additionally, GI symptoms are linked to increased anxiety, which directly relates to the severity of their symptoms and may prohibit patients from seeking alternative management techniques, increasing the severity of their symptoms and increasing their overall long-term AD (53). This study further suggests utilizing biometric devices and HRV analysis may provide a clinical alternative to nutrition-based patient-guided GI dysfunction management.

Some limitations of this study do exist. Symptom domains were based on the self-reported GI data from each participant. This self-reported Likert-scale data can depend on recall bias among our cohort, although it is collected daily, long-term recall is not required. Variability of the GI symptoms within the 24-h periods was not assessed and may impact HRV on a shorter time scale. Additionally, this study only presents dysfunction in one symptom domain, and results may change when multiple morbidities are considered in relationship with HRV. Continuous ECG data provides more precise sampling rates than wearable devices, yielding a higher resolution of raw data that could then be converted to instantaneous reading (54); however, clinical studies rarely consider the ULF band. The biometric devices such as the WHOOP strap (38) used in this study are limited in the frequency of measurements but demonstrate the ability to collect sufficient reliable readings for longer term HRV metrics, especially in longitudinal studies precluding the use of ECG. Our wavelet analysis is still limited by a specific method of HR data generation and the likelihood of user-introduced error (55, 56). Suboptimal band placement, neglecting to charge the device, and false data from environmental or behaviorally induced noise, such as increased respiratory rates during exercise, could all potentially increase error. Finally, the small sample size and lack of inclusion of participants with POTS, while appropriate for a pilot study, will require study replication in a larger and more clinically diverse cohort.

Despite these limitations, the accessibility and relatively low cost of biometric devices such as the WHOOP strap allow for increased feasibility in research for developing self-management assessments for hEDS patients. AD in many hEDS patients represents a significant increase in functional disability, and research into models with the ability to predict symptom activity using biometrics may assist with patient self-management and increased quality of life.



5 Conclusion

This study shows a relationship between GI symptom exacerbation and HRV in hEDS patients, specifically in the very and ultralow frequency bands. Changes in HRV are associated with chronic stress, but few studies have attempted to define associations between symptomatic vs. asymptomatic periods caused by functional disease and changes in HRV. Identifying variations within these time domains should assist in creating predictive models that allow for increased self-management by hEDS patients. To establish these predictive models, future studies should also include additional symptom domains that may impact the relationships between HRV and AD, including sleep disorders, fatigue, and pain. Further analyses of longer AD periods compared to low to non-symptom activity days within a wavelet frequency domain analysis will also be explored in the future studies. Finally, this study excluded participants with POTS and other individuals with known altered autonomic dysfunction to determine if this approach was viable in individuals with intermittent AD. Future studies should apply the methods we have developed to larger participant groups and could compare results in people with and without a POTS diagnosis.
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Background: Connective tissue disorders (CTDs) are a heterogeneous group of disorders often presenting with a variety of comorbidities including musculoskeletal, autonomic, and immune dysfunction. Some CTDs such as hypermobile Ehlers-Danlos syndrome (hEDS), which is one of the most common, have been associated with neurological disorders requiring surgical intervention. The frequency of these comorbidities in these populations and their subsequent requirement for neurosurgical intervention remains unclear.
Methods: Based on our initial experience with this population, we investigated the presentation rates of specific comorbidities and neurosurgical interventions in a cohort of individuals referred to our institution for evaluation and neurosurgical management of issues secondary to diagnosed or suspected CTDs from 2014 to 2023. Primary diagnoses were made by referring physicians or institutions based on clinical presentation and standard-of-care criteria. We evaluated relationships between diagnoses and surgical interventions by multivariate correlation and intersection plots using the UpSetR package.
Results: Of 759 individuals, we excluded 42 based on incomplete data. From the remaining (total cohort, N = 717), 460 (64%) individuals were diagnosed with hEDS, 7 were diagnosed with a CTD other than hEDS, and 250 lacked a formal CTD diagnosis. We found that individuals with hEDS had a higher frequency of certain comorbidities, such as Mast Cell Activation Disorder and Postural Orthostatic Tachycardia Syndrome, and neurosurgical intervention compared to individuals without a CTD diagnosis (unaffected). Of the total cohort, 426 (59%) were diagnosed with Chiari I Malformation, which shared a significant overlap with hEDS. Of those who elected to undergo surgery (n = 612), 61% required craniocervical fusion (CCF). Notably, of the 460 individuals diagnosed with hEDS, 404 chose surgical intervention, of which, 73% required CCF for craniocervical instability.
Conclusion: In this retrospective study of individuals referred to our institution for evaluation of CTDs potentially requiring neurosurgical intervention, we defined the frequency of presentation of specific comorbidities that we commonly encountered and revealed the rate at which they required neurosurgical intervention.
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Introduction

Connective tissue disorders (CTDs) are a heterogeneous group of conditions often presenting with a variety of comorbidities (1–3). CTDs, which are linked by connective tissue dysfunction, may have widely variable clinical presentation and arise from a variety of etiologies, including heritable or sporadic genetic variants; however, the exact cause in many of these disorders remains unknown (4–6). For example, Ehlers-Danlos Syndrome (EDS), which is one of the most common CTDs, is further subdivided into 13 variants with distinct clinical presentations and etiologies (7–9). The criteria of the subdivisions of EDS are continuously being refined (8, 10, 11), with hypermobile EDS (hEDS) presenting as the most common variant (approx. 80–90% of all EDS diagnoses) (12, 13). Recent estimates mark the prevalence of hEDS as high as 1-in-500 (14), indicating a more widely affected population than commonly believed. While the majority of EDS subtypes can be linked to a specific genetic variant, hEDS is unique in that it lacks a specific diagnostic genetic marker despite a strong familial association (11, 12, 15). As such, hEDS, a syndrome of multiple coincident pathologies appearing to be centered around connective tissue dysfunction, is established by a comprehensive clinical diagnosis focusing around one primary factor: ligamentous laxity (16).

The association of hEDS with neurological, immunological, and musculoskeletal dysfunction is increasingly being appreciated (8, 16–18). Notably, individuals with symptoms of hEDS often present with concomitant autonomic and immune dysfunctions such as postural orthostatic tachycardia syndrome (POTS) and mast cell activation disorder (MCAD), respectively, whose associations with connective tissue and joint fragility are well documented (10, 19). However, the list of comorbid diagnoses that is often present in individuals with hEDS is not fully appreciated. For example, while it has been noted that hEDS may present with a variety of neurosurgical comorbidities, including Chiari I malformation (CMI) (8, 16, 17, 20, 21), tethered cord syndrome (TCS) (22–26), and styloid hypertrophy (SH) (27, 28), the frequency of these comorbidities in the larger population of individuals with hEDS, their relationship to hEDS, and the need for neurosurgical management remains unclear.

Herein, we investigated the presentation rates of comorbidities and neurosurgical interventions in a cohort of individuals with CTDs who were referred to our institution for evaluation and management.



Methods


Patient selection

Individuals with a formal or suspected diagnosis of any CTD were referred to our center for evaluation and management of suspected neurosurgical issues from September 2014 to April 2023. Diagnoses were made by referring physicians or institutions based on clinical presentation and standard-of-care criteria. We included all individuals referred to us with CTDs. For individuals referred with an outside diagnosis of hEDS, we used the Beighton Scoring System, which assesses joint hypermobility on a 9-point scale, to verify the diagnosis; a score of 5 or higher was considered diagnostic (29, 30). Individuals without a formal CTD diagnosis were considered unaffected for the purpose of this study. Individuals were selected for surgical intervention if their score on the Karnofsky Performance Scale (31) related to their chief complaint was 70 or lower at the time of initial evaluation. We excluded individuals with incomplete medical records.



Retrospective review

We collected individual demographics, diagnoses, and neurosurgical interventions commonly seen in our population. We stratified individuals based on their CTD diagnosis, which included: hEDS, Marfan syndrome, Sjögren’s syndrome, Stickler syndrome, Systemic Lupus Erythematosus, and all hypermobility spectrum diagnoses. Based on our initial experience with this population, we evaluated the presentation rates of 13 diagnoses: CMI, TCS, POTS, MCAD, dysautonomia, myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), SH, gastroesophageal reflux disease (GERD), hypothyroidism, gastroparesis, small fiber polyneuropathy (SFPN), post-treatment Lyme disease syndrome (PTLDS), and median arcuate ligament syndrome (MALS). Similarly, based on our experience with this population, we evaluated the following neurosurgical interventions: craniocervical fusion (CCF), posterior fossa decompression (PFD), tethered cord release (TCR), ventriculoperitoneal shunt (VPS), CSF leak repair, styloidectomy, anterior cervical discectomy and fusion (ACDF), and transoral odontoidectomy (TOO). Records were supplemented with patient survey data regarding specific diagnoses and surgeries within their medical history.



Data analysis

We determined statistical significance among the relationships of the individual diagnoses and surgeries by multivariate correlation analysis (Pearson). Fisher’s exact test and odds ratios with 95% confidence intervals were established when comparing hEDS- and non-CTD-presenting populations. p-values <0.05 indicated significance. Analysis was performed through the GraphPad Prism statistical and graphing platform and Microsoft Excel. UpSet plots, which illustrate co-occurrence or mutual exclusion of up to 40 data sets, were generated with the R-programming package UpSetR (32, 33).




Results


Demographics

We evaluated 759 individuals referred to our center for surgical management of CTDs. We excluded 42 individuals with incomplete data in the medical record, resulting in a final cohort of 717. Sex demographics skewed approximately 87:13 female-to-male (6.5:1). The average age was 37 years (SD = 14; range: 4–74 years) at their first procedure at our institution. Supplementary Table S1 summarizes demographics, diagnoses, and surgeries are for the population included in the study.



Diagnoses and comorbidities

Retrospective chart review revealed the frequencies of the comorbid conditions that we commonly encounter based on our experience in our population of individuals with CTDs (Table 1). Of note, 460 (64%) were diagnosed with hEDS and 426 (59%) were diagnosed with CMI. In the total cohort, 89% of individuals had a diagnosis of hEDS and/or CMI (or both). Additional frequencies of diagnoses encountered are as follows: TCS (42%), POTS (41%), MCAD (34%), dysautonomia (27%), ME/CFS (22%), SH (20%), GERD (16%), hypothyroidism (14%), gastroparesis (12%), SFPN (11%), PTLDS (7%), and MALS (5%).



TABLE 1 Diagnoses of total cohort and subgroups of individuals presenting with hEDS, lacking hEDS or other CTDs (Unaffected), lacking hEDS but with any additional CTD (Any CTD; EDS neg.), presenting with CMI, and presenting with both hEDS and CMI diagnoses (EDS and CMI).
[image: Table displaying the distribution of various diagnoses across different cohorts, including total cohort, hEDS (hypermobile Ehlers-Danlos syndrome), Unaffected, Any CTD (EDS negative), CMI (Chiari malformation), and EDS with CMI. Diagnoses listed include Ehlers-Danlos syndrome, Chiari 1 malformation, tethered cord syndrome, and other related conditions. Percentages indicate the prevalence within each subgroup.]

Of the 257 individuals not presenting hEDS, 7 individuals were diagnosed with another CTD. While the remaining 250 individuals were referred to our institution with a suspicion of an underlying CTD, they did not carry a formal diagnosis. Thus, in this study, we categorized these individuals as unaffected. Individuals with hEDS were significantly more likely to present with dysautonomia (p < 0.001; OR 5.32, 95% CI: 3.35–8.44) gastroparesis (p < 0.001; OR 5.30, 95% CI: 2.61–10.77), MCAD (p < 0.001; OR 4.27, 95% CI: 2.90–6.30), POTS (p < 0.001; OR 4.22, 95% CI: 2.95–6.04), SFPN (p < 0.001; OR 3.26, 95% CI: 1.73–6.17), GERD (p < 0.001; OR 2.47, 95% CI: 1.52–4.01), TCS (p < 0.001; OR 2.27, 95% CI: 1.64–3.15), SH (p < 0.001; OR 2.07, 95% CI: 1.35–3.16), hypothyroidism (p < 0.05; OR 1.75, 95% CI: 1.07–2.85), ME/CFS (p < 0.05; OR 1.52, 95% CI: 1.03–2.25), and PTLDS (p > 0.05; OR 1.30, 95% CI: 0.68–2.48) (Figure 1A). PTLDS had no significant association to either population. The unaffected group was more likely to present with CMI (p < 0.001; OR 0.54, 95% CI: 0.39–0.74) and MALS (p < 0.05; OR 0.51, 95% CI: 0.30–0.89) than the hEDS group, which may reflect the presence of other undiagnosed congenital syndromes in the unaffected population.

[image: Bar graph showing odds ratios for various diagnoses and surgeries. Panel A lists diagnoses, including MALS, PTLDS, SFPN, and others, with odds ratios mostly below five. Panel B lists surgeries, including TOO, ACDF, and CCF, also with odds ratios below five. Error bars indicate variability.]

FIGURE 1
 Graphical representation of the likelihood of individuals with hEDS presenting with comorbid diagnoses or requiring surgical intervention as compared to unaffected individuals. Graphical representation of the likelihood of individuals with hEDS presenting with comorbid diagnoses or requiring surgical intervention, as determined by odds ratios as compared to unaffected individuals, is shown. (A) Odds ratios for individuals with hEDS presenting with diagnoses including Chiari I malformation (CMI), tethered cord syndrome (TCS), postural orthostatic tachycardia syndrome (POTS), mast cell activation disorder (MCAD), dysautonomia, myalgic encephalomyelitis/chronic fatigue syndrome (MECFS), styloid hypertrophy, gastroesophageal reflux disease (GERD), hypothyroidism, gastroparesis, small fiber polyneuropathy (SFPN), post-treatment Lyme disease syndrome (PTLDS), and median arcuate ligament syndrome (MALS) are shown on a grouped plot. (B) Odds ratios for individuals with hEDS requiring surgical intervention including craniocervical fusion (CCF), posterior fossa decompression (PFD), tethered cord release (TCR), ventriculoperitoneal shunt (VPS), styloidectomy, CSF leak repair; anterior cervical discectomy and fusion (ACDF), and transoral odontoidectomy (TOO) are shown. Filled circles, p < 0.05; open circles: p > 0.05; line, 95% confidence interval.




Intersections of diagnoses

We visualized intersections of diagnoses using UpSetR, a statistical package for illustrating intersections of multiple data sets (32, 33), and found that the top 5 patterns of intersecting diagnoses among individuals in our cohort were, in decreasing order: (1) CMI in individuals unaffected by CTD (96 individuals, or 13% of the total cohort), (2) CMI in individuals with hEDS (32, or 4%), (3) CMI and TCS in unaffected individuals (25, or 3%), (4) individuals with hEDS (25, or 3%), and (5) CMI and TCS in individuals with hEDS (24, or 3%) (Figure 2).

[image: Bar chart showing the distribution of individuals per set, with quantities ranging from 2 to 96. The highest bar represents 96 individuals, followed by groups of 32, 25, and fewer towards the right. Below, a dot matrix displays connections among various conditions such as CTD, EDS, MALS, hEDS, and others. A secondary horizontal bar chart on the left shows the total number of individuals for each condition, with numbers several hundred down to less than a hundred.]

FIGURE 2
 UpSet plot of diagnoses and comorbidity intersections of the total cohort. Each column represents the intersection (or lack thereof) of one or more diagnoses, with the number of individuals in each grouping listed on top of each bar. Each row indicates groupings of data (sets) corresponding to the diagnosis listed on the left. Dark circles indicate the placement of a diagnosis within a group. Groupings comprised of two or more comorbidities are indicated by circles connected by a line. The bar graph on the bottom-left indicates the number of individuals specific to that diagnosis, corresponding to the frequency detailed in Table 1. The top 40 intersections are illustrated. Diagnoses: Hypermobile Ehlers-Danlos syndrome (hEDS); Chiari I malformation (CMI); tethered cord syndrome (TCS); postural orthostatic tachycardia syndrome (POTS); those lacking a formal CTD diagnosis (Unaffected), mast cell activation disorder (MCAD); dysautonomia; myalgic encephalomyelitis/chronic fatigue syndrome (MECFS); styloid hypertrophy, gastroesophageal reflux disease (GERD), hypothyroidism, gastroparesis, small fiber polyneuropathy (SFPN), post-treatment Lyme disease syndrome (PTLDS), those presenting CTDs other than hEDS (Non-EDS CTD), median arcuate ligament syndrome (MALS), and those without hEDS who present for another CTD (CTD EDS-neg.).




Surgeries

Of the total cohort, 612 (85%) individuals elected to undergo surgery. Neurosurgical interventions that individuals in our cohort underwent are listed in Table 2. Of note, approximately half of the total cohort required CCF surgery (52%), followed by PFD (44%), TCR (34%), VPS (11%), styloidectomy (9%), CSF leak repair (8%), ACDF (6%), and TOO (2%). UpSet plots of intersections indicated that individuals in our cohort most frequently underwent (1) PFD alone (98 patents, or 16% of individuals undergoing surgery), (2) CCF alone (89, or 15%), (3) both CCF and PFD (63, or 10%), (4) TCR alone (53, or 9%), (5) both CCF and TCR (52, or 9%), and (6) CCF, PFD, and TCR (41, or 7%) (Figure 3). Compared to unaffected individuals, those with hEDS had a higher rates of CCF (p < 0.001; OR 4.02, 95% CI: 2.89–5.59), styloidectomy (p < 0.001; OR 3.34, 95% CI: 1.62–6.90), TCR (p < 0.001; OR 2.47, 95% CI: 1.74–3.52), CSF leak repair (p < 0.01; OR 2.47, 95% CI: 1.26–4.86), VPS (p > 0.05; OR 1.25, 95% CI: 0.76–2.05), and ACDF (p > 0.05; OR 1.05, 95% CI: 0.55–2.01), while the unaffected had higher rates of PFD (p > 0.05; OR 0.79, 95% CI: 0.58–1.08) and TOO (p > 0.05; OR 0.38, 95% CI: 0.12–1.21) (Figure 1B). There were no significant associations between the two subgroups for PFD, VPS, ACDF, and TOO.



TABLE 2 Surgical interventions of total cohort and subgroups of individuals presenting with hEDS, lacking hEDS or other CTDs (Unaffected), lacking hEDS but with any additional CTD (Any CTD; EDS neg.), presenting with CMI, and presenting with both hEDS and CMI diagnoses (EDS and CMI).
[image: Table showing surgery data across various subgroups: total cohort, hEDS, Unaffected, Any CTD (EDS neg.), CMI, and EDS with CMI. Surgeries listed are craniocervical fusion, posterior fossa decompression, tethered cord release, ventriculoperitoneal shunt, styloidectomy, CSF leak repair, anterior cervical discectomy and fusion, and transoral odontoidectomy. Percentages indicate the proportion of individuals in each group who underwent each surgery. Total cohort includes 612 individuals; hEDS, 404; Unaffected, 203; Any CTD, 5; CMI, 396; EDS and CMI, 236. Craniocervical fusion is most common.]

[image: Bar chart displaying the number of individuals per set across various categories, with the highest bar reaching ninety-eight individuals. Categories include TOO, ACDF, CSF leak repair, styloidectomy, VPS, TCR, PFD, and CCF. The chart also features a dot plot below, indicating category combinations for each individual set.]

FIGURE 3
 UpSet plot of the most frequent surgery intersections. Each column represents the intersection (or lack thereof) of one or more surgeries, with the number of individuals in each grouping listed on top of each bar. Each row indicates groupings of data (sets) corresponding to the surgeries listed on the left. Dark circles indicate the placement of a surgery within a group. Groupings comprised of two or more surgical procedures are indicated by circles connected by a line. The bar graph indicates the number of individuals specific to each procedure, corresponding to the frequency detailed in Table 2. The top 40 intersections are illustrated. Surgical procedures: craniocervical fusion (CCF); posterior fossa decompression (PFD); tethered cord release (TCR); ventriculoperitoneal shunt (VPS); styloidectomy; CSF leak repair; anterior cervical discectomy and fusion (ACDF); transoral odontoidectomy (TOO).


Of the 460 individuals diagnosed with hEDS, 404 (88%) chose surgical intervention; 73% of individuals with hEDS required CCF for craniocervical instability and 48% sought PFD (Table 2). Comparatively, 203 of the 250 (81%) of unaffected individuals chose surgical intervention, with PFD being the most frequent (59%) followed by CCF (37%). In the 396 individuals with CMI who underwent surgery, 57% had CCF and 72% underwent PFD. For the 236 individuals diagnosed with both hEDS and CMI, the frequency of both CCF and PFD surgeries were nearly equal at 72 and 70%, respectively. In our hEDS cohort, the most frequent surgeries were (1) CCF alone (63, or 16%), followed by (2) those requiring CCF and TCR (49, or 12%), (3) CCF and PFD (48, or 12%), (4) CCF, PFD, and TCR (34, or 8%), (5) TCR alone (32, or 8%), and (6) PFD alone (30, or 7%) (Figure 4). For unaffected individuals, the most frequent intersections of surgical interventions were (1) PFD alone (68, or 34%), (2) CCF alone (25, or 12%), (3) TCR alone (21, or 10%), (4) PFD and CCF (14, or 7%), and (5) VPS (8, or 4%) (Figure 5) For individuals with CMI, the most frequent intersections of surgical interventions were (1) PFD alone (96, or 24% of those with CMI diagnosis), (2) PFD and CCF (50, or 13%), (3) CCF alone (37, or 9%), and (4) PFD, CCF, and TCR (34, or 9%) (Figure 6). For individuals presenting with both hEDS and CMI diagnoses, the most frequent intersections of surgical interventions were (1) both CCF and PFD (37, or 16%), (2) PFD only (28, or 12%), (3) CCF, PFD, and TCR (28, or 12%), and (4) CCF alone (22, or 9%) (Figure 7).

[image: Bar chart displaying the number of individuals per set, ranging from 2 to 63. The highest bar reaches 63 individuals. Below, a dot matrix chart indicates different procedures including TOO, ACDF, CSF Leak Repair, and others. An accompanying bar chart on the left shows the total number of individuals for each procedure.]

FIGURE 4
 UpSet plot of the most frequent surgical intersections among those presenting hEDS. Each column represents the intersection (or lack thereof) of one or more surgeries, with the number of individuals in each grouping listed on top of each bar. Each row indicates groupings of data (sets) corresponding to the surgeries listed on the left. Dark circles indicate the placement of a surgical procedure within a group. Groupings comprised of two or more procedures are indicated by circles connected by a line. Data corresponds to the frequency detailed in Table 2. The top 40 intersections are illustrated. Surgical procedures: craniocervical fusion (CCF); posterior fossa decompression (PFD); tethered cord release (TCR); ventriculoperitoneal shunt (VPS); styloidectomy; CSF leak repair; anterior cervical discectomy and fusion (ACDF).


[image: Bar chart showing the number of individuals per set, with the highest count being sixty-eight and decreasing progressively. A sub-chart below details specific categories like TOO, Styloidectomy, and others, illustrating varied overlaps with dot markers.]

FIGURE 5
 UpSet plot of the most frequent surgical intersections among the individuals unaffected by CTDs. Each column represents the intersection (or lack thereof) of one or more surgeries, with the number of individuals in each grouping listed on top of each bar. Each row indicates groupings of data (sets) corresponding to the surgeries listed on the left. Dark circles indicate the placement of a surgical procedure within a group. Groupings comprised of two or more procedures are indicated by circles connected by a line. Data corresponds to the frequency detailed in Table 2. The top 40 intersections are illustrated. Surgical procedures: posterior fossa decompression (PFD); craniocervical fusion (CCF); tethered cord release (TCR); ventriculoperitoneal shunt (VPS); CSF leak repair; styloidectomy; anterior cervical discectomy and fusion (ACDF); transoral odontoidectomy (TOO).


[image: Bar chart visualizing the number of individuals per set for different surgical procedures such as TOO, ACDF, Styllodectomy, CSF Leak Repair, VPS, TCR, CCF, and PFD. The main bar indicates that ninety-six individuals underwent a single procedure, followed by smaller numbers for other combinations. The chart effectively portrays the distribution of surgical procedures among individuals.]

FIGURE 6
 UpSet plot of the most frequent surgical intersections among individuals presenting with CMI. Each column represents the intersection (or lack thereof) of one or more surgeries, with the number of individuals in each grouping listed on top of each bar. Each row indicates groupings of data (sets) corresponding to the surgeries listed on the left. Dark circles indicate the placement of a surgical procedure within a group. Groupings comprised of two or more procedures are indicated by circles connected by a line. Data corresponds to the frequency detailed in Table 2. The top 40 intersections are illustrated. Surgical procedures: posterior fossa decompression (PFD); craniocervical fusion (CCF); tethered cord release (TCR); ventriculoperitoneal shunt (VPS); CSF leak repair; styloidectomy; anterior cervical discectomy and fusion (ACDF); transoral odontoidectomy (TOO).


[image: Bar graph depicting the number of individuals per procedure set. The y-axis shows individuals per set, with heights ranging from one to thirty-seven. The x-axis lists various procedures: TOO, ACDF, CSF Leak Repair, Styloidectomy, VPS, TCR, PFD, and CCF. Each bar represents a set size, with annotations above each for clarity. An additional horizontal bar chart at the bottom-left represents individual procedure counts.]

FIGURE 7
 UpSet plot of the most frequent surgical intersections among individuals presenting with both hEDS and CMI diagnoses. Each column represents the intersection (or lack thereof) of one or more surgeries, with the number of individuals in each grouping listed on top of each bar. Each row indicates groupings of data (sets) corresponding to the surgeries listed on the left. Dark circles indicate the placement of a surgical procedure within a group. Groupings comprised of two or more procedures are indicated by circles connected by a line. Data corresponds to the frequency detailed in Table 2. The top 40 intersections are illustrated. Surgical procedures: craniocervical fusion (CCF); posterior fossa decompression (PFD); tethered cord release (TCR); ventriculoperitoneal shunt (VPS); styloidectomy; CSF leak repair; anterior cervical discectomy and fusion (ACDF); transoral odontoidectomy (TOO).


We assessed individuals who presented with either hEDS, POTS, and/or MCAD and their diagnostic overlaps (Figure 8). Of the 524 who presented with any of these diagnoses, 177 (34%) presented with only hEDS, 159 (30%) had all three diagnoses, 80 (15%) had EDS and POTS, 44 (8%) had EDS and MCAD, 28 (5%) had POTS and MCAD, 24 (5%) presented with POTS alone, and 12 (2%) presented with MCAD alone.

[image: Bar chart depicting the number of individuals per set with conditions MCAD, POTS, and EDS. The highest bar represents 177 individuals with MCAD, followed by 159 with POTS, and 80 with EDS. Combinations show overlapping conditions among groups. The chart includes horizontal lines and dots indicating condition sets.]

FIGURE 8
 UpSet plot of the intersections of individuals with hypermobile EDS (EDS), postural orthostatic tachycardia syndrome (POTS), and/or mast cell activation Disorder (MCAD). Each column represents the intersection (or lack thereof) of one or more diagnoses, with the number of individuals in each grouping listed on top of each bar. Each row indicates groupings of data (sets) corresponding to the diagnosis listed on the left. Dark circles indicate the placement of a diagnosis within a group. Groupings comprised of two or more comorbidities are indicated by circles connected by a line. Total individuals, n = 524.




Associations of diagnoses and surgeries

We isolated data with respect to all diagnoses and surgeries to understand patterns of comorbid interactions, as illustrated in Supplementary Table S2. Multivariate analysis of all diagnoses and surgeries among the total cohort indicated significant patterns associated between multiple sets (Supplementary Tables S3, S4) and is discussed in detail, below.




Discussion

This was an eight-year retrospective study on individuals referred to our surgical center for suspected neurosurgical problems secondary to diagnosed or suspected CTDs. Previous studies have suggested that neurosurgical comorbidities should be considered in individuals with CTDs (8, 12, 16, 18, 34–38); however, our study is the first to evaluate neurosurgical comorbidities and interventions in a large cohort of these individuals. Herein, we found that most of the individuals in our cohort present with hEDS or CMI (89%, alone or in combination) with a host of associated comorbid musculoskeletal, immunological, and autonomic deficiencies. Further, we found that individuals with CTDs, particularly hEDS, have a distinct grouping of comorbidities and that these comorbidities required neurosurgical intervention in the majority of cases.

Though CMI is defined as a distinct neuroanatomic pathology, it has been suggested that CMI and hEDS are coincident pathologies (17, 39). The findings in our cohort support this observation with over half of both hEDS and CMI diagnoses presenting for its counterpart. Further, we found that individuals with hEDS have additional neurosurgical considerations, requiring intervention for TCS and SH. Nearly half of the individuals in our cohort with hEDS were diagnosed with a tethered cord (49%) and nearly one-quarter were diagnosed with SH (24%). Additionally, individuals with either TCS or SH reported a high rate of hEDS comorbidity (75 and 76%, respectively).

Consistent with previous reports (8, 10, 19, 39, 40), the demographics for this population skews heavily female (over 6:1), and is appreciatively younger than the expected population requiring neurosurgical intervention for severe and progressive musculoskeletal disability (37).

Given the bias toward a female population, along with notable increases in gynecological issues often requiring surgical intervention (40–42), hypermobility-related neurophysiological dysfunction and its downstream impact may be an important consideration in women’s health.

Hypermobility has been shown to be related to the abnormal mechanics of the craniocervical junction (CCJ) (37, 43). Recent imaging studies strongly indicate that the laxity in ligaments comprising the myodural bridges and other suspension ligaments are involved in the pathogenesis of craniocervical instability (CCI) (35). Given the inherent connective tissue laxity in the hEDS population, the risk of CCI is assumed to be a substantially higher (44). This is consistent with our observations that the majority of the individuals in our cohort with hEDS presented with severe structural compromise of the CCJ, requiring neurosurgical intervention. Among those with hEDS, 64% required CCF to treat CCI, and among all who underwent CCF surgery, 79% presented with an hEDS diagnosis. Additionally, individuals with hEDS in our cohort had unique neurophysiological considerations aside from CCI that necessitated neurosurgical interventions beyond CCJ stabilization. For example, a diagnosis of hEDS was found in the majority of individuals undergoing styloidectomy (84%), CSF leak repair (80%), TCR (77%), VPS (68%), ACDF (66%), and PFD (61%). Interestingly, despite their co-incidence, hEDS and CMI surgical profiles are seemingly distinct. Our study shows that hEDS significantly correlates with CCF (p < 0.001), TCR (p < 0.001), styloidectomy (p < 0.001), and CSF leak repair (p < 0.01) surgeries while CMI correlates with PFD (p < 0.001), VPS (p < 0.001), ACDF (p < 0.05), and TOO (p < 0.05). Thus, while these populations overlap, they require differing surgical interventions to address comorbidities specific to each subtype. A direct comparison of rates of diagnoses and surgeries between the hEDS and unaffected subgroups showed no statistical significance in PTLDS presentation. Further, there was no association of the unaffected individuals with PFD, VPS, ACDF, and TOO surgeries. In contrast, we did find that individuals with hEDS were more likely to present with all diagnoses other than CMI and MALS as compared to the unaffected group.

In addition to neurosurgical considerations displayed among our population, we found significant associations between immune- and autonomic-related comorbidities and hEDS. Anecdotal reports have suggested that individuals with hEDS often present with concomitant POTS and MCAD, which may have overlapping symptoms (10, 15, 45). We believe this report is the first large population study to confirm this finding, define this subgroup, and support the association of this hEDS/POTS/MCAD diagnostic triad. In our cohort, 52 and 44% of individuals presenting with hEDS were co-diagnosed with POTS and MCAD, respectively. Of the individuals presenting with POTS and MCAD in our cohort, 82 and 84%, respectively, were coincident with hEDS. In the total cohort, 524 (73%) presented with at least one diagnosis with this triad. Diagnosis intersections indicated that, of the 460 individuals presenting with hEDS, the largest comorbid association was with both POTS and MCAD, with 159 individuals (35% of the hEDS cohort) exhibiting all three diagnoses, followed by 80 individuals with concurrent hEDS and POTS, and 44 individuals with both hEDS and MCAD. Surgically, the populations of all three disorders correlate significantly with CCF (p < 0.001), TCR (p < 0.001), and CSF leak repair (hEDS, p < 0.01; POTS, p < 0.05, and MCAD, p < 0.001), indicating clear overlaps in phenotype displayed among individuals in this hypermobility triad.

As noted above, we found that CMI is strongly associated with the population unaffected by CTDs; however, while this subgroup required surgical intervention for their CMI, these individuals had considerably lower rates for the autonomic and immunological dysfunction as compared to those with hEDS. Rates for POTS, MCAD, and dysautonomia in hEDS patients are 2.5- to 3.8-times the rate in the unaffected despite CMI and PFD rates being more similar. For this reason, as noted above, we cannot exclude the possibility that CMI in our so-called unaffected group may be related to other undiagnosed or sub-clinical mesenchymal disorders distinct from hEDS, which is consistent with the fact that these individuals were referred to us with a suspicion of CTD.

We also found multiple other associations with hEDS and CMI. There is a heavy enrichment of hEDS comorbidity in individuals also diagnosed with gastroparesis (89%), MALS (88%), dysautonomia (87%), SFPN (84%), GERD (79%), hypothyroidism (74%), ME/CFS (72%), and PTLDS (70%). Notably, individuals with hEDS bear these comorbidities far more than those exhibiting CMI in our cohort. In a direct comparison of individuals with hEDS and those with CMI, we found that POTS, MCAD, dysautonomia, and ME/CFS rates were approximately 1.5 to 2-times higher in hEDS than CMI.

Overall, we found that there are multiple significant associations among diagnoses and required neurosurgical interventions within subgroups of the total cohort. Notably, the majority of this population does not fit cleanly into one diagnostic category, but rather separates into clusters of comorbidities that likely represent different syndromes and require distinct management. Future onboarding procedures may do well to incorporate diagnostics for all associated comorbidities in patient intake and evaluation criteria.


Limitations

Notably, the diagnostic criteria for hEDS and related disorders has evolved over time. As recently as 2017, a new consensus was reached for revising the International hEDS Classification (11), well within the time frame of those reviewed here. Of note, where fatigue is mentioned in the revised hEDS classification, ME/CFS—a condition now recognized to be frequently associated with hEDS (46, 47)—is not specifically addressed. As the changing clinical criteria “moves the goal posts” when assigning proper diagnoses, older data may not be as robust when compared to more current intakes. Within our own intake forms, questions related to relevant personal history have been added as newer comorbidities linking to hEDS became apparent (e.g., styloid hypertrophy, ME/CFS). For this reason, we believe some of these concomitant disorders may be underdiagnosed and/or underreported.

The individuals examined for this report constitute the severe end of the functional spectrum, so findings presented herein may not be generalizable to all individuals within the hEDS population. Further, as a designated center for neurosurgical intervention, we are more likely to encounter such a severely afflicted population. However, we believe general awareness of the unique neurosurgical considerations of this population is important should individuals with hEDS diagnoses develop any of these issues. On-boarding and health survey questions pertaining to past health (e.g., diagnosis predating our interaction, accurate surgical and clinical history, etc.) are taken in cooperation with the individual and supporting documentation from other medical facilities is not always provided.




Conclusion

We present a retrospective study of diagnoses, comorbidities, and neurosurgical interventions on the largest cohort of individuals presenting CTD-related neuromuscular dysfunction to date. Herein, this study revealed hEDS to be the most common CTD of our population, which we found significantly associates with unique musculoskeletal comorbidities requiring skilled and experienced neurosurgical intervention and management. Further, this neurophysiological dysfunction presents itself with a syndrome of coincident autonomic and immune disorders, fostering additional data that provide clear and observable signs to both monitor and anticipate prognosis for this complex population. Increased awareness of these concurrent pathologies should afford early identification and subsequent referrals to qualified centers with experience in CTD-based neurophysiological treatment. Critically, rigorous management and follow-up studies may provide the means for clarifying – perhaps redefining – the diagnostic markers of extreme hypermobility pathologies.
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SUPPLEMENTARY TABLE S1 | Chart review data for the total cohort (sex, age, diagnoses, and surgeries). Positive indication for a diagnosis or undergoing surgery indicated by 1. Totals of each set, in number (n) and percentage of the full cohort (%), are indicated at the bottom.

SUPPLEMENTARY TABLE S2 | Tabular representation of diagnosis (orange) and surgery (pink) within each diagnostic and surgical cohort. Each cohort, by row, indicates the number of individuals in that set (n, grey) with matrix numbers corresponding to percent of individuals with diagnoses and surgeries corresponding to that set.

SUPPLEMENTARY TABLE S3 | Heatmap of statistical correlations among all diagnosis and surgical interventions within the total cohort. Levels of significance are color-coded for each subcategory interaction [*p < 0.05 (red), **p < 0.01 (yellow), and ***p < 0.001 (green)]. A comprehensive accounting of these relationships is detailed in Supplementary Table S4

SUPPLEMENTARY TABLE S4 | Statistically significant correlations among diagnoses and surgeries. Data mirrors the graphic matrix depicted in Supplementary Table S3.
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Glossary

ACDF –  Anterior Cervical Discectomy and Fusion
 CCF –  Craniocervical Fusion
 CCI –  Craniocervical Instability
 CCJ –  Craniocervical Junction
 CMI –  Chiari I Malformation
 CMS –  Cervical Medullary Syndrome
 CTD –  Connective Tissue Disorder
 EDS –  Ehlers Danlos Syndrome
 hEDS –  Hypermobile Ehlers Danlos Syndrome
 GERD –  Gastroesophageal Reflux Disease
 MALS –  Median Arcuate Ligament Syndrome
 MCAD –  Mast Cell Activation Disorder
 ME/CFS –  Myalgic Encephalomyelitis/Chronic Fatigue Syndrome
 PFD –  Posterior Fossa Decompression
 POTS –  Postural Orthostatic Tachycardia Syndrome
 PTLDS –  Post-Treatment Lyme Disease Syndrome
 SFPN –  Small Fiber Polyneuropathy
 SH –  Styloid Hypertrophy
 TCR –  Tethered Cord Release
 TCS –  Tethered Cord Syndrome
 TOO –  Transoral Odontoidectomy
 VPS –  Ventriculoperitoneal Shunt
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Multiple sclerosis (MS) is a neuroinflammatory disease affecting the brain and spinal cord and characterized by demyelination, neurodegeneration and chronic inflammation. More than 90% of people with MS present with peripheral muscle dysfunction and a progressive decline in mobility. Current treatments attenuate the inflammatory processes but do not prevent disease progression. Therefore, there remains an unmet medical need for new and/or additional therapeutic approaches that specifically improve muscle function in this patient population. The development of novel treatments targeting skeletal muscle dysfunction in MS will depend on suitable preclinical models that can mimic the human musculoskeletal manifestations of MS. Using a non-invasive approach to assess muscle function, we demonstrate in vivo that Experimental Autoimmune Encephalomyelitis (EAE) impairs skeletal muscle strength. Our data reveal a 28.3% (p < 0.0001) lower muscle force in animals with EAE compared to healthy control mice during electrically evoked tetanic muscle contractions that occur at intervals of 0.25 s and thus mimic fatiguing tasks. As we conduct force measurements by direct transcutaneous muscle stimulation in anesthetized animals, our setup allows for the repeated evaluation of muscle function, and in the absence of primary fatigue or reduced nerve input which constitute important confounding factors in MS. Taken together, our data highlight important similarities between MS in humans and EAE in mice with regards to skeletal muscle contractile impairments, and provide first evidence for a non-invasive in-vivo setup that will enable the preclinical profiling of novel drug candidates directed at specifically improving muscle function in MS.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease characterized by immune cell infiltration into the central nervous system (CNS), diffuse glial activation, axonal demyelination and neurodegeneration. Common symptoms of MS include fatigue and mobility impairments, which are reported by 37–78 and >90% of people with MS (pwMS), respectively (1–3).

Fatigue is defined as a “subjective sensation of weariness, an increasing sense of effort, a mismatch between effort expended and actual performance, or exhaustion” (4). This condition can result from CNS damage (primary fatigue) or only indirectly be related to MS (secondary fatigue) (5). Secondary fatigue can be due to sleep disturbances, chronic urinary tract infections, side effects of pharmacological interventions, or impairments at the musculoskeletal level (5). The latter is referred to as motor fatigability and describes the reduced capacity of skeletal muscle to produce and maintain voluntary or evoked force during physical activity (5, 6). It has been shown that motor fatigability remains more pronounced in pwMS than in healthy controls even when evoking contractions directly on muscle by electrical stimulation, thus bypassing the CNS and eliminating the contribution of primary fatigue (7). These data suggest that motor fatigability in MS is not inextricably linked with primary fatigue. Instead, muscle-intrinsic alterations drive or at least importantly contribute to motor fatigability in MS.

Indeed, detailed investigations into human skeletal muscle morphology revealed mild atrophies of the quadriceps (rectus femoris) and the gastrocnemius muscle in pwMS (8). These atrophies pertain to specific fiber types, particularly to type IIA fibers (9). Noteworthy, type IIA fibers contribute to both fatigue resistance and muscle strength and are recruited for tasks requiring greater muscle strength and fatigue resistance (10). In addition, impairments in the metabolic capacity have been found in muscle tissue of pwMS. To be precise, analyses of mitochondrial activity in skeletal muscle showed a reduced expression of complex I and II of oxidative phosphorylation (OXPHOS) (2).

Importantly, current treatments for MS are not directed at restoring any of these musculoskeletal impairments. Rather, these treatments, including interferons, glatiramer acetate, teriflunomide, sphingosine 1-phosphate receptor modulators, fumarates, cladribine, and monoclonal antibodies targeting either CD20, integrins, or CD52, were designed to induce anti-inflammatory effects systemically and/or in the CNS (11). In addition, there is a potassium-channel blocker that is prescribed to treat walking disabilities in pwMS. This inhibitor is called Fampridine and improves gait balance in subjects with MS (12). Fampridine acts on the central and peripheral nervous systems and is the only pharmacological therapy that has been approved for gait imbalance in these patients (12). Overall, given the limited treatment options for musculoskeletal dysfunctions in MS, there is an unmet medical need for adjunct therapies to restore functional independence.

Here we investigated whether Experimental Autoimmune Encephalomyelitis (EAE) as a rodent model for MS preclinically mimics key musculoskeletal impairments that occur in pwMS, and whether these impairments can be monitored non-invasively in vivo.



Materials and methods


Animals

All animal studies described were performed according to the official regulations effective in the Canton of Basel-City, Switzerland. The mice were housed at 25°C with a 12:12 h light–dark cycle and fed a standard laboratory diet (Nafag, product # 3890, Kliba, Basel, Switzerland). Food and water were provided ad libitum. Prior to the study the animals were acclimatized to the research facility in Basel (Switzerland) for 7 days. EAE was induced as previously described (13). In brief, 8 weeks old, female C57Bl/6 J mice were subcutaneously injected with 200 μg rat Myelin Oligodendrocyte Glycoprotein (MOG) emulsified with 4 mg/mL complete Freund’s adjuvant and intraperitoneally injected with 100 ng pertussis toxin. Two days later the animals received a pertussis toxin boost. Body weight was continuously monitored throughout the study and the clinical disease course was assessed using a 0–4 score scale. Mice displaying a 3%–5% weight loss but no other motor impairments received a score of 0 (weight-loss stage), animals showing a limp tail were scored as 0.5–1 (day of clinical onset), mice displaying a partial weakening of hind limbs received a score of 1.5–2 and animals presenting hind limb paraparesis/paraplegia were scored with 2.5–3 (symptomatic disease peak). Mice displaying hindlimb paralysis and forelimbs paraparesis were scored with 4 and met termination criteria. On day 31 post disease induction, muscle fatigability of the left leg was measured. On day 32, the animals were euthanized, and muscle tissues were collected from the right, unstimulated leg.



Neurofilament light chain, glial fibrillary acidic protein, and insulin-like growth factor 1 ELISA

GFAP (Creative Diagnostics—Ref#DEIA7378), NF-L (Uman Diagnostics—Ref#10–7,001) and IGF-1 (Rockland—Ref#KOA0195) ELISA were performed in cerebrospinal fluid (CSF) diluted 1/50 and 1/125, and in plasma diluted 1/5 in the sample diluent provided in each kit, respectively. Diluted sample and standard (in duplicates) were incubated on the coated plate, followed by incubation with the biotinylated antibody. After several washing steps, the HRP-conjugated antibody was added and the amount of GFAP or NF-L was revealed by a TMB (tretramethylbenzine) solution. The reaction was stopped by addition of the stop solution, and the plate was measured at 450 nm in a Spectramax340 photometer.

For the analysis, the optic density of the blank was subtracted from each measurement. The concentrations of NF-L, GFAP, and IGF-1 in the well were extrapolated from the linear regression. Finally, the dilution factor was applied to determine the sample concentration.



Muscle force measurement

Motor function of the left hind leg was measured non-invasively using a setup described previously (14). In brief, the animals were anesthetized and electrodes for transcutaneous stimulation were put in place on the shin and the thigh. The foot was then positioned on a homemade pedal connected to a force transducer. Muscle contractions were evoked via electrical stimulation of the hind leg through the transcutaneous electrodes and the force generated was recorded. In contrast to the method previously described, stimulation of the leg muscles was done at a low frequency (40 Hz) with a new tetanic stimulus every 0.25 s and the force generated was recorded for 120 stimulations to evaluate motor fatigability.



Gene expression profiling

Total RNA was extracted from skeletal muscle using TRIzol reagent (Invitrogen). Reverse transcription was performed with random hexamers on 1 μg of total RNA using a high-capacity reverse transcription kit (Applied Biosystems), and the reaction mixture was diluted 20-fold. RT-PCRs were performed in duplicates in 384-well plates on an AB7900HT cycler (Applied Biosystems) using specific TaqMan probes (Applied Biosystems). Data were normalized to two housekeeping genes using the ΔΔCT threshold cycle (CT) method. Fluorescence was measured at the end of each cycle, and after 40 reaction cycles, a profile of fluorescence versus cycle number was obtained. Automatic settings were used to determine the CT. The comparative method using 2−ΔΔCT was applied to determine the relative expression. Results are expressed as fold changes over controls.



Statistical analyses

Statistical analyses were performed using t-tests in Prism 10 (GraphPad Software, Inc., La Jolla, CA). As the sole deviation, analyses of CSF and plasma samples were conducted using a nonparametric test (Mann–Whitney U) in Prism 10 (GraphPad Software, Inc., La Jolla, CA). Differences were considered to be significant when the probability value was <0.05.




Results

EAE overall exerted limited lasting effects on body weight in mice (Figure 1a). Following disease induction, the animals showed an initial drop in body weight (probably due to the stress associated with the injections) on the first day, but then readily resumed normal growth. Around day 12, the body weight started to decline rapidly (Figures 1a,b). The average decrease in body weight reached 8% maximally, was only transient and coincided with the onset of EAE (Figure 1c). In fact, the animals already caught up growth again as of the 16th day post disease induction (Figure 1b). In accordance, the clinical scores accumulated until day 16. Thereafter, a remission/chronic phase set in (Figure 1d).

[image: Four graphs depict changes in health metrics post-immunization. (a) Body weight remains stable around 18-20 grams over 30 days. (b) Body weight change fluctuates initially, then stabilizes near baseline. (c) EAE onset begins after 10 days, with an increase reaching 100% by day 18. (d) Clinical scores rise sharply after day 10, peaking around day 20, then decline by day 30.]

FIGURE 1
 Clinical parameters in EAE. Body weight (a) and body weight change (b) in female mice following experimentally induced autoimmune encephalomyelitis. Percentage of animals showing first signs of EAE in relation to the timepoint of symptom onset (c) and clinical scores (d). Data in (a–d) have only been collected for mice with EAE (not for sham animals). n = 12. Values are expressed as mean ± SEM.


The EAE model is a model of relapsing–remitting MS and is thus characterized by alternating phases of acute flare-ups and symptom remissions. To avoid confounding caused by acute inflammation during a flare-up, all in-vivo and ex-vivo measurements were conducted in the remission/chronic phase of EAE. More precisely, skeletal muscle function was assessed on day 30, when the animals had returned to their normal body weight and clinical symptoms had only partially subsided (Figures 1b,d). However, the disease was active at this time point (remission/chronic phase), as indicated by the significant upregulation of NF-L, a biomarker of neuronal injury, in the CSF (Figure 2a). Moreover, elevated levels of GFAP were detectable in the CSF, hinting toward persisting astrocyte activation and astrogliosis (Figure 2b). By contrast, IGF-1 as a circulating growth hormone altering muscle mass was similar between the two groups (Figure 2c). Using repeated tetanic muscle stimulations in vivo, we found that animals with EAE displayed lower muscle strength during a protocol that simulated fatiguing tasks than their healthy controls (Figure 3a). Quantification of the areas under the curve further highlighted a significant overall reduction of −28.3% (p < 0.0001) in muscle strength in mice with EAE (Figure 3b).

[image: Bar graphs comparing NF-L, GFAP, and IGF-1 levels in Sham and EAE groups. Graph (a) shows significantly higher NF-L levels in EAE; graph (b) shows significantly higher GFAP levels in EAE; graph (c) shows no significant difference in IGF-1 levels between the groups. Statistical significance is indicated by double asterisks for p<0.01 and "ns" for not significant.]

FIGURE 2
 Biomarkers of axonal damage, neuroinflammation, and muscle growth. Levels of NF-L as biomarker of axonal damage (a) and GFAP as biomarker of astrocyte activation and astrogliosis (b) in cerebrospinal fluid. Plasma levels of IGF-1 as growth hormone regulating muscle function (c). n = 4 for sham and n = 12 for EAE. Values are expressed as mean ± SEM.


[image: Composite image displaying muscle fatigue and gene expression analysis: (a) Line graph comparing muscle fatiguability curves of Sham and EAE groups, showing decreased force over tetanic stimuli. (b) Bar chart reveals higher muscle fatiguability AUC in Sham, marked with significance. (c) Bar chart comparing muscle weights of quadriceps and GS complex shows no significant differences. (d) Bar chart illustrates OXPHOS mRNA expression for complexes I to V, with comparable levels in Sham and EAE. (e) Bar chart shows MyHC mRNA expression with significant increase in EAE for MyHC 2 compared to Sham.]

FIGURE 3
 Characterization of musculoskeletal function in EAE. Excursion curves of muscle strength during fatiguing muscle contractions induced by transcutaneous electrical stimulation (a) and corresponding area under the curve (AUC) (b). Muscle weight of the gastrocnemius-soleus complex (GS) and quadriceps muscle (c). Relative mRNA expression of OXPHOS subunits; Ndufb5 for complex I, SDHB for complex II, Uqcrc2 for complex III, Cox5b for complex IV and ATP5o for complex V (d). Relative mRNA expression of myosin heavy chains (e). n = 4 for sham and n = 10–12 for EAE. Values are expressed as mean ± SEM.


To evaluate whether similar changes in muscle weight occur in EAE and MS in humans, we determined in this study the muscle weight and gene expression of myosin heavy chains (MyHC) and OXPHOS components ex vivo (post-mortem). Muscle weight of larger muscle groups, such as the gastrocnemius-soleus complex and the quadriceps muscle were not statistically significantly different between groups, although the quadriceps showed a trend toward lower muscle weight in diseased mice (−14.3%, p = 0.06) (Figure 3c). A reduced metabolic capacity and altered contractile properties have been reported in skeletal muscles of pwMS (2). Therefore, we assessed the mRNA expression of representative subunits of the five complexes that mediate OXPHOS. No differences in the mRNA expression of OXPHOS components in skeletal muscle were detected between the two groups (Figure 3d). However, we observed a significant reduction by 50.2% (p > 0.05) in MyHC2 mRNA expression in the muscles of mice with EAE (Figure 3e). MyHC2 is predominantly expressed in type IIA muscle fibers. In contrast, the expression of MyHC1, which is found in IIX/D fibers, and the expression of MyHC7, which prevails in type I fibers, were not differentially expressed between sham or animals with EAE. Intriguingly, specific atrophies of IIA fibers have been reported in pwMS (9). As these fibers are important to generate and maintain forces over a prolonged period, the reduced expression of MyHC2 in the EAE model is consistent with the observed functional deficits.



Discussion

Mobility disability is an important contributor to disease burden in pwMS (1, 2). Treatment options to address the underlying muscle dysfunctions are limited and there is a high unmet medical need for treatments that can complement current therapies. To develop such novel treatments, preclinical models for specific features of MS are required. Those animal models need to reflect human disease patterns to have the potential for clinical translatability. Various animal models for MS exist (15, 16). They differ in the species, strains and immunizing agents used, and show a heterogenous disease presentation ranging from acute to chronic-progressive (15, 16). The EAE model is a widely-used animal model for MS as it represents both clinical and pathological features of MS. We here employed C57Bl/6 J mice, displaying a monophasic clinical course characterized by subtle, continuous neuroinflammation as evidenced by the described GFAP and NFL release in the chronic clinical phase. In this and other EAE models the impact of neuroinflammation on the musculoskeletal system has not been well-characterized.

While attempts have been made to investigate muscle function in EAE, these studies suffer from a couple of limitations. For instance, they either relied on ex-vivo analyses of isolated muscles not yet shown to be heavily affected by MS in humans (e.g., soleus, extensor digitorum longus etc.), or used invasive in-situ procedures (17, 18). A further disadvantage of those methods is that they are terminal and do not allow for continuous monitoring of muscle strength. To address such limitations, we established a setup that is completely non-invasive, measures the function of larger muscle groups critical for mobility, and can be applied repeatedly on individual animals. We have shown here that in an experimental setup which mimics fatiguing tasks, muscle strength is significantly reduced in animals with active EAE compared to healthy controls. These differences could be observed in the chronic stage of the model, in which acute inflammation has subsided but neurodegeneration/neuroinflammation remain detectable in the mouse CNS as evidenced by MS-relevant biomarkers such as GFAP and NF-L in the CSF. Notably, at the same stage, systemic factors potentially influencing muscle mass such as IGF-1 were not different from control mice. Thus, our method enables the assessment of baseline values prior to profiling a novel drug candidate and the subsequent evaluation of the efficacy of specific drug substances directed at altering muscle function. The suitability of the EAE model is further underscored by the fact that the model displays alterations in MyHC expression that are reminiscent of the MyHC changes reported in pwMS. Our findings hold promise for the future development of novel drug candidates improving muscle function and restoring mobility in pwMS.
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Background: The close association of syndromes of orthostatic intolerance with and without postural orthostatic tachycardia syndrome (POTS) with Joint Hypermobility Disorders (JHD) including Hypermobility Spectrum Disorder (HSD) and hypermobile Ehlers Danlos Syndrome (hEDS) and with Mast Cell Activation Syndrome (MCAS) is now firmly established. However, the prevalence of each entity relative to the other is not well established and is affected greatly by the various definitions used for each syndrome. Use of restricting definitions for each syndrome can be problematic in the clinical setting as it under-estimates the presence of disease, thereby preventing clinicians from considering potentially helpful therapeutic options.
Methods: A retrospective review of the clinical records of 100 young patients meeting POTS criteria was undertaken to determine the frequency of HSD, near-hEDS, and hEDS as well as the frequency of MCAS using consensus-1, conservative consensus-2, and clinical criteria regardless of lab support. Effectiveness of MCAS therapies was assessed in relation to the method of MCAS diagnosis.
Results: From records of 392 patients with orthostatic intolerance syndromes, 100 patients met POTS criteria. The frequency of JHD ranged from 13% using strict criteria of hEDS to 34% using HSD Criteria. The frequency of MCAS ranged from 2% using consensus-1 criteria, to 37% using conservative consensus-2 criteria, to 87% using clinical criteria. Patients diagnosed by clinical criteria with or without the aid of labs responded to therapy similarly to those diagnosed with stricter criteria.
Conclusion: Using overly strict criteria to diagnose conditions which have a high prevalence of co-occurrence misses opportunities for potential therapeutic strategies.
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 dysautonomia; POTS; mast cell activation syndrome; Ehlers-Danlos syndrome; hypermobility spectrum disorder; autonomic neuro-immune axis dysfunction


Introduction

It has been recognized for more than two decades, but only recently become well-established in the past five years, that the conditions of orthostatic intolerance with an underlying contributing etiology of autonomic neuro-immune axis dysfunction (sometimes referred to generally as dysautonomia), what we term here, orthostatic intolerance syndromes (OIS), as well as joint hypermobility disorders (JHD), and mast cell activation syndrome (MCAS) co-segregate in patients who have these disorders (1–5). Residual doubts of this relationship were expressed as recently as 2025 (6, 54). Since then, many reports have firmly established this relationship (7, 8) and some have gone further to propose the various mechanisms by which each induces the development of the other (9–13).

Despite the acceptance of these associations, the prevalence of each entity, relative to the others, has varied. The determination of the prevalence is complicated by the fact that clinical investigators cannot agree on the diagnostic criteria for these conditions and that is true for the OIS (although POTS criteria reigns supreme in the orthostatic intolerance world), JHDs, and MCAS.

MCAS has various established and unestablished clinical criteria that would modify these relative prevalences. For instance, Kohno reported that MCAS with positive laboratory support occurred in 66% of those meeting POTS criteria (14). Had Kohno reported their findings based on “strict” MCAS Consensus 1 diagnostic criteria (15, 16), only 2 patients of 69 would have been labeled as having MCAS. Frustrated by what seems to be arbitrary details and challenging logistics of the Consensus 1 diagnostic criteria, particularly its singular focus on tryptase levels at baseline and during a flare in a very specific manner (15, 16), a sizable group of clinicians caring for patients with MCAS resolved to establish new criteria that included the possibility of considering many additional laboratory measures specific to mast cells. It also included the possibility of establishing the diagnosis with response to MCAS-targeted therapies in the absence of laboratory values. This became the Consensus 2 diagnostic criteria in 2020 (17). Most consensus-2 providers consider having laboratory evidence of MCAS superior to simply relying on clinical response absent laboratory evidence. Thus, there are essentially 2 camps of consensus-2 with the first being thought of as a ‘conservative’ approach. Still, when attempting to satisfy the emphasis on positive laboratory values, this consensus-2 conservative approach can have its own frustrations given that many mast cell mediators are very unstable and fleeting and therefore exceedingly challenging to measure accurately not to mention only accessible in those with the best insurance or financial means. This leaves some clinicians to diagnose and manage patients based on clinical presentation and response to therapy alone or despite laboratory data being within range. This clinical consensus-2 approach might be considered ‘loose criteria’ by comparison.

A similar challenge is found with JHD. Much of this challenge arises from the fact that we currently have a nascent understanding of the biological processes that cause JHD and there is a lack of biomarkers. Until JHD is better understood, attempts at developing and applying criteria will be a somewhat arbitrary act even if by consensus. The 2017 hEDS Criteria were introduced to improve diagnostic specificity but faced criticism for being too stringent, biased against young patients, and failing to adequately capture the multi-systemic involvement of hEDS (18, 19). On the other hand, the definition of HSD as per the same document allowed for alternative assessments of hypermobility beyond the Beighton score (20–22). This broad criteria essentially introduced the possibility for nearly all young patient not meeting the 2017 hEDS criteria to be labelled as HSD even though there is significant overlap with benign joint hypermobility found in the healthy pediatric population. Thus, clinicians and geneticists continued to struggle with their own clinical experience and created modifications as they saw fit much of the time. Some opt to simply diagnose patients with HSD using these rather loose criteria. Others require additional features consistent with hEDS but not the full 2017 criteria effectively creating a diagnosis of “near-hEDS” or “hEDS-in-waiting.” This strategy is supported by the work of Colombi (23).

In 2023, The Pediatric Working Group of The International Consortium on Ehlers-Danlos Syndromes and Related Disorders, addressed what was viewed as a diagnostic bias against children (24). The 2017 Criteria were thus modified to be more appropriate for children. Additionally, the recommendation was made that a diagnosis of hEDS not be made until a patient reaches biological maturity or the age of 18 years. Before that age, the diagnostic process is to be considered fluid with updates as additional signs, symptoms and comorbidities arise. At that age, in place of a diagnosis of hEDS, the use of Pediatric Generalized Joint Hypermobility (PGJH) is now recommended. This is further stratified into 8 categories depending on the presence of core comorbidities and with or without skin or musculoskeletal involvement. Still, this likely temporary solution fails to address young adult patients who still continue to have a bias against diagnosis by the 2017 criteria.

At the time of this publication, the larger body of The International Consortium on Ehlers Danlos and invited international organizations of clinicians, researchers, and patient advocacy groups have been actively working to update the 2017 Criteria entirely to overcome not only shortcoming toward the pediatric and young adult populations but the older adult population as well. According to statements released from the group, this newer iteration will likely take into consideration associated comorbidities such as the “syndromes of ptoses” (see Table 1).



TABLE 1 Conditions included to support the diagnosis of modified HSD (loose criteria) and near-hEDS (conservative criteria) including the “syndromes of ptoses”.
[image: List of medical conditions including Chiari malformation, vertebrobasilar insufficiency, craniocervical instability, and others. Some are marked as minor criteria, like temporomandibular joint dysfunction and scoliosis. Minor criteria cannot independently support a diagnosis.]

In the meantime, for purposes of considering prevalence with respect to these other conditions, there remains a desire to identify those of all age ranges with JHD that is beyond that of HSD and approaching a diagnosis of hEDS. For this purpose and while taking into consideration the wide gap between a diagnosis of HSD and full hEDS and the added complexity of how young patients compared to young adults, and to older adult patients are considered, we embrace the concept of Near-hEDS. Our definition of Near-hEDS includes those patients who have not reached biological maturity and meet criteria for Pediatric Joint Hypermobility (24) and those young adult patients who have reached biologic maturity but have not quite met full criteria for hEDS but have at least one related comorbidity that makes it more likely they might meet full hEDS criteria in the future.

Given these challenges, one is left to wonder how to interpret prevalence data for these entities. In 2021, Wang et al. reported that MCAS was present in 31% of those with both POTS and hEDS but 2% in those with hEDS without POTS (8). However, the criteria for their diagnosing MCAS and hEDS was presumably left to various clinicians to make diagnoses by their various practices which might have varied in methods. While it might not be the strictest criteria, presumably, the clinicians were using best clinical judgement and acting best for their patients.

OIS, JHDs, and MCAS are conditions which, left unrecognized and unmanaged, can have devastating consequence for patients’ health, quality of life and longevity. Furthermore, very often the MCAS therapies of histamine blockers and other mast cell stabilizing agents are relatively benign, and so the risk of overprescribing, particularly on a trial basis, is low. On the other hand, overcalling these conditions or labelling another disease process as one of these conditions also can have negative consequences. Determining the most accurate prevalence of clinical disease despite falling short of specific criteria is important to prevent the delay of diagnosis and institution of therapy.



Methods


Study participants

We reviewed retrospectively the medical records of patients between the ages of 8 to 25 with orthostatic intolerance as defined by Stewart (25) and Sandroni (26). In order to meet the definition of one more of the syndromes of chronic orthostatic intolerance as defined by Raj et al. (7), at least one additional sign or symptom of dysfunction of the autonomic nervous system (listed immediately below) was required as evaluated by the corresponding author (AJM) in five centers between September 2017 and July 2022 for study inclusion. Patients considered for inclusion were those referred either 1) directly to the cardiologist for evaluation of a three months or longer history of orthostatic intolerance with one or more symptoms of syncope, palpitations, racing heart, dizziness, fatigue, exercise intolerance, shortness of breath, and/or chest discomfort whereby non-autonomic cardiopulmonary causes were ruled out by detailed evaluation or 2) with a longstanding history and documentation of orthostatic intolerance with additional signs of autonomic dysfunction by other expert investigators following their workup. No patients were excluded due to cultural or language barriers. Patients were not provided compensation for their participation.

From the first 392 records reviewed, 100 patients met POTS criteria as most recently defined by Raj et al. (27). See Supplementary Material for the full diagnostic criteria. The clinical and laboratory data of these patients were reviewed and patients were parsed into 4 hypermobility groups based on “No Evidence,” “Loose,” “Conservative” and “Strict” hypermobility criteria, see Table 2.



TABLE 2 Hypermobility groups.
[image: Criteria for hypermobility evaluation consist of four categories: 1) No pathologic hypermobility, meeting criteria for HDS without additional conditions. 2) Loose: Modified-HSD, meeting 2017 HSD criteria plus one condition from Table 1. 3) Conservative: Near-hEDS, meeting two of three 2017 hEDS criteria plus one condition from Table 1, or for those under biological maturity, criteria for PGJH plus one condition. 4) Strict: hEDS, meeting 2017 hEDS criteria.]

The 100 patients also were parsed into groups according to “No Evidence,” “Loose,” “Conservative” and “Strict” criteria for MCAS, see Table 3. From these 2 sets of criteria, 3 simple Venn diagrams can be produced to look at prevalence with respect to restrictiveness of criteria for both MCAS and hypermobility. While all clinical diagnoses were performed by the corresponding author, the retrospective parsing of patients into categories according to study criteria was performed by research investigators who had no clinical bias and were blinded to study outcome.



TABLE 3 MCAS groups.
[image: Text table listing four criteria for evidence of MCAS: 1) No evidence. 2) Loose: Meets consensus-2 criteria without requiring positive lab data, includes clinical criteria and therapy response. 3) Conservative: Meets consensus-2 criteria, emphasizing lab confirmation. 4) Strict: Meets consensus-1 criteria with tryptase requirement modification.]


More specific categorizing details are in order beginning with JHD

Strict Criteria: The diagnosis of hEDS is based on the criteria defined by Malfiat et al. (18). This is what we are considering “strict criteria” and, despite the 2023 recommendations of Tofts et al., it is applied equally across all ages for the purposes of this study.

Conservative Criteria: This was a particularly challenging category given the age range of our patients covering both young patients prior to biological maturity and young adult patients still biased against meeting full hEDS criteria. To meet this challenge we present criteria for Near-hEDS. For those patients below the age of biological maturity, Near-hEDS are those who met criteria for PGJH with core comorbidities with or without skin or musculoskeletal involvement (24). For those who have reached biological maturity, Near-hEDS is defined as having met the 2017 hEDS Criteria except meeting only 2 of 3 of the 3 Clinical Criterion (Feature A: Generalized Joint Hypermobility, Feature B: Positive Family History, Feature C: Pain and Joint instability). In place of the missing feature, any one of the major conditions associated with JHD in Table 1 must instead be present while minor conditions were additionally supportive. We anticipate that this added criteria will likely be more in line with the next iteration of criteria presented by the most recognized consensus group.

Loose Criteria: For the diagnosis of HSD, we generally followed the criteria for Generalized (joint) HSD as defined by Castori et al. (20). However, objective scoring of generalized joint hypermobility (GJH) was sometimes challenging. While this was mainly by the Beighton Score, alternative criteria recommended by Malfait et al. was also used including use of the Five Point Questionnaire adapted from Hakim and assessment of alternative joints which have been correlated with the Beighton Score (18, 21, 28). Use of alternative criteria introduced ambiguity in practice that increased the probability of overlap with benign joint hypermobility given the age range being assessed. Thus, those being considered by alternative GJH criteria must also have a condition from Table 1. In addition to the diagnosis of GJH, patients must have one or more musculoskeletal manifestations as described by Castori and fully listed in the Supplemental Section.



Additional details for defining the MCAS categories are given here as well


Strict criteria

For the “Strict Criteria” for MCAS, we used the published consensus-1 criteria but modified it with respect to the details of the tryptase elevation. For the purposes of this study, a single tryptase value greater than the upper limit of normal for that laboratory was considered positive to satisfy the tryptase requirement to meet our definition of “Strict Criteria”.



Conservative criteria

For our “Conservative Criteria,” we followed the rules of the laboratory-based evidence pathway through the consensus-2 criteria (17).



Loose criteria

The clinical diagnosis of MCAS included all those who met Consensus 1 and conservative Consensus-2 and also included those with clinical features of MCAS as described by Molderings and Afrin (17, 29–31). Briefly, these clinical features include a history of ease of developing hives, itchiness, skin rashes, dizziness, brain fog, migraines, palpitations, nausea, abdominal pain, shortness of breath, and chest tightness in response to environmental (including heat or cold), food, medication or supplement exposures, chronic dry, itchy burning eyes, easy bruisability, excessive menstrual bleeding, and aseptic cystitis. Physical findings include dermatographism, hives or rashes. When appropriate to support the diagnosis, the Weinstock, Afrin and Molderings Mast Cell Mediator Release Syndrome (MCMRS) Questionnaire and Quick Environmental Exposure and Sensitivity Inventory (QEESI) were completed (32–36). If a clinical diagnosis remained unclear, a positive response to mast cell therapies was used to support presence of disease. Trials of MCAS-targeted therapies included various combinations over at least a one month period of histamine 1 and 2 receptor blockers, mast cell stabilizing agents including leukotriene inhibitors, cromolyn preparations, low dose naltrexone, low dose benzodiazepines, diamine oxidase, and omalizumab, as well as others less commonly used.

Response to therapy was determined by investigators blinded to laboratory data and thus MCAS group assignments. Patients who reported improvements in symptoms and showed quality of life improvements by COMPASS-31 and other validated instruments within a month of initiation of therapy as well as proclivity to ongoing use (report of active use, refill requests) following initiation of MCAS-targeted therapies and reduction in the need for other medications were considered positive responders. Adverse events during these therapies and attributed to such therapies were also recorded.





Standard protocol approvals, registrations, and patient consents

The study was exempted by an independent review board (Ethical and Independent Review Services) due to its retrospective nature, and informed consent was waived. The corresponding author has full access to all the data in the study and takes responsibility for its integrity and the data analysis.




Results


Study participants

One hundred patients met criteria for POTS. Patient characteristics are summarized in Table 4. The great majority of our population was female and Caucasian despite being in regions that are very racially diversified. Of the 95 patients considered for a diagnosis of MCAS, 69 patients were able to obtain Consensus 2 mast cell mediator laboratories. The remainder were unable for various reasons including insurance coverage, priority of other labs sought, and difficulty finding a laboratory willing and able to perform such specialized studies.



TABLE 4 Demographics of subjects with POTS.
[image: Table displaying demographic and clinical data. Age in years: Mean 17.2 ± 3, range 9.6–25. Female percentage: 80%. Caucasian percentage: 86%. Orthostatic heart rate rise: 46 ± 14.]


Strict criteria

Out of 100 patients with POTS, 69 were able to test for tryptase. 2 met strict criteria for MCAS, 13 met 2017 Criteria for hESD and 1 patient had the triad of all 3 (Figure 1). For both patients with elevated tryptase, no other laboratory findings supportive of MCAS were found despite their measure. No patient was able to fulfill the published Consensus 1 requirements of tryptase levels both at baseline and during a flare (37). The single elevated measure of tryptase in 2 of 69 patients (12.1 and 13.5 ng/mL) may be quite in-line with the published frequency of hereditary alpha-tryptasemia (HαT) (38, 39). This was not assessed further in these patients.

[image: Venn diagram showing three sets. The largest circle represents individuals with POTS (N = 100). Inside, a smaller oval labeled "+2017 hEDS Criteria" includes 13 individuals. Overlapping this is a tiny circle labeled "+ Consensus 1" with 2 individuals, and a further intersection contains 1 individual.]

FIGURE 1
 Venn diagram of patients with POTS with or without MCAS based on “strict criteria” of consensus 1 criteria and with or without hEDS based on 2017 hEDS criteria.




Conservative criteria

Out of 100 patients with POTS, 69 were able to obtain mast cell mediator laboratories. Forty one met criteria for MCAS, 31 met criteria for Near-hESD and 13 patient had the triad of all three. The laboratory values that were positive in the MCAS patients are tallied in Table 5. The most commonly positive lab was plasma histamine followed by chromogranin A. Three patients had three abnormal lab values, 13 patients had two abnormal values, while the remaining 25 had a single abnormal value differentiating them from the Loose Criteria group (see Figure 2).



TABLE 5 Conservative criteria lab values (frequency) – out of 69 patients able to test.
[image: Table listing mediators and the number of abnormalities. Histamine (plasma) tops with 19 abnormalities, followed by Chromogranin A (10), CD117 biopsies (8), both Prostaglandin D2 and F2 (serum) have 8 and 7, respectively. Others include N-Methylhistamine (5), Tryptase (5), and Prostaglandin D2 (urine) (2). Total of 62 abnormalities in 41 patients.]

[image: Venn diagram showing relationships among three groups. The largest circle represents individuals with POTS, totaling 100. Within it, a left circle labeled "+ Consensus 2" includes 41 individuals, a right circle labeled "+ Near hEDS" includes 31, and the overlapping section, labeled "Triad," contains 13 individuals.]

FIGURE 2
 Venn diagram of patients with POTS with or without MCAS based on “conservative criteria” of laboratory-supported consensus 2 criteria and with or without near-hEDS as defined in this study.


Duodenal biopsies stained with CD117 found increased mast cell counts in 8 of 11 patients whose samples were stained. For these patients, the average mast cell count in these biopsies was 48 +/− 25 per high power field (hpf). CD117 staining was the only positive laboratory found in four (10%) of the Consensus 2 patients. Of the three patients staining negative one belonged to the Conservative Criteria group having other positive labs while 2 belonged to the Loose Criteria group.



Loose criteria

The Figure 3 Venn diagram shows that, out of 100 patients with POTS, 87 met “loose criteria” aka consensus-2 clinical criteria for MCAS, 34 met criteria for JHD as well as the triad of all three. The laboratory values that were positive in the MCAS patients are the same as reported for the Conservative Criteria patients in Table 5. Supporting clinical criteria are tallied in Table 6. Of the 87 patients given a clinical diagnosis of MCAS, all had clinical history, signs and symptoms and physical findings of MCAS as described in Methods. While the MCMRS and QEESI questionnaires were completed in 32 patients with uncertain diagnosis, these were ultimately more useful as a record of specific history, signs and symptom than as a determinant of classification as evident of equally high MCMRS and QEESI scores of those ultimately determined not to have MCAS as those determined to have MCAS. A positive response to MCAS-targeted therapy was an important determinant in 45 of the 46 patients who did not have laboratory markers but determined to have MCAS.

[image: Venn diagram showing relationships among conditions: the outer circle represents 100 individuals with POTS. Within it, 87 have a clinical diagnosis of MCAS. The innermost circle encompasses 34 individuals with both HSD and the "Triad."]

FIGURE 3
 Venn diagram of patients with POTS with or without MCAS based on “loose criteria” of clinically-supported consensus 2 criteria and with or without modified-HSD as defined in this study.




TABLE 6 Criteria to support clinical diagnosis.
[image: Table showing clinical data: 87 cases exhibit clinical signs and symptoms of MCAS. Positive laboratory values consistent with MCAS are found in 68 total abnormal cases and 41 unique patients. Positive MCMRS score above 13 in 27 out of 32 cases, and positive QEESI score above 40 in 16 out of 32 cases. Positive response to therapy reported in 74 patients, with 5 not assessable. NA denotes not assessable due to lost follow-up or inability to determine benefit.]




Response to MCAS therapies

Of the 100 patients with POTS, 5 patients were found to not have any symptoms that merited consideration for the presence of MCAS. Of the 95 patients remaining, symptoms were present that merited the consideration of the presence of MCAS including a trial of MCAS-targeted therapy (see Table 7). No patients trialed on MCAS-targeted therapy experienced any adverse events that were not correctable by simply discontinuing the therapy and sometimes substituting it for another. Following evaluation and a trial of MCAS medications, a total of 87 patients were ultimately diagnosed by any of the criteria used as having MCAS while there were 8 who did not respond and, by weight of the clinical evidence, were determined to not likely have MCAS.



TABLE 7 Response to therapy.
[image: Table summarizing the response to MCAS-targeted therapy. It includes data for 90 patients categorized by clinical diagnosis and trial status. Key columns are the number of patients, age, MCMRS score, QEESI score, and therapy response. Percentages indicate positive response rates, ranging from 82% to 92% for different subsets, with MCAS determination based on laboratory and clinical criteria.]

Of those diagnosed with MCAS, 81 were able to be assessed for a response to MCAS therapy. The clinical response to therapy was not assessable in 5 patients the records were not clear about a response specifically to MCAS therapy, either because time to assessment was not sufficiently long to be clear or the patient was lost to follow-up (NA). Of those 81, the average time of follow-up since starting therapy was 33 months [23 SD, min 1.6, max 82 months]. At the shorter end of the assessment period, 5 patients were determined to have a positive response with less than 12 weeks follow-up with the shortest follow-up time to positive response being 7 weeks. Of those responding to assessment (A), 74 patients (91%) reported an overall positive response of some type considered related to the MCAS-targeted therapy. Therefore, of 95 patients undergoing MCAS-targeted therapy, 90 assessments were made of response with 74 (82%) patients having a positive response. A subset of this group were the 41 of 69 patients able to obtain laboratories diagnosed using Conservative Criteria. Of these 37 were able to be assessed for response to therapy. 34 patients (92%) were determined to have a positive outcome.




Discussion

Consistent with other published experiences with OIS, the great majority of our population was female (80%) and Caucasian (86%) despite being in regions that are very racially diversified. Indeed, in a recent report, Boris et al. reported 77.5% female and 93–94% Caucasian in their mainly Philadelphia-based population (40, 41).

This review of clinical data highlights the difficulty in determining prevalence of these often unrecognized and poorly defined conditions particularly in relation to each other. How they are defined greatly determines their frequency in general and with respect to each other. With respect to treatment opportunities, we would argue that broader definitions of both MCAS and HSDs have clinical merit. The rationale for this might be found in how each interacts in the pathophysiology of the others.

There is growing recognition of the role aberrant mast cells play in JHD and in OIS (8, 10, 42, 43). It is becoming clear that these conditions play off and amplify each other. One theory gaining traction is that aberrant mast cells secreting elastases and other proteases break down connective tissue and, in doing so, tenderize ligaments and joints (42, 43). Indeed, this may be the basis for JHD at least in some cases. Our finding that 33 out of 34 patients found to have JHD had clinically apparent MCAS supports this theory. Likewise, aberrant mast cells through various means can cause OIS and, by various pathways, JHD and OIS may lead to MCAS.

Examples of mechanisms of these include the creation of craniocervical instability by way of mast cell-derived elastases tenderization of the ligaments of the cervical vertebrae (44). This is followed by dislocation or subluxation of the first cervical vertebrae (C1) forward causing injury to the pharyngeal plexus thereby causing vagal nerve dysfunction (45). Another example is that aberrant mast cells in the gastrointestinal tract break down the integrity of the epithelium. This may be specifically by mast cell derived elastase-2 breaking down the e-cadherins responsible for cell to cell adherence (46–48). Once this creation of ‘leaky gut’ occurs, inflammation deeper in the tissues ensues, aggravating the afferent (sensory) portion of the vagus nerve leading to disrupted activity of the efferent portion of the vagus nerve with ensuing dysautonomia syndromes of various types (49).

Given the extent of the role that aberrant mast cells play in these intimately-associated conditions, it becomes apparent how prevalent MCAS is when one or both of these conditions are present. It also becomes apparent how important it is to suppress aberrant mast cell activity to (1) arrest further progression of all three entities and their associated conditions, (2) improve the immediate condition and perhaps even (3) allow healing and restoration of what was otherwise thought of as permanently injured tissues.

These theories of involvement of aberrant mast cells in the pathophysiology of these other conditions should alone be a driving force for considering use of ‘loose criteria’ for diagnosis. However, another consideration is the difficulty at obtaining laboratory evidence specific to mast cell activation. Most mast cell mediators tested are extremely fleeting as would be evolutionarily expected given their extreme potency of their effects on other cells, tissues, organs, and systems. Testing for elevated mediators is very challenging for patients and laboratory personnel. Oftentimes patients must go to the laboratory when they are feeling their worst and they must rely on the laboratory technician and the specialized equipment (refrigerated tubes and centrifuges, dry ice packing) to be in top form upon their unscheduled arrival. In fact, laboratory-based diagnosis of MCAS not uncommonly requires repeat visits to get a single positive mediatory value. All the while, the patient is to refrain if possible from some of the very medications that give them relief so as to maximize their “mast cell flare”.

When comparing the Conservative Criteria group to the subset of patients belonging to the Loose Criteria group with or without supporting labs, there is no difference in age, in MCMRS scores, nor in QEESI scores. Responses to therapies were higher in the group diagnosed by Conservative Criteria (92%) compared to Loose Criteria with some obtaining supporting labs (82% of all patients trialed). Both were higher than the subset of Loose Criteria Group where no labs were obtained (75%). However, it is worth noting that 25 of the 41 patients in the Conservative Group (61%) differ from this subset of patients by the presence of only one abnormal laboratory value. Four of these 25 patients (10% of the full Conservative group) were positive only by way of a duodenal biopsy. It is further worth noting that, by this study, it is apparent that 74 of 90 patients with POTS and findings meriting consideration of MCAS (82%), ultimately benefitted and continued use of MCAS-targeted therapy. If the results of the 69 patients subjected to Consensus 2 criteria were extrapolated to that of 95 patients, then one would expect this number to be 54 patients testing positive. Thus, it might be considered that 20 patients (27% of positive responders) missed an opportunity for a positive response.

As such, the real difference in strategies from a clinical standpoint is the consequences of trialing reasonable MCAS-targeted therapies on those who have clinical findings supportive of MCAS but who do not ultimately gain benefit before discontinuing the trial. This must be weighed against the efforts, costs, insurance obstructions, competing lab priorities, and delays of difficult laboratory testing that is often not believed when the results return negative (not to mention often not believed when they return positive) and against the risks of sometimes needing to pursue an endoscopy for duodenal biopsy when no prior sample is available.

Our study supports the idea that if one applies “Loose Criteria” which are not overly-dependent on laboratory evidence to diagnose patients with MCAS, particularly those at high risk for presence of the disease such as those with OIS and HSD, once can anticipate a decent rate of positive response to therapy without much risk of adverse events nor delay in therapy in pursuit of more solid evidence of the presence of MCAS such as laboratory data. Furthermore, such treatment should not interfere with pursuit of, nor mask, alternative diagnoses. Indeed, if patients feel better from MCAS-targeted therapies, they likely would be in a better position to pursue other diagnostic workups and would be better able to tolerate treatments targeting other conditions.

One might argue that use of ‘loose criteria’ over-diagnoses the condition of MCAS. In our study of POTS patients with a high frequency of JHD, the positive response rate to therapy was at least 75% (in those who obtained no supporting labs) and the frequency of considering MCAS was 95%. Therefore, the potential to over-diagnose could be no more than 20% and this is mostly corrected by a lack of response to therapy within the first few months of trialing medication. Those who experience a placebo effect of such therapy might prolong therapy longer but ultimately will declare themselves unresponsive. These patients are also the most likely to not have adverse effects of medication use.

A counter-argument might be that most of these patients with JHD and OIDS have at least some low level of mast cell activation, if not full-fledged MCAS by any criteria. Indeed, this mast cell activation at whatever level is likely aggravating these other conditions, if not the principle driving force behind them. It is worth considering that all patients with these conditions can benefit from at least a trial of mast cell-targeted therapy regardless of their initial presentation. Whether positive responders should be labeled as having MCAS might be a matter for further consideration.


Limitations

This study was limited specifically to those with OIS that meet POTS criteria. For our study set-up, we believe to adequately assess prevalence of three poorly-defined conditions, it would require at least one of them to be well-defined and limited in scope. For that reason, we confined the study to those meeting criteria for POTS. However, there is a much broader group of patients with OIS who do not demonstrate the phenomenon of POTS but are just as ill (three quarters of our patient population with OIS did not meet formal POTS criteria and this is found in other’s populations as well) (50). These include OIS with and without myalgic encephalomyelitis/chronic fatigue syndrome. These patients likely have similar rates of JHD and MCAS and a separate but otherwise similar study might be worthwhile.

Another limitation of this study is what might seem to be arbitrary categories for JHD. We counter that, until the biological processes, pathophysiology(ies) of this broad range of conditions is better understood and biomarkers are available, all attempts at establishing criteria will be somewhat arbitrary –even if by consensus. Furthermore, we found the use of the criteria for HSD, as published, including with alternative methods of diagnosing GJH resulted in a majority of POTS meeting that criteria. This was not particularly useful given that it was often not clear whether some of these patients had pathological HSD or simply benign joint hypermobility or even normal childhood variability in joint mobility. For this reason, we felt it necessary to add additional criteria when using alternative criteria for GJH to parse out those with likely pathologic HSD. Those interpreting these data simply need to keep this in mind.

We also found that use of the 2017 criteria resulted in very few patients meeting that criteria even though it was clear that these young patients were well on their way to meeting such criteria if given another decade or two. Following the publication of that criteria, providers and geneticists have been using terms such as near-hEDS for these patients or, alternatively, declining to give a diagnosis at all given the failure to meet full criteria, thus prompting the desire to have a Near-hEDS category. This deficit has been recognized by the current international consortium who has signaled that they intend to add to the criteria comorbidities such as those found in Table 1 albeit likely with a weighting system. Furthermore, at a recent roundtable discussion by JHD experts at the annual conference of the EDS Canada Foundation, the addition of Table 1 specifically is being considered as new criteria for their recommendations (51). Thus, what might seem an arbitrary criteria for Near-hEDS, is, in our view, an anticipation of upcoming recommendations.

Six years into our data collection, another level of complexity was added with the publication of the recommendations of the Pediatric Working Group (24) with new criteria and the recommendation of a labelling a new entity (subcategorized into 8 new entities) that is neither HDS nor hEDS. In our view, this is a consensus recommendation on criteria for Near-hEDS in young patients. Considering these criteria for use in this paper was problematic. One major feature added to diagnose Pediatric Generalized Joint Hypermobility (PGJH) were comorbidities that were likely symptoms of OIS. Thus, nearly by definition all of our patients in this study met the criteria of this feature. To use it would be double-dipping of signs and symptoms and thus expanding the number of patients found to have met this category. The other problem was that this category only applied to those patients not having reached biological maturity. The remainder of our patients, young adults, were still biased against meeting full 2017 criteria for hEDS. What we found in our study is that if we were to apply the published criteria for PGJH, the same patients that met this criteria met our criteria for Near-hEDS used for our young adults. This makes sense as they either met the criteria for co-morbidities of PGJH or they met Table 1 criteria given the significant overlap.

One might find fault with somewhat circular reasoning of basing the Loose Criteria on therapeutic response, although not entirely required for the diagnosis, and then reporting a high positive response to therapy. Bias might also be introduced into this study given that the corresponding author of this paper is an author of the Consensus-2 publication (17). Every effort was made to minimize any bias through the use of research investigators that had no clinical bias and were blinded to the categories assigned when determining therapeutic outcome. While a formal prospective study to look at the rate of success and failure of MCAS-targeted therapy trials is worthwhile, we report from this study that none of these “treatment failure” patients had any adverse effects of such a trial, nor, as far as we are aware, were they delayed in the diagnosis of alternative causes of symptoms, refuting some contentions in the literature of harm from over-diagnosis (52, 53).




Conclusion

This review of clinical data highlights the difficulty in determining prevalence of these often unrecognized conditions particularly in relation to each other. How they are defined greatly determines their frequency and, in turn, utilization of therapies. At least in the population of patients with OIS, broader definitions appear to have little negative consequences.
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Domain band

Minimum recording
intervals ()

Contributing biological
mechanisms

Possible reported outcomes

Ultralow-frequency (ULF) band
(<0.003 Hz)

Very-low-frequency (VLF) band
(0.003-0.04 Hz)

Low-frequency (LF) band (0.04-
0.15 Hz)

High-frequency (HF) band
(0.15-0.40 Hz)

Hz, hertz,

24h

From 5 min toand 24 h

2min

1 min

Slow-acting biological processes: circadian
rhythms, core body temperature, metabolism,
and renin-angiotensin system (57)

Vasomotor tone involved in thermoregulation
and sweating (sympathetic), physical activity,
and innervation of the heart (60)

Baroreceptor activities [sympathetic control on
parasympathetic modulation (55)]
Parasympathetic activity, corresponds with

respiratory sinus arrhythmia (55)

Psychiatric disorders and sleep dysfunction (55,
59)

Inflammation, low testosterone, all-cause

‘mortality, and postiraumatic stress disorder (55)

Synchronous fluctuations in blood pressure (61)

Stress, panic, anxiety, and worry (30, 57)
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Gender
Female
‘Transgender male
Ethnicity
Not Hispanic/Latino
Hispanic/Latino
Unreported
Daily symptom severity
Quality sleep
Difficulty sleeping
Pain severity
Fatigue severity
Brain fog/cognition
Ansiety
Depression
Awake occurrences
Reported days of llness
Gl severity
Low-symptom days
High-symptom days
WHOOP sampled days
Low symptom
High symptom
Heart sate variability
RR Inerval (ms’)
ULF (ms’)
VLE (ms’)

LF (ms?)

G, gastrointestinal; ULE, ultralow frequency; VLE, very-low frequency; L, low frequency; SD, standard devi

2
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282
122
48
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303

446

584
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34

191
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254
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785.87

~0.01

000

fon.

SD
145

0856
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1.86
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12890
40.18
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<0.001
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High sympto ow symptol tal assessed days
Descriptive statistics by frequency domain of total population
RR mean (ms) 773,49 £135.05 792.61£138.00 785.99¢137.13
Ultralow frequency mean (ms) 77339.£127.08ms 79247 £129.57 785.874128.90
RR variance (%) 1964891 20887.17 2045337
Low-frequency variance 31955 367.24 34539
Very-low-frequency variance 1596.03 173979 168359
Ultralow-frequency variance 17586.58 1863312 1827414
Total maximum correlation means (ms’)
High- vs. low-symptom days (ms’) 39410
Low- vs. low-symptom days (ms’) 41510

High-/low-symptom day High vs. Low sympt: Total
Percentage of significant F-tests (p < 0.01) of RR interval variance between frequency domains
RR Interval 055 041 088
Ultralow-frequency RR component 092 041 089
Very-low-frequency component RR component 076 053 088
Low-frequency component 0.41 054 088

High symptom Power density

Low symptom Power density

integral

Average power density means of each frequency domain

Ultralow frequency (ms*/Hz) 302253.49 £ 204729.12 1047.26244
Very low frequency (ms*/Hz) 16023.26 + 20064.76 515476423
Low frequency (ms/Hz) 27599+ 335.02 29.66543
All frequency domains (ms*/Hz) 3773.16 £ 33092.57 1876313.03
High symptol Low symptom
LF/HE ratio
5924128 66+ 144

ms, milliseconds, Hz, hertz.

integral

327609.66 + 219398.35 114111
14499.93 + 15984.77 47093
322,27+ 393.45 3472

3860.71 + 35374.07 191256293

All assessed days

630+ 142
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Response to MCAS-targeted therapy (total assessed = 9

Age MCMRS QEESI NA A Positive No
score response  apparent
positive
response
Total patients trialed 95 174 175 19 5 %0 74(82%) 16
MCAS-targeted Rx +-3 +-6 +-12
Patients trialed 54 174 182 2 1 53 40(75%) 13
MCAS-targeted Rx absent supporting labs +-3 +=5 +=10

Patients with MCAS by clinical diagnosis

Clinical diagnosis (including positive labs) 87 172 17.5 7 5 81 74 (91%) 8
+=3 +-6 +-14

Consensus 2 w/lab 41 172 17.1 18 4 37 34 (92%) 3

Diagnosis +-3 +-6 +-12

Consensus 2 clinical Dx 46 17.0 182 21 1 45 40 (89%) 5

Absent laboratory support +/-3 +-5 +/-10

Patients determined not to have MCAS by clinical diagnosis

Considered for MCAS 8 177 19 20 0 8 0 8

Trialed Rx +-3 +-3 +/-8

No dlinical evidence of MCAS throughout 5 174 N/A N/A N/A N/A N/A NIA
+-2

NA = Response not accessible either from lost to follow-up or too soon to determine at last assessment. A = Response to therapy accessible.
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al

ical signs and symptoms of MCAS.

Positive laboratory values c/w MCAS

Positive MCMRS score > 13
Positive QEESI score > 40

Positive response to therapy

87

68 total abnormal, 41 unique

patients
270f32
160f32

74 (5NA)

NA = not assessable-either lost to follow-up or patient or investigator unable to determine

benefi
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Mediator

Histamine (plasma)

Chromogranin A (serum)

CD117 positive staining of duodenal biopsies
Prostaglandin D2 (serum)

Prostaglandin F2 (serum)

N-Methylhistamine (urine)

“Tryptase (serum)

Prostaglandin D2 (urine)

23 Dinor 11-beta-prostaglandin F2 alpha (urine)

Total

2

62lab abnormalities in 41

unique patients
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1) No evidence of MCAS.

2) Loose: Meets consensus-2 criteria without requirement of positive laboratory
data but with clinical criteria including response to therapy

h emphasis on laboratory

3) Conservative: Meets consensus-22 criteria
confirmation

4) Strict: Meets consensus-1 criteria with modification of tryptase requirement
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A

mic test

Head-up tilt table test or 10 min active or passive stand test

Procedure

HR and BP monitoring in a supine position and head
up tilt at 70 degrees on the tilt table or while standing
for 10 min

Purpose

To diagnose POTS:

- Sustained increase in HR >30 bpm during head
up tilt (or =40 bpm for ages 12-19 years) within
10 min of tilt without a drop in BP

or

HR consistently >120 bpm within 10 min of head

up tilt

- chronic orthostatic symptoms

To diagnose neurally-mediated hypotension:

- An abrupt drop in systolic BP of >25 mmHg
usually with slowing of HR at the time
of hypotension

Heart rate variability on deep breathing

Measures heart rate response to deep breathing

Evaluate cardiovagal reflex and/or
parasympathetic cardiac innervation

Valsalva maneuver

Measures heart rate and blood pressure in response to
forced expiration against resistance for up to 15

Assesses the body’s ability to compensate for
changes in the amount of blood return to the heart
(preload) as an indirect measure of autonomic
function

Patients with POTS can have an exaggerated
increase in blood pressure in response to Valsalva

Transcranial doppler ultrasound with the tilt table test

Measures changes in middle cerebral artery blood flow
velocity in the upright position compared to supine

Measures the change in cerebral blood flow
velocity in the brain in the upright position

Extra-cranial Doppler ultrasound with the tilt table test

Measures flow through each internal carotid and each
vertebral artery

Provides a measure of total cerebral blood inflow
to the brain in supine and upright positions

Quantitative Sudomotor Axon Reflex Testing (QSART)

Tontophoresis of acetylcholine, which directly
stimulates sweat glands leading to evaporated sweat
that can be measured by nitrogen release through use of
a sudorometer

Measures postganglionic sympathetic sudomotor
function

Thermoregulatory sweat test (TST)

Sweating is provoked through a warming cabinet, and
the sweating pattern is assessed by color changes of
alizaprin powder that is dusted over the body

Measures postganglionic sympathetic sudomotor
function

Gastrointestinal motility testing

GI tests that can be obtained depending on symptoms:

- Esophageal manometry

- Gastric emptying study

- Breath test for SIBO (small intestinal bacterial
overgrowth)

- Whole gut-scintigraphy

- Smart pill study (whole-gut)

Measures motility of different regions of the GI
tract

Skin biopsy

Quantifies the intra-epidermal and sudomotor (sweat
gland) nerve fiber density in the skin

Determines if a small-fiber sensory or

post-ganglionic sudomotor neuropathy is present

POTS, postural orthostatic tachycardia syndrome; HR, heart rate; BP, blood pressure; bpm, beats per minute.
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Treatment approach Mechanism Purpose
Hemodynamic optimization
Increased fluid and sodium intake Expands blood volume Increases blood perfusion

Compression stockings and abdominal binder

Provides external venous compression to increase
‘venous return

Increases blood perfusion

Physical therapy

Cardiovascular and strength training

Expands blood volume, increases cardiac and skeletal muscle mass
to increase blood flow

Vasoconstrictors

Midodrine—o-1 agonist

Droxidopa—Increases levels of norepinephtine
in the peripheral nervous system

Stimulants—Increase vasoconstriction

Increases vascular tone and elevates blood pressure

Cholinesterase inhibitors

Mineralocorticoid

Pyridostigmine—Inhibits the acetylcholinesterase
(AChE) enzyme from breaking down
acetylcholine (Ach)

Fludrocortisone—acts on the kidney to conserve
sodium and water which increases plasma
volume; improves response to vasoconstrictors

Improves symptoms of POTS, GI dysmotility, and muscle weakness
by enhancing transmission at the autonomic nerve synapses

Increases blood perfusion

Heart-rate lowering agents

Beta-blockers—Block B-1 and/or -2
adrenoceptors

Reduces heart rate, inhibits effects of norepinephrine and
epinephrine

This medication can also relax blood vessels so use caution in
patients with low BP

Ivabradine—Binds to HCN4 receptors
(potassium/sodium hyperpolarization-activated
cyclic nucleotide-gated channel 4)

Reduces heart rate while not affecting blood pressure

Anti-diuretics

Desmopressin (DDAVP)—synthetic version of
anti-diuretic hormone increases fluid retention

Decreases standing HR without significantly affecting BP

Intravenous fluids Increases blood volume Increases blood perfusion
Sympatholytics
Clonidine a-2 agonist, decreases noradrenaline release both Stabilizes HR and BP in patients with high sympathetic drive (i.e.,

centrally and peripherally

hyper-adrenergic POTS); increases blood volume in those with
orthostatic intolerance

Guanfacine and methyldopa

Decreases sympathetic nervous system tone in
the brain

Stabilizes HR and BP in patients with central hyperadrenergic POTS

Gastrointestinal motility

Prokinetic agents

Metoclopramide and domperidone—Dopamine
D2 receptor antagonists

Cisapride, prucalopride—serotonergic 5-HT
receptor agonists.

Pyridostigmine—increases acetylcholine levels

Amplify and coordinate GI muscular contractions

Stimulants

Stimulants Increase dopamine and norepinephrine in the Improve cognitive deficits and fatigue
brain

Modafinil Increases dopamine in the central nervous system | Reduces fatigue

POTS, postural orthostatic tachycardia syndrome; HR, heart rate; BP, blood pressure.
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Condition Prevalence

(n =86)
Idiopathic Intracranial Hypertension (I1H) 65 (75.6%)
History of venous sinus stenting procedure 19 (22.1%)
History of CSF shunting procedure 15.(17.4%)
Postural Orthostatic Tachycardia Syndrome (POTS) 48 (55.8%)
History of intravenous catheter placement for infusions 5(5.8%)
Internal Jugular Vein Stenosis 45 (52.3%)
History of jugular decompression/styloidectomy procedure 27 (31.4%)
History of jugular vein stenting procedure 6(7.0%)
CSFleak 44 (51.2%)
Cranial CSF leak 35 (40.7%)
Spinal CSF leak after lumbar puncture 15 (31.9%)
Dysautonomia 39 (45.3%)
Joint Hypermobility 33 (38.4%)
Cranio-Cervical Instability (CCI) 32(37.2%)
Mast Cell Activation Syndrome (MCAS) 2 (25.6%)
Chiari Malformation 22(256%)
History of Chiari decompression procedure 12 (14.0%)
Tethered cord syndrome (TCS) 20 (23.3%)
History of tethered cord release procedure 20 (23.3%)
Obstructive Sleep Apnea (OSA) 10 (11.6%)
Fibromyalgia 3(35%)
Systemic Venous Compression Syndromes 9(10.5%)
Nuteracker Syndrome 6(7.0%)
May-Thurner Syndrome 4(47%)

‘Thoracic Outlet Syndrome 1(1.2%)
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Cerebral Arteriography N =86

Brain Aneurysms 0.(0%)
Arteriovenous Fistulae 0.(0%)
Fibromuscular Dysplasia 0.(0%)
Extracranial Arterial Dissection or Pseudoaneurysm 10.2%)
Cerebral Venography N =86
Venous outflow dominance pattern

Right 58(67.4%)
Left 12 (14.0%)
Co-dominant 16 (18.6%)

Superior Sagittal Sinus Stenosis

mmHg gradient 5(5.8%)
Dominant Transverse Sinus Stenosis

>=4mmHg gradient 13.(15.1%)
>=8mmHg gradient 10(11.6%)
Dominant 1] Stenosis (neutral head position)

>=2mmHg gradient 10 (11.6%)
>=4mmHg gradient 7(8.1%)

Non-Dominant IJ Stenosis (neutral head position)

>=2mmHg gradient 14.(16.3%)
>=4mmHg gradient 5(58%)
Mean (IQR) Opening Pressure (cm of water) 185(7)
<10cm of water 2(24%)
10-14em of water 22(26.5%)
15-19cm of water 29(34.9%)
20-24cm of water 18 (21.7%)

25¢m of water or higher 12 (14.5%)
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Total cohort hEDS Unaffected Any CTD CMI EDS and

(D cMI
Individuals, 1 (%) 7 460 250 7 426 249
Ehlers-Danlos syndrome 160 (64.2%) 460 (100%) 0(0.0%) 0(00%) 249 (58.5%) 236 (100%)
Unaffected 250 (34.9%) 0(0.0%) 250 (100%) 0(0.0%) 172 (40.4%) 0(0.0%)
Any CTD (EDS negative) 7(1.0%) 0(0.0%) 0(0.0%) 7(100%) 5(1.2%) 0(0.0%)
Any non-EDS CTD 44(6.1%) 37 (8.0%) 0(0.0%) 7(100%) 21 (4.9%) 16 (6.4%)
Chiari I malformation 426 (59.4%) 249 (54.1%) 172 (68.8%) 5(71.4%) 426 (100%) 236 (100%)
“Tethered cord syndrome 302 (42.1%) 227 (49.3%) 75 (30.0%) 0(0.0%) 173 (40.6%) 124 (52.5%)
Postural orthostatic
tachycardia syndrome 291 (40.6%) 239 (52%) 51(20.4%) 1(143%) 123 (28.9%) 98 (41.5%)
Mast cell activation disorder 243 (33.9%) 203 (44.1%) 39 (15.6%) 1(14.3%) 91 (21.4%) 78 (33.1%)
Dysautonomia 191 (26.6%) 166 (36.1%) 24(9.6%) 1(14.3%) 92(21.6%) 81(34.3%)
Myalgic encephalomyelitis/
chronic fatigue syndrome 158 (22.0%) 113 (24.6%) 14(17.6%) 1(143%) 49(11.5%) 38(16.1%)
Styloid hypertrophy 145 (20.2%) 110 (23.9%) 33(13.2%) 2(28.6%) 88 (20.7%) 64(27.1%)
Gastroesophageal reflux
disease 116 (16.2%) 92(20.0%) 23(9.2%) 1(14.3%) 73(17.1%) 54(22.9%)
Hypothyroidism 97(13.5%) 72(15.7%) 24(9.6%) 1(143%) 52(122%) 38(16.1%)
Gastroparesis 85 (11.9%) 76 (16.5%) 9(3.6%) 0(0.0%) 41(9.6%) 36 (15.3%)
Small fiber polyneuropathy 77 (10.7%) 65 (14.1%) 12 (4.8%) 0(0.0%) 40 (9.4%) 34 (14.4%)
Post-treatment Lyme disease
syndrome 47 (6.6%) 33(7.2%) 14 (5.6%) 0(0.0%) 11(2.6%) 6(2.5%)
Median arcuate ligament
syndrome 32(45%) 28 (6.1%) 1(16%) 0(00%) 15(3.5%) 12(5.1%)

Percentage is based on the individual subgroup population, .
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rgery tal ce t hEDS
Individuals, 1 (%) 612 404
Craniocervical fusion 373 (60.9%) 293 (72.5%)
Posterior fossa decompression 314 (51.3%) 192 (47.5%)
Tethered cord release 245 (40.0%) 189 (46.8%)
Ventriculoperitoneal shunt 82(13.4%) 56 (13.9%)
Styloidectomy 61(10.0%) 51(12.6%)
CSF leak repair 59 (9.6%) 47 (11.6%)
Anterior cervical discectomy
and fusion 44(7.2%) 29(7.2%)
Transoral odontoidectomy 12(20%) 5(1.2%)

Percentage is based on the individual subgroup population, .

Unaffected

203
76 (37.4%)
119 (58.6%)
55 (27.1%)
25(12.3%)
9(4.4%)
11(5.4%)

15 (7.4%)

7(34%)

Any CTD
(EDS neg.)

5
4(80.0%)
3(60.0%)
1(20.0%)
1(20.0%)
1(20.0%)
1(20.0%)

0(0.0%)
0(0.0%)

CMI

396
224 (56.6%)
284 (71.7%)
134 (33.8%)
65 (16.4%)

36(9.1%)
38 (9.6%)

34 (8.6%)
11(2.8%)

EDS and
CMI

236
170 (72.0%)
166 (70.3%)
105 (44.5%)
42(17.8%)
33 (14.0%)
30 (12.7%)

20 (8.5%)

5(21%)
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Symptom Prevalence (n = 86)

Pressure Headache 84(97.7%)
Dizziness 77 (89.5%)
Brain Fog/memory problems 59 (68.7%)
Tinnitus 79 (91.9%)
Ringing Tinnitus 48 (55.8%)
Pulsatile Tinnitus. 42 (48.8%)
Positional change exacerbation 42 (48.8%)
Papilledema 18 (20.9%)

HIT-6, Tinnitus, and WHO- N=76
BREF quality of life Scores

HIT-6. 65.9(9.25)
WHO-BREF Quality of Life 1714 (269)
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Reported conditions Postulated mechanism(s) of pain

SIH 1 Traction of pain sensitive structures due to “brain sag”
2 Intracranial venous distention
3 Traction, disortion, or compression of cranial nerves and/or cervical nerve roots (6).
Cervicogenic headache 1 Axial loading of pain sensitive structures (21).
2 Promotion of abnormal posture (22).
POTS 3 Relative CSF hypovolemia (due to general hypovolemia; reduced spinal venous pressure due to dependent pooling
of blood upon standing)
4 Orthostatic ischemia of the posterior head/neck musculature (23).
PPPD 1 Altered postural control (29).
2 Aliered sensory processing (29, 30)
Cerebrospinal fluid shunt overdrainage Induced by:
1 Improper pressure gradient setting
2 Siphoning effect (31).
3 Flight induced (32).
4 Cerebral venous overdrainage (33).
Orthostatic hypotension 1 Orthostatic ischemia of the posterior head/neck musculature (23, 34)
2 Epidural hypotension (34)
3 Vagal dysfunction (34)
Adrenal insufficiency Indirect (via orthostatic hypotension) (24)
Tatrogenic CSF leak Presumed to be the same as SIH
Platypnea orthodeoxia synrome Orthostatic hypoxia caused by a position dependent right to left shunt (35).
Syndrome of the trephined ‘The brain becomes susceptible to atmospheric pressure (acting on the skull defect),in the vertical position (36).
Suboceipital craniectomy 1 Post-surgical posterior fossa scarring leads to changes in caudal spinal dural compliance

2 Altered skull-dura relatonship leads to sensitization of mechanosensitive pain reptors (2).

Cerebral venous thrombosis (paradosical) Decreased intracranial CSF volume, secondary to increased intracranial blood volume (37).
Cerebellar hemorrhage Mass effect and valve-like impaction of cerebellum in the foramen magnum (35).
‘Theoretical condition Proposed mechanism of pain

Increased compliance of the lower spinal CSF space  Decreased intracranial pressure causes compensatory; painful venous enorgement (39).

SIH, spontaneous intracranial hypotension; POTS, postural orthostatic tachycardia syndrome; PPPD, persistent postural perceptual dizziness; CSF, cerebrospinal fluid.
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Common symptoms SIH IIH Chi
Headache v v v v
Neck pain v v

Interscapular pain & stiffness v v

Nausea/vomiting v v v

Photophobia and phonophobia v v

Orofacial numbness, weakness, or pain v v

Vision changes (blurred, tunnel, visual field defects, nystagmus, diplopia, and aura) v v v v
Hearing changes (hearing los,tinnitus, and hyperacusis) v v v v
Dysphonia v

Dysphagia (choking and trouble swallowing) v v

Disturbed balance v v v
Vertigo v

Diziness, disequilibrium v v v v
Altered taste v

Pituitary dysfunction v

Altered consciousness (stupor and coma) v

Cognitive defcits, signs of dementia v v v
Movement dysfunction (ataxia, spasticity, and parkinsonism) v v v
Altered sleep architecture, slecp apnea v v v
Evidence of dysautonomia (eg, POTS) v v v
Signs of cranial nerve and brainstem compromise v v v
Sensory loss, paraesthesia v

Overlapping symptom profiles for common CNS disorders associated with EDS and hypermobility noting that some of the listed symptom categories taken from existing literature also
overlap. Overlapping symptoms can complicate differential diagnosis of (1) Upper Cervical Instability (2, 149, 150), encompassing both CCl and AAI: (2) Spontaneous Intracranial
Hypotension (52, 97, 135, 141),low CSF volume secondary to spinal CSF leak; (3) Idiopathic Intracranial Hypertension (71, 119), high CSF pressure or rebound pressure following sealing of
CSF leak; or Chiari - (4) Chiari Syndrome (2, 71), cluster of symptoms that present with Chiari Malformation. CNS, central nervous system; EDS, Ehlers-Danlos syndromes; UCI, upper
cervical instability; CCI, craniocervical instabiliy; AAL, atlantoaxial instability; SIH, spontaneous intracranial hypotension; CSE, cerebrospinal flid; I1H, idiopathic intracranial hypertension;
Chiari, Chiari syndrome.
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Tests safe for all patients XCS

Observation based tests

Posture, full body, sitting and/or standing, and segmental alignment XC + + +
Breathing pattern (chest vs. diaphragmatic, excessive accessory muscle use) XC + + +
Significant muscle guarding or reluctance to move neck C + 2 +
Observe gait for gross and fine motor dyscoordination not due to other joint hypermobility S GE g +
Observe for cranial nerve VII dysfunction: Lip drooping, unequal smile, eyelid twitching! s - + +
Observe for dystonia, myoclonic jerking* N = - +
Ataxia, gross neurogenic gait abnormalities, inability to perform tandem gait, Romberg sign present* + - +
FASTER Indications of stroke: Face, Arms, Stability (standing), Talking, Eyes. R is for React. * . = N
Neurological tests

Testing of hand dexterity (need to distinguish from finger hypermobility). E.g. grip release test s - . -
Cranial nerve I1l, IV, V, VI tests: Altered visual field, eye movement, unequal pupil size, amblyopia (lazy eye), facial sensory loss* s g -

Reflext tests not involving neck: e.g., Hoffmann, Babinski, clonus, hypertonia* S -

Cranial nerve X, XII tests: Uvula, tongue (avoid gag), speech or swallowing dysfunction, choking s + + +
Dysdiadochokinesia: e.g., rapidly alternating pronation/supination, grip release, fast finger or foot tapping* N - - -
Abnormal vertebrobasilar insufficiency tests with auditory and vision changes, evidence of vertigo, presyncope or syncope* - + +
Other tests

Palpation for muscle spasm, especially suboccipitals, sternocleidomastoid, levator scapulae, upper trapezius s + + +
Use of a rigid cervical brace for several weeks decreases signs and symptoms s [ + s

*S, Highly Suggestive finding for upper cervical instability (high specificity based on expert consensus). *C, Common finding in upper cervical instability (high sensitivity based on expert
consensus). * X, Contributing Factor. When the consensus article (3) did not classify a test, this has been left blank. T “4” indicates positive test outcome, “-” indicates negative test outcome.
“Red Flag tests are noted in italics. ¥Kay did not present with FASTER signs of possible stroke at the initial evaluation but did present with them at multiple future visits; when this occurred, she

was referred to the emergency room for assessment. § Jay was worse in a rigid collar, but better in a soft collar. Kay demonstrated increased neurological signs and symptoms in a rigid collar.
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Musculoskeletal UCI

Heavy/bobble head, patient feels like they need to support or brace their head to decrease symptoms N Y ¥ Y
Apprehension about initiation or maintenance of neck movement or travel in vehicle s Y N Y
Lump in throat, trouble swallowing S Y Y Y
Consistent clicking or clunking in the neck associated with neck movement S Y N Y
Cervical sensorimotor symptoms such as tinnitus, dizziness s Y Y Y
Sub-occipital headaches C Y Y h ¢
Yoke/coat-hanger distribution pain C Y ¥ Y
Neck tension, muscle spasm C Y ¥ Y
Brain fog C Y ¥ Y
Inconsistent or poor response to treatment for the neck C Y Y Y
Sleep disturbance, snoring, sleep apnea [+ Y ¥ Y
Neurological UCI

Lump in throat, choking, trouble swallowing, voice changes s Y Y Y
Symptoms of dysautonomia (especially if not responding to standard treatment), persistent anxiety, functional GI dysfunction, s/ic Y Y Y
poor temperature regulation, heat intolerance, pre-syncope

“Boat rocking” instability (not due to musculoskeletal issues) S Y b4 Y
Ataxia: Poor coordination (not due to joint instability) N Y N Y
Facial tingling/numbness S Y N Y
Pulling sensation in face, head, teeth, tongue (muscle contraction, not just pain) N N N 'S
Vision changes-trouble with convergence, double vision, aura (teichopsia) s N Y Y
Dystonia: Involuntary muscle contractions causing involuntary movements or postures S N N Y
Intermittent dysesthesias in the limbs, not associated with local issues S N Y Y
Sleep disturbance, snoring, sleep apnea C Y Y Y
Report of seizure-like activity, diagnosis of “non-epileptic seizures” or “pseudo seizures” S N N Y
Drop attacks not associated with dysautonomia (e.g., provoked by neck motion, or without dizziness common in POTS) N N N Y
Severe or frequent changes in cognitive status* N N Y Y
Rapidly progressing neurological signs with decreasing functional status* N Y Y
Increased bowel/bladder control dysfunction* N N Y
Headache worse with coughing, sneezing, bowel movement (Valsalva) N Y Y
Need to use a walker or wheelchair due to moderate or intermittently severe problems with coordination and balance rather than N Y Y
pain or weakness*

*S, Highly Suggestive finding for UCI (high specificity based on expert consensus) (3). *C, Common finding in UCI (high sensitivity based on expert consensus) (3). When the consensus article
(3) did not classify a test, this has been left blank. 'Y, Yes, symptom/history present; N, No, symptom/history not present; NA, Not Assessed. { Red Flag symptoms and history are listed in italics.
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Drug

Topiramate
Anti-epileptic

Sodium valproate

TCA (amitriptyline/

nortriptyline)
Antidepressants.

SNRI (venlafaxine)

ACE-inhibitor

e (Lisinopril)

hypertensives
ARB (Candesartan)
Propranolol

Beta-blockers  Atenolol

Metoprolol

Pizotifen

Others
Calcium channel

blocker (Flunarizine)

Botulinum Toxin Type
Injectables

A

Erenumab
CGRP Fremanezumab
monoclonal Galcanezumab
antibodies

Eptinezumab

Atogepant
Gepants

Rimegepant

Coenzyme Q10
Supplements Magnesium

Riboflavin

Max dose

100mg BD.

1,000mg BD

75mg/ 75mg

150mg BD.

20mg OD

$mgBD
240mg/day
200mg/day
200mg/day

3mgOD

10mg OD

155-195 units, three monthly

(intramuscular)

70-140mg monthly

225mg monthly 675 mg three monthly
120-240 mg monthly

100-300mg three monthly

(intravenous)

60mg OD.

75mg on alternate days
100mg TDS

600mg daily

400mg/day

Side-effects/ cautions

‘Weight loss, cognitive blunting, anxiety/ depression, renal calculi, angle-closure
glaucoma.

‘Weight gain, teratogenicity, tremor, alopecia, thrombocytopaenia, hepatotoxicity,
hyperammonacmia.

Constipation, urinary retention, orthostatic hypotension, drowsiness, dry mouth,
dry eyes, prolong QT interval.

nts with cardiac disease,

rhoea. Use with caution in elderly, p

Constipation/
epilepsy; uncontrolled hypertension and angle-closure glaucoma.
Onthostatic hypotension, dry cough, angioedema, hyperkalaemia, renal
impairment.

Orthostatic hypotension, vertigo, cough, hyperkalacmia, renal impairment.

Fatigue,
block/ bradycardia.

mpotence, mood disorder, bradycardia. Avoid if history of asthmal heart

‘Weight gain, dry mouth, constipation. Caution in patients with epilepsy/ angle

closure glaucomal urinary retention.

‘Weight gain, depression and extrapyramidal side-cffects.

“Transient neck pain, muscle weakness, ptosis.

Constipation, vertigo, hypersensitivity reactions, nasopharyngits.

Fatigue, constipation, nausea, reduced appetite, hypersensitivity reaction.

Mild gastrointestinal symptoms.
‘With toxicity, can cause diarrhoea and arrythmia,

Nil.

OD, once daly; B, bis die (twice daily); TDS, ter die sumendum (three times daily); TCA, tricyclic antidepressant; SNRI, serotonin and norepinephrine reuptake inhibitors; ACE,
angiotensin-converting enzyme; ARB, angiotensin 2 receptor blocker; CGR, calcitonin gene receptor peptide.
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Conditif Clinical note

Spontancous intracranial hypotension  Thunderclap onset
Consistent onset and offset times with change in posture
End-of-day headache worsening

Headaches induced or exacerbated by Valsalva manoeuvres

Behavioural variant FTD-like presentation

Postural tachycardia syndrome Symptoms of orthostatic intolerance (e.g.,lightheadedness, syncope, palpitations,
dyspnoca, chest pain, tremulousness)
Preceding infectious trigger, or prolonged bedrest

Symptoms worst on awakening and exacerbation by heat,fever, and dehydration

Chronic migraine Motion sensitivity rather than a postural component

Gradual increase in frequency of previous episodic migs

Craniocervical instability Symptoms attributable to brainstem dysfunction (e.g, diplopia, dysphagia, sleep

apnoea, sensorimotor disturbance affecting upper and/or lower limbs)

FTD, frontotemporal dementia.

Diagnostic note

Bilateral subdural collections

Diffuse smooth pachymeningeal
enhancement

Brain sagging

Distended dural venous sinuses

Spinal epidural CSF collection
Infratentorial superficial siderosis
Abnormal active stand test

Positive tilt table test, and negative MRI for

evidence of STH

Clinical diagnosis, with exclusion of other
differentials.

Abnormal dynamic and/or upright CT/
MRI in-keeping with craniocervical

instabil
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Vertebrobasilar insuffciency

Craniocervical instability
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Upper airway resistance syndrome/ obstructive sleep apnea (minor) criteria)
Idiopathic intracranial hypertension or hypotension
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be used by itself o support a diagnosis.
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Not hypermobile (JH-) Hypermobile (JH+) p-value
N =738 (84.6%) 134 (15.4%)

Female sex assigned at birth N (%) 752 (86.2%) 625 (84.7%) 127 (94.8%) 0.001*
Current age median (IQR) 49.00 (38.00-60.00) 50.00 (38.00-60.00) 46.00 (39.00-58.00) 0.089
BMI (kg/m?) median (IQR) 25.53 (22.30-30.33) 25.65 (22.38-30.41) 2501 (21.74-30.13) 0310
Timing of onset: gradual vs. sudden N (%) 0.240
Gradual > 1 month 427 (51.6%) 371 (52.6%) 56 (45.5%)
Sudden < 1 month 307 (37.1%) 253 (35.9%) 54 (43.9%)
I don’t know 94 (11.4%) 81 (11.5%) 13 (10.6%)
Infection as trigger N (%) 533 (63.8%) 450 (63.4%) 83 (66.4%) 0.550
Age at ME/CFS onset median (IQR) 30.00 (17.00-42.00) 31.00 (17.00-43.00) 28.00 (16.00-38.00) 0.063
Duration of disease median (IQR) 14.00 (6.00-28.00) 14.00 (6.00-29.00) 16.00 (6.00-28.00) 0.870
Comorbidities
Ehlers-Danlos syndrome N (%) 61 (7.1%) 23 (3.2%) 38 (28.8%) <0.001*
Postural orthostatic tachycardia 188 (21.8%) 144 (19.7%) 44 (33.3%) <0.001*
syndrome N (%)
Allergies N (%) 406 (51.6%) 338 (50.4%) 68 (58.1%) 0.130
Anxiety N (%) 444 (51.5%) 382 (52.3%) 62 (47.0%) 0.300
IBS N (%) 691 (80.2%) 580 (79.5%) 111 (84.1%) 0.240
ADD or ADHD N (%) 107 (12.4%) 84 (11.5%) 23 (17.4%) 0.063
Autism N (%) 10 (1.2%) 7 (1.0%) 3(2.3%) 0.190
Hypotension N (%) 12 (1.4%) 10 (1.4%) 2 (1.5%) 1.000
Conditions count mean (SD) 11.04 (11.36) 10.86 (11.42) 12.06 (11.06) 0.260
Family history
Ehlers-Danlos syndrome N (%) 56 (8.7%) 33 (6.0%) 23 (25.6%) <0.001*
ME/CES N (%) 0.630
No 579 (66.9%) 491 (67.1%) 88 (65.7%)
Yes 176 (20.3%) 145 (19.8%) 31 (23.1%)
I don’t know 111 (12.8%) 96 (13.1%) 15 (11.2%)
QoL
SF36 Physical functioning score mean 34.61 (22.84) 35.30 (22.86) 30.65 (22.46) 0.036*
(SD)
SF36 Role limitations physical health 4.77 (13.31) 4.93 (13.60) 3.83 (11.51) 0.400
score mean (SD)
SF36 Role limitations emotional 60.63 (43.06) 60.43 (43.16) 61.79 (42.61) 0.750
problem score mean (SD)
SF36 Energy fatigue score mean (SD) 9.27 (11.28) 9.44 (11.47) 8.31(10.10) 0.300
SF36 Emotional wellbeing score mean 59.92 (20.57) 60.13 (20.70) 58.70 (19.81) 0.480
(SD)
SF36 Social functioning score mean 26.74 (23.14) 27.27 (23.30) 23.69 (22.02) 0.110
(SD)
SF36 Pain score mean (SD) 42.29 (23.51) 43.54 (23.54) 35.08 (22.04) <0.001*
SF36 general health score mean (SD) 25.06 (15.70) 25.37 (15.65) 23.27(15.89) 0.170
Karnofsky performance scale categories N (%) 0.110
Mild/moderate impairment (60-90) 519 (63.1%) 447 (64.2%) 72 (56.7%)
Severe/very severe impairment (10-50) 304 (36.9%) 249 (35.8%) 55 (43.3%)
Karnofsky score median(IQR) 60.0 (40.0-70.0) 60.0 (40.0-70.0) 60.0 (40.0-70.0) 0.088
Symptoms
Autonomic symptom: 614 (70.4%) 512 (69.4%) 102 (76.1%) 0.120
dizziness/faintness while standing N
(%)
Autonomic symptom: intolerance to 546 (62.6%) 446 (60.4%) 100 (74.6%) 0.002*
standing N (%)
Autonomic symptom: bladder 483 (55.4%) 401 (54.3%) 82 (61.2%) 0.160
problems N (%)
Autonomic symptom: palpitations N 591 (67.8%) 488 (66.1%) 103 (76.9%) 0.016*
(%)
Autonomic symptom: feeling 674 (77.3%) 562 (76.2%) 112 (83.6%) 0.072
lightheaded N (%)
Autonomic symptom: any N (%) 846 (97.0%) 715 (96.9%) 131 (97.8%) 0.780
Autonomic symptom: count mean(SD) 6.13 (3.06) 5.94(3.00) 7.16 (3.15) <0.001%
Cognitive symptom: brain fog 800 (91.7%) 676 (91.6%) 124 (92.5%) 0.860
Cognition symptom: loss of balance or 635 (72.8%) 526 (71.3%) 109 (81.3%) 0.015*
inability to focus vision N (%)
Cognition symptom: 539 (61.8%) 442 (59.9%) 97 (72.4%) 0.007*
tingling/numbness in arms/legs N (%)
Cognition symptom: any N (%) 861 (98.7%) 729 (98.8%) 132 (98.5%) 0.680
Cognitive symptom: count mean (SD) 10.73 (3.39) 10.58 (3.38) 1154 (3.35) 0.003*
Headache symptom: migraines N (%) 435 (49.9%) 357 (48.4%) 78 (58.29%) 0.039*
Headache symptom: any N (%) 733 (84.1%) 613 (83.1%) 120 (89.6%) 0.071
Headach symptom: count mean (SD) 1.54 (1.14) 1.50 (1.14) 1.77 (1.14) 0.012*
Gut symptom: any N (%) 769 (88.2%) 643 (87.1%) 126 (94.0%) 0.020%
Gut symptom: count mean (SD) 1.88 (1.03) 1.84(1.03) 2.13(0.96) 0.002*
Muscle/joint symptom: stiffness in the 547 (68.6%) 466 (69.4%) 81 (64.3%) 0310
mornings N (%)
Muscle/joint symptom: pain in two or 606 (69.5%) 518 (70.2%) 88 (65.7%) 0.020%
more joints without swelling or
redness N (%)
Muscle/joint symptom: joint pains 595 (68.2%) 492 (66.7%) 103 (76.9%) 0.004*
moving to different joints without
redness or swelling N (%)
Muscle/joint symptom: neck weakness 430 (49.3%) 348 (47.2%) 82 (61.2%) 0.038*
N (%)
Muscle/joint symptom: back weakness 446 (51.1%) 366 (49.6%) 80 (59.7%) 0.060
N (%)
Muscle/joint symptom: any N (%) 414 (47.5%) 340 (46.1%) 74 (55.2%) 1.000
Muscle/joint symptom: count mean 839 (96.2%) 710 (96.2%) 129 (96.3%) 0.002*
(SD)
Sleep symptom: any 5.71(2.52) 5.60 (2.53) 632 (2.40) 0710
Sleep symptom: count mean (SD) 224(0.92) 224(0.92) 2.22(0.93) 0.940

Some variables have missing data. Denominators were based on actual response count when determining the percentages. * Statistically significant p-values.
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JH- without EDS

N =707 (94.9%)

JH+ with EDS
N =38 (5.1%)

Female sex assigned at birth N (%) 596 (84.3%) 35(92.1%) 0.250
Current age median (IQR) 50.00 (38.00-61.00) 42.00 (33.00-49.00) 0.001*
BMI (kg/m?) median (IQR) 25.69 (22.40-30.41) 2529 (21.97-29.84) 0.580
Timing of onset: gradual vs. sudden N (%) 0.180
Gradual > 1 month 357 (52.7%) 19 (51.4%)

Sudden < 1 month 244 (36.0%) 17 (45.9%)

I don’t know 77 (11.4%) 1(2.7%)

Infection as trigger N (%) 431 (63.2%) 24 (64.9%) 1.000
Age at ME/CES onset median (IQR) 32.00 (17.00-43.00) 28.00 (15.00-32.00) 0.027*
Duration of disease median (IQR) 26.00 (15.00-39.00) 29.50 (23.50-41.00) 0.080
Comorbidities

Postural orthostatic tachycardia syndrome N (%) 129 (18.2%) 28 (73.7%) <0.001*
Allergies N (%) 325 (50.6%) 27 (79.4%) 0.001*
Anxiety N (%) 368 (52.1%) 19 (50.0%) 0.870
IBS N (%) 561 (79.3%) 34 (89.5%) 0.150
ADD or ADHD N (%) 82 (11.6%) 10 (26.3%) 0.018*
Autism N (%) 6(0.8%) 1(2.6%) 0.310
Hypotension N (%) 9(1.3%) 2(5.3%) 0.100
Conditions count mean (SD) 10.64 (11.36) 20.97 (12.23) <0.001*
Family history

Ehlers-Danlos syndrome N (%) 28 (5.2%) 15 (51.7%) <0.001*
ME/CFS N (%) 0.420
No 476 (67.8%) 22(57.9%)

Yes 136 (19.4%) 10 (26.3%)

I don’t know 90 (12.8%) 6(15.8%)

HRQOL

SE36 physical functioning score mean (SD) 35.67 (22.88) 25.57 (22.15) 0.011*
SE36 role limitations physical health score mean (SD) 5.15 (13.86) 429 (9.56) 0.710
SE36 role limitations emotional problem score mean (SD) 60.29 (43.11) 73.33 (40.26) 0.080
SE36 energy fatigue score mean (SD) 9.50 (11.53) 7.14 (10.02) 0.230
SF36 emotional wellbeing score mean (SD) 60.25 (20.55) 61.41 (20.08) 0.750
SE36 social functioning score mean (SD) 27.39 (23.38) 22.50 (22.85) 0.230
SE36 pain score mean (SD) 1385 (23.72) 28.50 (18.88) <0.001*
SE36 general Health score mean (SD) 25.61 (15.79) 20.86 (12.69) 0.080
Karnofsky performance scale categories N (%) 0.023
Mild/moderate Impairment (60-90) 215 (30.4%) 4(10.5%)

Severe/very Severe Impairment (10-50) 492 (69.6%) 34.(89.5%)

Karnofsky score median(IQR) 60.00 (40.00-70.00) 40.00 (40.00-70.00) 0.007*
Symptoms

Autonomic symptom: dizziness/faintness while standing N (%) 492 (69.6%) 34 (89.5%) 0.009*
Autonomic symptom: intolerance to standing N (%) 427 (60.4%) 34 (89.5%) <0.001%
Autonomic symptom: bladder problems N (%) 386 (54.6%) 22 (57.9%) 0.740
Autonomic symptom: palpitations N (%) 468 (66.2%) 36 (94.7%) <0.001%
Autonomic symptom: feeling lightheaded N (%) 541 (76.5%) 37 (97.4%) 0.001*
Autonomic symptom: any N (%) 692 (97.9%) 38 (100.0%) 1.00
Autonomic symptom: count mean (SD) 5.93(2.95) .66 (2.64) <0.001
Neurocognitive symptom: brain fog 658 (93.1%) 37 (97.4%) 0510
Neurocognitive symptom: loss of balance or inability to focus 507 (71.7%) 35(92.1%) 0.004*
vision N (%)

Neurocognitive symptom: tingling/numbness in arms/legs N' 426 (60.39%) 33 (86.8%) <0.001*
(%)

Neurocognitive symptom: any N (%) 706 (99.9%) 38 (100.0%) 1.00
Neurocognitive symptom: count mean (SD) 10.66 (3.20) 13.00 (2.84) <0.001*
Headache symptom: migraines N (%) 344 (48.7%) 30 (78.9%) <0.001%
Headache symptom: any N (%) 592 (83.7%) 37 (97.4%) 0.020*
Headache symptom: count mean (SD) 1.50 (1.12) 2.24 (1.15) <0.001*
Gut symptom: any N (%) 621 (87.8%) 38 (100.0%) 0.016%
Gut symptom: Count mean (SD) 1.84 (1.02) 239 (0.86) 0.002*
Muscle/joint symptom: stiffness in the mornings N (%) 502 (71.0%) 28 (73.7%) 0.850
Muscle/joint symptom: pain in two or more joints without 474 (67.0%) 32 (84.2%) 0.031%
swelling or redness N (%)

Muscle/joint symptom: joint pains moving to different joints 334 (47.29%) 27 (71.1%) 0.004*
without redness or swelling N (%)

Muscle/joint symptom: neck weakness N (%) 352 (49.8%) 28 (73.7%) 0.004*
Muscle/joint symptom: back weakness 7 (%) 328 (46.4%) 22 (57.9%) 0.180
Muscle/joint symptom: any 1 (%) 687 (97.2%) 38 (100.0%) 0.620
Muscle/joint symptom: count mean (SD) 563 (2.49) 7.00 (2.05) <0.001*
Sleep symptom: any 703 (99.4%) 37 (97.4%) 0.230
Sleep symptom: count mean (SD) 232(091) 226 (0.92) 0.720

Some variables have missing data. Denominators were based on actual response count when determining the percentages. *Statistically significant p-values.
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JH- without EDS

N =707 (88.3%)

JH+ without EDS

N =94 (11.7%)

p-value

Female sex assigned at birth N (%) 596 (84.3%) 90 (95.7%) 0.002%
Current age median (IQR) 50.00 (38.00-61.00) 50.00 (41.00-59.00) 0.89
BMI (kg/m?) median (IQR) 25.69 (22.40-30.41) 24.75 (21.03-30.29) 0.620
Timing of onset: gradual vs. sudden N (%) 0210
Gradual > 1 month 357 (52.7%) 36 (42.9%)

Sudden < 1 month 244 (36.0%) 36 (42.9%)

I don’t know 77 (11.4%) 12 (14.3%)

Infection as trigger N (%) 431 (63.2%) 58 (67.4%) 0.480
Age at ME/CES onset median (IQR) 32.00 (17.00-43.00) 29.50 (17.00-39.00) 0.380
Duration of disease median (IQR) 14.00 (6.00-29.00) 17.00 (6.00-28.00) 0.790
Comorbidities

Postural orthostatic tachycardia syndrome N (%) 129 (18.2%) 16 (17.0%) 0.890
Allergies N (%) 325 (50.6%) 40 (48.8%) 0.081
Anxiety N (%) 368 (52.1%) 43 (45.7%) 0.270
IBS N (%) 561 (79.3%) 77 (81.9%) 0.680
ADD or ADHD N (%) 82 (11.6%) 13 (13.8%) 0.500
Autism N (%) 6(0.8%) 2(2.1%) 0.240
Hypotension N (%) 9(1.3%) 0(0.0%) 0.680
Conditions count mean(SD) 10.64 (11.36) 8.46 (8.21) 0.072
Family history

Ehlers-Danlos syndrome N (%) 28 (5.2%) 8 (13.3%) 0.021*
ME/CFS N (%) 0.600
No 476 (67.8%) 64 (68.1%)

Yes 136 (19.4%) 21(22.3%)

I don’t know 90 (12.8%) 9(9.6%)

HRQOL

SE36 physical functioning score mean (SD) 35.67 (22.88) 32.95 (22.32) 0.290
SE36 role limitations physical health score mean (SD) 5.15 (13.86) 3.69 (12.31) 0.350
SE36 role limitations emotional problem score mean (SD) 60.29 (43.11) 57.85 (42.67) 0.620
SE36 energy fatigue score mean (SD) 9.50 (11.53) 8.86 (10.16) 0.620
SF36 emotional wellbeing score mean (SD) 60.25 (20.55) 58.23 (19.09) 0.380
SE36 social functioning score mean (SD) 27.39 (23.38) 2443 (21.77) 0.260
SE36 pain score mean (SD) 1385 (23.72) 37.98 (22.69) 0.029*
SE36 general Health score mean (SD) 25.61 (15.79) 24.49 (16.85) 0.530
Karnofsky performance scale categories N (%) 0.560
Mild/moderate impairment (60-90) 434 (64.9%) 55 (61.8%)

Severe/very severe Impairment (10-50) 235 (35.1%) 34 (38.2%)

Karnofsky Score median(IQR) 60.00 (40.00-70.00) 60.00 (40.00-70.00) 0.630
Symptoms

Autonomic symptom: dizziness/faintness while standing N (%) 492 (69.6%) 68 (72.3%) 0.630
Autonomic symptom: intolerance to standing N (%) 427 (60.4%) 66 (70.2%) 0.071
Autonomic symptom: bladder problems N (%) 386 (54.6%) 60 (63.8%) 0.098
Autonomic symptom: palpitations N (%) 468 (66.2%) 67 (71.3%) 0.350
Autonomic symptom: feeling lightheaded N (%) 541 (76.5%) 75 (79.8%) 0.520
Autonomic symptom: any N (%) 692 (97.9%) 93 (98.9%) 0710
Autonomic symptom: count mean (SD) 5.93(2.95) 6.70 (3.03) 0.018*
Neurocognitive symptom: brain fog 658 (93.1%) 87 (92.6%) 0.830
Neurocognitive symptom: loss of balance or inability to focus 507 (71.7%) 74 (78.7%) 0.18
vision N (%)

Neurocognitive symptom: tingling/numbness in arms/legs N' 426 (60.39%) 64 (68.1%) 0.18
(%)

Neurocognitive symptom: any N (%) 706 (99.9%) 94 (100.0%) 1.00
Neurocognitive symptom: count mean (SD) 10.66 (3.20) 11.19 (3.00) 0.13
Headache symptom: migraines N (%) 344 (48.7%) 48 (51.1%) 0.66
Headache symptom: any N (%) 592 (83.7%) 83 (88.3%) 0.29
Headache symptom: count mean (SD) 1.50 (1.12) 1.62 (1.08) 0.34
Gut symptom: any N (%) 621 (87.8%) 88 (93.6%) 0.120
Gut symptom: count mean (SD) 1.84 (1.02) 2.07 (0.94) 0.039*
Muscle/joint symptom: stiffness in the mornings N (%) 502 (71.0%) 60 (63.8%) 0.150
Muscle/joint symptom: pain in two or more joints without 474 (67.0%) 71 (75.5%) 0.100
swelling or redness N (%)

Muscle/joint symptom: joint pains moving to different joints 334 (47.29%) 55 (58.5%) 0.048*
without redness or swelling N (%)

Muscle/joint symptom: neck weakness N (%) 352 (49.8%) 52 (55.3%) 0.330
Muscle/joint symptom: back weakness N (%) 328 (46.4%) 52 (55.3%) 0.120
Muscle/joint symptom: any N (%) 687 (97.2%) 91 (96.8%) 0.740
Muscle/joint symptom: count mean (SD) 563 (2.49) 6.18 (2.34) 0.044*
Sleep symptom: any 703 (99.4%) 94 (100.0%) 1.000
Sleep symptom: count mean (SD) 232(091) 235 (0.95) 0.740

Some variables have missing data. Denominators were based on actual response count when determining the percentages. *Statistically significant p-values.
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1) No evidence pathologic hypermobility: All patients met criteria for HDS. Those
in this category had no additional conditions indicating a pathologic state.

2) Loose: Modified-HSD: meets 2017 criteria for HSD + 1 additional condition
from Table 1.

3) Conservative: Near-hEDS: for those beyond biological maturity, meets 2 of 3

riteria per 2017 hEDS criteria +1 additional condition from Table 1. For those
prior to biological mat
“Table 1.

. meets criteria for PGJH +1 additional condition from

4) Strict: hEDS: Meets 2017 hEDS criteria (18)
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Control (n = 40) Long COVID

(n=247)
Did your pain condition(s) start or worsen after COVID? 0(0.0%) 169 (94.4%) <0.001
Did any of your neurologic condition() start or worsen after COVID? 2(15.4%) 195 (92.4%) <0.001
Did your sleep condition(s) start or worsen afier COVID? 1(53%) 144 (82.8%) <0.001
Did your skin condition(s) start or worsen afier COVID? 0(0.0%) 90 (69.8%) <0.001
Did at least one genitourinary condition start or worsen after COVID? 3(25.0%) 66 (60.6%) 0029
Allergies, sensitivities/intolerances <0.001
*Allergies, sensitivities/intolerances stayed the same 21 (525%) 68 (28.1%)
*Allergies, sensitivities/intolerances new afier COVID 4(10.0%) 77 (31.8%)
*Allergies, sensit intolerances before COVID got worse 3(7.5%) 55 (22.7%)
Diagnosis of a mood disorder (¢.g, depression, anxiety) afier COVID 3(7.5%) 78 (31.6%) 0001
Diagnosis of a gastrointestinal disorder (e.g, inflammatory bowel syndrome) 1025%) 54(21.9%) 0002
after COVID
Have you been diagnosed with an autoimmune disorder? 0.006
*Before COVID 4(10.0%) 35 (15.0%)
*Afier COVID 0(0.0%) 38 (16.2%)
*Before + more afier COVID 0(0.0%) 5(2.1%)
Diagnosis of a pulmonary disorder (e.g, asthma, interstitial lung disease) after 0(0.0%) 39 (15.8%) 0002
covip

Diagnosis of a cardiac disorder (e.g., myocarditis, heart failure) after COVID 0(0.0%) 30 (12.1%) 0012
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Outcome OR (95% CI) p value

Allergy 5.09(2.26,13.06) <0001
Sleep 13831 (2561, <0001
2,585.15)
Genitourinary 428(1.13,21.04) 0.04
Autoimmune 1671 (228, 2,130.38) 0.001
Gastrointestinal 106 (2.19,190.93) 0.02
Mood 5.42(1.87,23.06) 0.006
Cardiac 11.84 (1.6, 1,512.55) 0.009

Pulmonary 15.02 (2,04, 1915.54) 0,003
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Long p value
COVID

(n=247)
(n, %)

Control
(n=40)
(n, %)
ME/CES 0(0.0%)
Females 0.0.0%)
Males 00.0%)
Hypermobility 4(103%)
(GIH)*

Females 4(100.0%)
Males 0(0.0%)
Orthostatic 00(00,5.0)

intolerance
Females 0.0(0.0,5.0)
Males 00(00,5.0)

144 (58.3%) <0.001
111 (77.1%)
32(533%)
63 (27.0%) 0026

57 (90.5%)
6(9.5%)

40(00,7.0) <0001

4.0(0.0,7.0)
40(00,7.0)

‘GJH, generalized joint hypermobilty; ME/CFS, myalgic encephalomyelits/chronic fatigue

syndrome.
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Criterion 1: Generalized joint hypermobil

ty—Beighton score of >6 for pre-

pubertal children and adolescents, 5 for pubertal men and women up to the age

of S0years, and 24 for those >50 years of age
Criterion 2: Two or more of the following features (A-C) must be present

Feature A: Systemic manifestations of generalized connective tissue disorder—

need 25 to be present

Unusually softor velvety skin

Mild skin hyperextensibiity

Unexplained striae such as striae distensac or rubrac at the back, groins, thighs,
breasts, and/or abdomen in adolescents, men, or pre-pubertal women without a

history of significant gain or loss of body fat or weight

Bilateral piezogenic papules of the heel

Recurrent or multiple abdominal hernia(s) (e.g., umbilical, inguinal, and crural)

Atrophic scarring involving at least two sites and without the form:
classical EDS

n of truly

papyraceous and/or hemosideric scars, as seen

Pelvic floor, rectal, and/or uterine prolapse in children, men, or nulliparous
women without a history of morbid obesity or other known predisposing

medical condition

Dental crowding and high or narrow palate

Arachnodactyly,as defined in one or more of the following: (i) positive wrist sign
(Steinberg sign) on both sides and (i) positive thumb sign (Walker sign) on
both sides

Arm span-to-height 1,05

Mitral valve prolapse (MVP) mild or greater based on strict

echocardiographic criteria

Aortic root dilatation with Z-score > +2

Feature B: Positive family history, with one or more first-degree relatives

independently meeting the current diagnostic criteria for hEDS

Feature C: Musculoskeletal complications—need at least 1 to be present

« Musculoskeletal pain in two or more limbs, recurring daily for at least 3months

« Chronic, widespread pain for >3months

« Recurrent joint dislocations or frank joint instabilty in the absence of trauma®

Criterion 3: Exclusion of other conditions. All of these criteria must be met

1. Absence of unusual skin fragility, which should prompt consideration of other
types of EDS.

2. Exclusion of other heritable and acquired connective tissue

isorders, including
autoimmune theumatologic conditions”

3. Exclusion of alternative diagnoses that may also include joint hypermobility by
means of hypotonia and/or connective tissue laxity:

“Three or more atraumatic dislocations in the same joint or two or more atraumatic
dislocations in two different joints occurring at different times, or medical confirmation of
joint instability at two or more stes not related to trauma.

I patients with an acquired connective tissue disorder (¢.g, lupus and theumatoid
arthriti), additional diagnosis of hEDS requires meeting both Features A and B of
Criterion 2. Feature C of Criterion 2 (chronic pain and/or instability) cannot be counted
toward a diagnosis of hEDS in this situation.
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Control Long COVID

(n=40) (n=247)
(n, %) (n, %)
Age, median 585(280,83.0)  53.0(18.0,840) 0021
(range)
Sex 0520
Female 28 (70.0%) 186 (75.3%)
Male 12/(30.0%) 60 (24.3%)
Not disclosed 0(0.0%) 1(0.4%)
LGBTQIA* 3(7.5%) 19.(7.7%)
Race 0240
White 40 (100.0%) 232(93.9%)
Not White 0(0.0%) 15 (6.1%)

“LGBTQIA; lesbian, gay, bisexual, transgender, queer, intersex or asexual.
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