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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).

[image: Figure 2]

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: Table1]

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.



Author contributions

NF: Conceptualization, Funding acquisition, Writing – original draft, Writing – review & editing. SB: Project administration, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The Ehlers-Danlos Society contributed funding for publishing fees.



Acknowledgments

The authors would like to acknowledge the Ehlers-Danlos Society’s funding of the article processing fees. The authors would also like to acknowledge Leah Harris and Rouha MS Granfar for their exceptional illustrations, Adjunct Associate Professor David Butler for his early encouragement and discussions on the concepts informing this paper, and Dr. Megan Thomas, Mark Comerford, Roger O’Toole, Darren Frost and Rouha MS Granfar for proofreading and feedback on the manuscript.



Conflict of interest

NF provides non-invasive therapeutic interventions at Flex-AbilityPhysio and Connected Health Alliance.

The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations


CM, Chiari Malformation; CNS, Central Nervous System; CS, Chiari Syndrome; CSF, Cerebrospinal Fluid; EBP, Epidural Blood Patch; EDS, Ehlers-Danlos Syndrome; FT, Filum Terminale; GI, Gastrointestinal; hEDS, Hypermobile Ehlers-Danlos Syndrome; IIH, Idiopathic Intracranial Hypertension; MCAS, Mast Cell Activation Syndrome; MDB, Myodural Bridge; POTS, Postural Orthostatic Tachycardia Syndrome; PNS, Peripheral Nervous System; SIH, Spontaneous Intracranial Hypotension; TCS, Tethered Cord Syndrome; UCI, Upper Cervical Instability.



References

 1. GBD 2021 Nervous System Disorders Collaborators. Global, regional, and national burden of disorders affecting the nervous system, 1990–2021: a systematic analysis for the global burden of disease study 2021. Lancet Neurol. (2024) 23:344–81. doi: 10.1016/S1474-4422(24)00038-3

 2. Henderson, FC, Austin, C, Benzel, E, Bolognese, P, Ellenbogen, R, Francomano, CA , et al. Neurological and spinal manifestations of the Ehlers–Danlos syndromes. Am J Med Genet C Semin Med Genet. (2017) 175:195–211. doi: 10.1002/ajmg.c.31549

 3. Marathe, N, Lohkamp, LN, and Fehlings, MG. Spinal manifestations of Ehlers-Danlos syndrome: a scoping review. J Neurosurg Spine. (2022) 37:783–93. doi: 10.3171/2022.6.SPINE211011 

 4. Petrucci, T, Barclay, SJ, Gensemer, C, Morningstar, J, Daylor, V, Byerly, K , et al. Phenotypic clusters and multimorbidity in hypermobile Ehlers-Danlos syndrome. Mayo Clin Proc Innov Qual Outcomes. (2024) 8:253–62. doi: 10.1016/j.mayocpiqo.2024.04.001 

 5. Gensemer, C, Daylor, V, Nix, J, Norris, RA, and Patel, S. Co-occurrence of tethered cord syndrome and cervical spine instability in hypermobile Ehlers-Danlos syndrome. Front Neurol. (2024) 15:15. doi: 10.3389/fneur.2024.1441866

 6. Cesare, AE, Rafer, LC, Myler, CS, and Brennan, KB. Anesthetic Management for Ehlers-Danlos Syndrome, hypermobility type complicated by local anesthetic allergy: a case report. Am J Case Rep. (2019) 20:39–42. doi: 10.12659/AJCR.912799 

 7. Atchley, TJ, Vukic, B, Vukic, M, and Walters, BC. Review of cerebrospinal fluid physiology and dynamics: a call for medical education reform. Neurosurgery. (2022) 91:1–7. doi: 10.1227/neu.0000000000002000 

 8. Bragée, B, Michos, A, Drum, B, Fahlgren, M, Szulkin, R, and Bertilson, BC. Signs of intracranial hypertension, hypermobility, and Craniocervical obstructions in patients with Myalgic encephalomyelitis/chronic fatigue syndrome. Front Neurol. (2020) 11:11. doi: 10.3389/fneur.2020.00828 

 9. Whalen, KC, and Crone, W. Multidisciplinary approach to treating chronic pain in patients with Ehlers-Danlos syndrome: critically appraised topic. J Pain Res. (2022) 15:2893–904. doi: 10.2147/JPR.S377790 

 10. Kumskova, M, Flora, GD, Staber, J, Lentz, SR, and Chauhan, AK. Characterization of bleeding symptoms in Ehlers–Danlos syndrome. J Thromb Haemost. (2023) 21:1824–30. doi: 10.1016/j.jtha.2023.04.004

 11. Burcharth, J, and Rosenberg, J. Gastrointestinal surgery and related complications in patients with Ehlers-Danlos syndrome: a systematic review. Dig Surg. (2012) 29:349–57. doi: 10.1159/000343738

 12. Edimo, CO, Wajsberg, JR, Wong, S, Nahmias, ZP, and Riley, BA. The dermatological aspects of hEDS in women. Int J Womens Dermatol. (2021) 7:285–9. doi: 10.1016/j.ijwd.2021.01.020 

 13. Rashed, ER, Ruiz Maya, T, Black, J, Fettig, V, Kadian-Dodov, D, Olin, JW , et al. Cardiovascular manifestations of hypermobile Ehlers-Danlos syndrome and hypermobility spectrum disorders. Vasc Med. (2022) 27:283–9. doi: 10.1177/1358863X211067566 

 14. Nayani, S, Dick, J, and Curl, C. Ehlers-Danlos syndrome: a review. Dent Update. (2019) 46:634–44. doi: 10.12968/denu.2019.46.7.634

 15. Thwaites, PA, Gibson, PR, and Burgell, RE. Hypermobile Ehlers-Danlos syndrome and disorders of the gastrointestinal tract: what the gastroenterologist needs to know. J Gastroenterol Hepatol. (2022) 37:1693–709. doi: 10.1111/jgh.15927 

 16. Islam, M, Chang, C, and Gershwin, ME. Ehlers-Danlos syndrome: immunologic contrasts and connective tissue comparisons. J Transl Autoimmun. (2020) 4:100077. doi: 10.1016/j.jtauto.2020.100077 

 17. Russek, LN, Stott, P, and Simmonds, J. Recognizing and effectively managing hypermobility-related conditions. Phys Ther. (2019) 99:1189–200. doi: 10.1093/ptj/pzz078 

 18. Yew, KS, Kamps-Schmitt, KA, and Borge, R. Hypermobile Ehlers-Danlos syndrome and hypermobility Spectrum disorders. Am Fam Physician. (2021) 103:481–92. Available at: https://www.aafp.org/pubs/afp/issues/2021/0415/p481.html

 19. Royal College of GPs, Ehlers-Danlos Support UK. The Ehlers-Danlos syndromes GP Toolkit: EDS GP toolkit for the Ehlers-Danlos syndromes. (2018) Available at: https://gptoolkit.ehlers-danlos.org/.

 20. Dabbas, N, Saker, R, and Blakeley, C. Multiple spontaneous dislocations in a patient with Ehlers–Danlos syndrome. Emerg Med J. (2008) 25:175–6. doi: 10.1136/emj.2006.045898

 21. Peoples, RR, Perkins, TG, Powell, JW, Hanson, EH, Snyder, TH, and Mueller, TL. Whole-spine dynamic magnetic resonance study of contortionists: anatomy and pathology. J Neurosurg Spine. (2008) 8:501–9. doi: 10.3171/SPI/2008/8/6/501 

 22. Patel, AA, Greenberg, JK, Steinmetz, MP, Vorster, S, Nevzati, E, and Spiessberger, A. C1-2 hypermobility and its impact on the spinal cord: a finite element analysis. J Neurosurg Spine. (2024) 41:1–8. doi: 10.3171/2024.2.SPINE231327

 23. Selecki, B. The effects of rotation of the atlas on the axis: experimental work. Med J Aust. (1969) 1:1012–5. doi: 10.5694/j.1326-5377.1969.tb49865.x 

 24. Menezes, AH, and Traynelis, VC. Anatomy and biomechanics of normal craniovertebral junction (a) and biomechanics of stabilization (b). Childs Nerv Syst. (2008) 24:1091–100. doi: 10.1007/s00381-008-0606-8

 25. Navinés-Ferrer, A, Serrano-Candelas, E, Lafuente, A, Muñoz-Cano, R, Martín, M, and Gastaminza, G. MRGPRX2-mediated mast cell response to drugs used in perioperative procedures and anaesthesia. Sci Rep. (2018) 8:11628. doi: 10.1038/s41598-018-29965-8 

 26. Ohshita, N, Kanazumi, M, Tsuji, K, Yoshida, H, Morita, S, Momota, Y , et al. Anesthetic Management of a Patient with Ehlers-Danlos Syndrome. Anesth Prog. (2015) 63:204–7. doi: 10.2344/16-00003.1 

 27. Ligocki, AP, Vinson, AV, Yachnis, AT, Dunn, WA Jr, Smith, DE, Scott, EA , et al. Cerebrospinal fluid flow extends to peripheral nerves further unifying the nervous system. Sci Adv. (2024) 10:eadn3259. doi: 10.1126/sciadv.adn3259 

 28. Breig, A. Adverse mechanical tension in the central nervous system: an analysis of cause and effect: Stockholm, Sweden: Relief by functional neurosurgery Almqvist & Wiksell International (1978).

 29. Louis, R. Dynamique vertébro-radiculaire et vertébro-médullaire. Anat Clin. (1981) 3:1–11. doi: 10.1007/BF01557969

 30. Breig, A. Biomechanics of the central nervous system: some basic Normal and pathologic phenomena. Stockholm, Sweden: Almqvist & Wiksell International (1960).

 31. Penning, L, and Wilmink, JT. Biomechanics of lumbosacral dural sac: a study of flexion-extension myelography. Spine. (1981) 6:398–408. doi: 10.1097/00007632-198107000-00011 

 32. Farfan, HF. Mechanical disorders of the low Back. Philadelphia, USA: Lea & Febiger (1973).

 33. Patin, DJ, Eckstein, EC, Harum, K, and Pallares, VS. Anatomic and biomechanical properties of human lumbar dura mater. Anesth Analg. (1993) 76:535–40. doi: 10.1213/00000539-199303000-00014 

 34. Szotek, S, Dawidowicz, J, Geniusz, M, Kozak, M, Łukomski, R, and Czogalla, A. The biomechanical characteristics of spinal dura mater in the context of its basic morphology. Acta Bioeng Biomech. (2021) 23:149–159. doi: 10.37190/ABB-01972-2021-02

 35. Butler, D. Mobilisation of the nervous system. Melbourne, Australia: Churchill Livingstone (1991). 11991 p.

 36. Lutke Schipholt, IJ, Coppieters, MW, Meijer, OG, Tompra, N, de Vries, RBM, and Scholten-Peeters, GGM. Effects of joint and nerve mobilisation on neuroimmune responses in animals and humans with neuromusculoskeletal conditions: a systematic review and meta-analysis. Pain Rep. (2021) 6:e927. doi: 10.1097/PR9.0000000000000927 

 37. Reid, JD. Effects of flexion-extension movements of the head and spine upon the spinal cord and nerve roots. J Neurol Neurosurg Psychiatry. (1960) 23:214–21. doi: 10.1136/jnnp.23.3.214 

 38. Sakka, L, Gabrillargues, J, and Coll, G. Anatomy of the spinal meninges. Oper Neurosurg. (2016) 12:168–88. doi: 10.1227/NEU.0000000000001048

 39. Kimmell, KT, Dayoub, H, Shakir, H, and Sincoff, EH. Spinal dural attachments to the vertebral column: an anatomic report and review of the literature. Surg Neurol Int. (2011) 2:97. doi: 10.4103/2152-7806.82990 

 40. Tani, S, Yamada, S, and Knighton, RS. Extensibility of the lumbar and sacral cord: pathophysiology of the tethered spinal cord in cats. J Neurosurg. (1987) 66:116–23. doi: 10.3171/jns.1987.66.1.0116

 41. Nicholas, DS, and Weller, RO. The fine anatomy of the human spinal meninges: a light and scanning electron microscopy study. J Neurosurg. (1988) 69:276–82. doi: 10.3171/jns.1988.69.2.0276

 42. Enix, DE, Scali, F, and Pontell, ME. The cervical myodural bridge, a review of literature and clinical implications. J Can Chiropr Assoc. (2014) 58:184–92. Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4025088/.

 43. Li, C, Yue, C, Liu, ZC, Gong, J, Wei, XS, and Yang, H. The relationship between myodural bridges, hyperplasia of the suboccipital musculature, and intracranial pressure. PLoS One. (2022) 17:e0273193. doi: 10.1371/journal.pone.0273193 

 44. Ma, Y, Tang, W, Gong, DZ, Li, XY, Zhang, JH, Sun, JH , et al. The morphology, biomechanics, and physiological function of the suboccipital myodural connections. Sci Rep. (2021) 11:8064. doi: 10.1038/s41598-021-86934-4 

 45. Pfender, N, Rosner, J, Zipser, CM, Friedl, S, Schubert, M, Sutter, R , et al. Increased cranio-caudal spinal cord oscillations are the cardinal pathophysiological change in degenerative cervical myelopathy. Front Neurol. (2023) 14:14. doi: 10.3389/fneur.2023.1217526

 46. Klinge, PM, McElroy, A, Leary, OP, Donahue, JE, Mumford, A, and Brinker, T. Not just an anchor: the human filum terminale contains stretch sensitive and nociceptive nerve endings and responds to electrical stimulation with paraspinal muscle activation. Neurosurgery. (2022) 91:618–24. doi: 10.1227/neu.0000000000002081 

 47. Parke, WW. Correlative anatomy of cervical spondylotic myelopathy. Spine. (1988) 13:831–7. doi: 10.1097/00007632-198807000-00023

 48. Borg, N, Cutsforth-Gregory, J, Oushy, S, Huynh, T, Savastano, L, and Cloft, H. Anatomy of spinal venous drainage for the neurointerventionalist: from puncture site to intervertebral foramen. Am J Neuroradiol. (2022) 43:517–25. doi: 10.3174/ajnr.A7409 

 49. Mokri, B. The Monro–Kellie hypothesis: applications in CSF volume depletion. Neurology. (2001) 56:1746–8. doi: 10.1212/WNL.56.12.1746

 50. Martins, AN, Wiley, JK, and Myers, PW. Dynamics of the cerebrospinal fluid and the spinal dura mater. J Neurol Neurosurg Psychiatry. (1972) 35:468–73. doi: 10.1136/jnnp.35.4.468 

 51. Pessa, JE. Identification of a novel path for cerebrospinal fluid (CSF) drainage of the human brain. PLoS One. (2023) 18:e0285269. doi: 10.1371/journal.pone.0285269 

 52. Theologou, M, Natsis, K, Kouskouras, K, Chatzinikolaou, F, Varoutis, P, and Skoulios, N. Cerebrospinal fluid homeostasis and hydrodynamics: a review of facts and theories. Eur Neurol. (2022) 85:313–25. doi: 10.1159/000523709 

 53. Mikulis, DJ, Wood, ML, Zerdoner, O, and Poncelet, BP. Oscillatory motion of the normal cervical spinal cord. Radiology. (1994) 192:117–21. doi: 10.1148/radiology.192.1.8208922 

 54. Terem, I, Dang, L, Champagne, A, Abderezaei, J, Pionteck, A, and Almadan, Z. 3D amplified MRI (aMRI). Magn Reson Med. (2021) 86:1674–86. doi: 10.1002/mrm.28797 

 55. Tain, RW, Bagci, AM, Lam, BL, Sklar, EM, Ertl-Wagner, B, and Alperin, N. Determination of cranio-spinal canal compliance distribution by MRI: methodology and early application in idiopathic intracranial hypertension. J Magn Reson Imaging. (2011) 34:1397–404. doi: 10.1002/jmri.22799 

 56. Kosugi, K, Yamada, Y, Yamada, M, Yokoyama, Y, Fujiwara, H, and Yoshida, K. Posture-induced changes in the vessels of the head and neck: evaluation using conventional supine CT and upright CT. Sci Rep. (2020) 10:16623. doi: 10.1038/s41598-020-73658-0 

 57. Holmlund, P, Eklund, A, Koskinen, LOD, Johansson, E, Sundström, N, Malm, J , et al. Venous collapse regulates intracranial pressure in upright body positions. Am J Physiol Regul Integr Comp Physiol. (2018) 314:R377–85. doi: 10.1152/ajpregu.00291.2017 

 58. Laganà, MM, Di Tella, S, Ferrari, F, Pelizzari, L, Cazzoli, M, Alperin, N , et al. Blood and cerebrospinal fluid flow oscillations measured with real-time phase-contrast MRI: breathing mode matters. Fluids Barriers CNS. (2022) 19:100. doi: 10.1186/s12987-022-00394-0 

 59. Ruíz, DSM, Gailloud, P, Rüfenacht, DA, Delavelle, J, Henry, F, and Fasel, JHD. The Craniocervical venous system in relation to cerebral venous drainage. Am J Neuroradiol. (2002) 23:1500–8. Available at: https://www.ajnr.org/content/23/9/1500

 60. Batson, OV. The function of the vertebral veins and their role in the spread of metastases. Ann Surg. (1940) 112:138–49. doi: 10.1097/00000658-194007000-00016 

 61. Klinge, PM, McElroy, A, Donahue, JE, Brinker, T, Gokaslan, ZL, and Beland, MD. Abnormal spinal cord motion at the craniocervical junction in hypermobile Ehlers-Danlos patients. J Neurosurg Spine. (2021) 35:18–24. doi: 10.3171/2020.10.SPINE201765 

 62. Klinge, PM, Srivastava, V, McElroy, A, Leary, OP, Ahmed, Z, Donahue, JE , et al. Diseased filum Terminale as a cause of tethered cord syndrome in Ehlers-Danlos syndrome: histopathology, biomechanics, clinical presentation, and outcome of filum excision. World Neurosurg. (2022) 162:e492–502. doi: 10.1016/j.wneu.2022.03.038 

 63. Wolf, K, Luetzen, N, Mast, H, Kremers, N, Reisert, M, and Beltrán, S. CSF flow and spinal cord motion in patients with spontaneous intracranial hypotension: a phase contrast MRI study. Neurology. (2023) 100:e651–60. doi: 10.1212/WNL.0000000000201527 

 64. Freund, P, Boller, V, Emmenegger, TM, Akbar, M, Hupp, M, Pfender, N , et al. Quantifying neurodegeneration of the cervical cord and brain in degenerative cervical myelopathy: a multicentre study using quantitative magnetic resonance imaging. Eur J Neurol. (2024) 31:e16297. doi: 10.1111/ene.16297 

 65. Schubart, JR, Schaefer, E, Janicki, P, Adhikary, SD, Schilling, A, Hakim, AJ , et al. Resistance to local anesthesia in people with the Ehlers-Danlos syndromes presenting for dental surgery. J Dent Anesth Pain Med. (2019) 19:261–70. doi: 10.17245/jdapm.2019.19.5.261 

 66. Slater, AM, Barclay, SJ, Granfar, RMS, and Pratt, RL. Fascia as a regulatory system in health and disease. Front Neurol. (2024) 15:15. doi: 10.3389/fneur.2024.1458385 

 67. Mazaheri, M, Abichandani, D, Kingma, I, Treleaven, J, and Falla, D. A meta-analysis and systematic review of changes in joint position sense and static standing balance in patients with whiplash-associated disorder. PLoS One. (2021) 16:e0249659. doi: 10.1371/journal.pone.0249659 

 68. Treleaven, J, Takasaki, H, and Grip, H. Altered trunk head co-ordination in those with persistent neck pain. Musculoskelet Sci Pract. (2019) 39:45–50. doi: 10.1016/j.msksp.2018.11.010 

 69. Hu, JW, Vernon, H, and Tatourian, I. Changes in neck electromyography associated with meningeal noxious stimulation. J Manip Physiol Ther. (1995) 18:577–81.

 70. Labuda, R, Nwotchouang, BST, Ibrahimy, A, Allen, PA, Oshinski, JN, and Klinge, P. A new hypothesis for the pathophysiology of symptomatic adult Chiari malformation type I. Med Hypotheses. (2022) 158:110740. doi: 10.1016/j.mehy.2021.110740 

 71. Ciaramitaro, P, Massimi, L, Bertuccio, A, Solari, A, Farinotti, M, Peretta, P , et al. Diagnosis and treatment of Chiari malformation and syringomyelia in adults: international consensus document. Neurol Sci. (2022) 43:1327–42. doi: 10.1007/s10072-021-05347-3

 72. Mittal, A, Sagi, V, Gupta, M, and Gupta, K. Mast cell neural interactions in health and disease. Front Cell Neurosci. (2019) 13:110. doi: 10.3389/fncel.2019.00110

 73. Beck, J, Fung, C, Ulrich, CT, Fiechter, M, Fichtner, J, and Mattle, HP. Cerebrospinal fluid outflow resistance as a diagnostic marker of spontaneous cerebrospinal fluid leakage. J Neurosurg Spine. (2017) 27:227–34. doi: 10.3171/2017.1.SPINE16548 

 74. Caton, M, Laguna, B, Soderlund, K, Dillon, W, and Shah, V. Spinal compliance curves: preliminary experience with a new tool for evaluating suspected CSF venous fistulas on CT myelography in patients with spontaneous intracranial hypotension. Am J Neuroradiol. (2021) 42:986–92. doi: 10.3174/ajnr.A7018 

 75. Callen, AL, Pattee, J, Thaker, AA, Timpone, VM, Zander, DA, and Turner, R. Relationship of Bern score, spinal elastance, and opening pressure in patients with spontaneous intracranial hypotension. Neurology. (2023) 100:e2237–46. doi: 10.1212/WNL.0000000000207267 

 76. Callen, AL, Lennarson, P, and Carroll, IR. A causative role for remote dural puncture and resultant arachnoid bleb in new daily persistent headache: a case report. Headache. (2023) 63:981–3. doi: 10.1111/head.14584

 77. Farb, RI, Forghani, R, Lee, S, Mikulis, D, and Agid, R. The venous distension sign: a diagnostic sign of intracranial hypotension at MR imaging of the brain. Am J Neuroradiol. (2007) 28:1489–93. doi: 10.3174/ajnr.A0621 

 78. Medina, JH, Abrams, K, Falcone, S, and Bhatia, RG. Spinal imaging findings in spontaneous intracranial hypotension. Am J Roentgenol. (2010) 195:459–64. doi: 10.2214/AJR.09.3289

 79. Levy, A, Nnam, M, Gudesblatt, M, and Riley, B. An investigation of headaches in hypermobile ehlers-danlos syndrome. Ann Psychiatr Clin Neurosci. (2020) 3:1034.

 80. Mark, IT, Karki, P, Cutsforth-Gregory, J, Brinjikji, W, Madhavan, AA, and Messina, SA. Evaluation of MR elastography as a noninvasive diagnostic test for spontaneous intracranial hypotension. Am J Neuroradiol. (2024) 45:662–7. doi: 10.3174/ajnr.A8162 

 81. Häni, L, Fung, C, Jesse, CM, Ulrich, CT, Piechowiak, EI, Gralla, J , et al. Outcome after surgical treatment of cerebrospinal fluid leaks in spontaneous intracranial hypotension—a matter of time. J Neurol. (2022) 269:1439–46. doi: 10.1007/s00415-021-10710-7 

 82. Schievink, WI, Maya, MM, Jean-Pierre, S, Nuño, M, Prasad, RS, and Moser, FG. A classification system of spontaneous spinal CSF leaks. Neurology. (2016) 87:673–9. doi: 10.1212/WNL.0000000000002986 

 83. Häni, L, Fung, C, El Rahal, A, Volz, F, Kraus, LM, Schnell, O , et al. Distinct pattern of membrane formation with spinal cerebrospinal fluid leaks in spontaneous intracranial hypotension. Oper Neurosurg. (2024) 26:71. doi: 10.1227/ons.0000000000000914

 84. Collier, C. Blood patches may cause scarring in the epidural space: two case reports. Int J Obstet Anesth. (2011) 20:347–51. doi: 10.1016/j.ijoa.2011.07.011 

 85. Cai, Y, Zhang, Y, Leng, S, Ma, Y, Jiang, Q, Wen, Q , et al. The relationship between inflammation, impaired glymphatic system, and neurodegenerative disorders: a vicious cycle. Neurobiol Dis. (2024) 192:106426. doi: 10.1016/j.nbd.2024.106426 

 86. Abdulrazeq, H, Leary, OP, Tang, OY, Karimi, H, McElroy, A, and Gokaslan, Z. The surgical histopathology of the filum terminale: findings from a large series of patients with tethered cord syndrome. J Clin Med. (2023) 13:6. doi: 10.3390/jcm13010006 

 87. AlTahan, HA, Amer, RR, Madani, AA, and Bakhsh, EA. An unusual cause of cauda equina syndrome: lumbar epidural venous engorgement. Am J Case Rep. (2018) 19:694–8. doi: 10.12659/AJCR.908793

 88. Mohit, AA, Fisher, DJ, Matthews, DC, Hoffer, E, and Avellino, AM. Inferior vena cava thrombosis causing acute cauda equina syndrome: case report. J Neurosurg Pediatr. (2006) 104:46–9. doi: 10.3171/ped.2006.104.1.46 

 89. Campione, A, Agresta, G, Locatelli, D, and Pozzi, F. Cauda equina syndrome secondary to portal vein thrombosis: case report of favorable outcome with conservative treatment. J Neurosurg Spine. (2021) 1(aop):1-6:1–6. doi: 10.3171/2020.6.SPINE20625 

 90. Silverberg, J, Jackson, JM, Kirsner, RS, Adiri, R, Friedman, G, and Gao, XH. Narrative review of the pathogenesis of stasis dermatitis: an inflammatory skin manifestation of venous hypertension. Dermatol Ther. (2023) 13:935–50. doi: 10.1007/s13555-023-00908-0 

 91. Sandmann, W, Scholbach, T, and Verginis, K eds. Surgical treatment of abdominal compression syndromes: the significance of hypermobility-related disorders. Am J Med Genet C Semin Med Genet. (2021) 187:570–8. doi: 10.1002/ajmg.c.31949

 92. Yoon, D, Cipriano, PW, Penticuff, R, Castillo, JB, Xu, Y, and Carroll, IR. Abnormal [18F]FDG PET/MRI findings in paraspinal structures of patients with suspected cerebrospinal fluid leak. Sci Rep. (2021) 11:15926. doi: 10.1038/s41598-021-95056-w 

 93. Schneider, UC, Schiffler, J, Hakiy, N, Horn, P, and Vajkoczy, P. Functional analysis of pro-inflammatory properties within the cerebrospinal fluid after subarachnoid hemorrhage in vivo and in vitro. J Neuroinflammation. (2012) 9:28. doi: 10.1186/1742-2094-9-28 

 94. Granata, G, Padua, L, Celletti, C, Castori, M, Saraceni, VM, and Camerota, F. Entrapment neuropathies and polyneuropathies in joint hypermobility syndrome/Ehlers-Danlos syndrome. Clin Neurophysiol. (2013) 124:1689–94. doi: 10.1016/j.clinph.2012.12.051 

 95. Midtlien, JP, Curry, BP, Chang, E, Kiritsis, NR, Aldridge, JB, and Fargen, KM. Characterizing a new clinical phenotype: the co-existence of cerebral venous outflow and connective tissue disorders. Front Neurol. (2024) 14:14. doi: 10.3389/fneur.2023.1305972 

 96. Roth, C, Stitz, H, Roth, C, Ferbert, A, Deinsberger, W, Pahl, R , et al. Craniocervical manual lymphatic drainage and its impact on intracranial pressure – a pilot study. Eur J Neurol. (2016) 23:1441–6. doi: 10.1111/ene.13055 

 97. Callen, AL, Friedman, DI, Parikh, S, Rau, JC, Schievink, WI, Cutsforth-Gregory, JK , et al. Diagnosis and treatment of spontaneous intracranial hypotension: role of epidural blood patching. Neurol Clin Pract. (2024) 14:e200290. doi: 10.1212/CPJ.0000000000200290 

 98. Cheema, S, Anderson, J, Angus-Leppan, H, Armstrong, P, Butteriss, D, Carlton Jones, L , et al. Multidisciplinary consensus guideline for the diagnosis and management of spontaneous intracranial hypotension. J Neurol Neurosurg Psychiatry. (2023) 94:835–43. doi: 10.1136/jnnp-2023-331166 

 99. Lutke Schipholt, IJ, Scholten-Peeters, G, Bontkes, H, and Coppieters, MW. Neuroimmune responses following joint mobilisation and manipulation in people with persistent neck pain: a protocol for a randomised placebo-controlled trial. BMJ Open. (2022) 12:e055748. doi: 10.1136/bmjopen-2021-055748 

 100. Saif, DS, Hegazy, NN, and Zahran, ES. Evaluating the efficacy of intra-articular injections of platelet rich plasma (PRP) in rheumatoid arthritis patients and its impact on inflammatory cytokines, disease activity and quality of life. Curr Rheumatol Rev. (2021) 17:232–41. doi: 10.2174/1573397116666201113090629 

 101. Taylor, DW, Petrera, M, Hendry, M, and Theodoropoulos, JS. A systematic review of the use of platelet-rich plasma in sports medicine as a new treatment for tendon and ligament injuries. Clin J Sport Med. (2011) 21:344–52. doi: 10.1097/JSM.0b013e31821d0f65 

 102. McRobb, J, Kamil, KH, Ahmed, I, Dhaif, F, and Metcalfe, A. Influence of platelet-rich plasma (PRP) analogues on healing and clinical outcomes following anterior cruciate ligament (ACL) reconstructive surgery: a systematic review. Eur J Orthop Surg Traumatol. (2023) 33:225–53. doi: 10.1007/s00590-021-03198-4 

 103. Cass, SP. Ultrasound-guided nerve Hydrodissection: what is it? A review of the literature. Curr Sports Med Rep. (2016) 15:20–2. doi: 10.1249/JSR.0000000000000226

 104. Malfait, F, Francomano, C, Byers, P, Belmont, J, Berglund, B, Black, J , et al. The 2017 international classification of the Ehlers–Danlos syndromes. Am J Med Genet C Semin Med Genet. (2017) 175:8–26. doi: 10.1002/ajmg.c.31552

 105. Blackburn, PR, Xu, Z, Tumelty, KE, Zhao, RW, Monis, WJ, and Harris, KG. Bi-allelic alterations in AEBP1 lead to defective collagen assembly and connective tissue structure resulting in a variant of Ehlers-Danlos syndrome. Am J Hum Genet. (2018) 102:696–705. doi: 10.1016/j.ajhg.2018.02.018 

 106. Rodgers, KR, Gui, J, Dinulos, MBP, and Chou, RC. Ehlers-Danlos syndrome hypermobility type is associated with rheumatic diseases. Sci Rep. (2017) 7:39636. doi: 10.1038/srep39636 

 107. Brock, I, Chopra, P, Maitland, A, and Francomano, C. Frequency and co-occurrence of comorbidities in the Ehlers-Danlos syndromes. Mol Genet Metab. (2021) 132:S194. doi: 10.1016/S1096-7192(21)00387-5

 108. Bulbena, A, Baeza-Velasco, C, Bulbena-Cabré, A, Pailhez, G, Critchley, H, Chopra, P , et al. Psychiatric and psychological aspects in the Ehlers-Danlos syndromes. Am J Med Genet C Semin Med Genet. (2017) 175:237–45. doi: 10.1002/ajmg.c.31544 

 109. Afrin, LB, Butterfield, JH, Raithel, M, and Molderings, GJ. Often seen, rarely recognized: Mast cell activation disease – a guide to diagnosis and therapeutic options. Ann Med. (2016) 48:190–201. doi: 10.3109/07853890.2016.1161231 

 110. Seneviratne, SL, Maitland, A, and Afrin, L. Mast cell disorders in Ehlers-Danlos syndrome. Am J Med Genet C Semin Med Genet. (2017) 175:226–36. doi: 10.1002/ajmg.c.31555

 111. Blitshteyn, S. Dysautonomia, hypermobility Spectrum disorders and Mast cell activation syndrome as migraine comorbidities. Curr Neurol Neurosci Rep. (2023) 23:769–76. doi: 10.1007/s11910-023-01307-w 

 112. Mihele, DM, Nistor, PA, Bruma, G, Mitran, C, Mitran, M, Condrat, C , et al. Mast cell activation syndrome update—a dermatological perspective. J Pers Med. (2023) 13:1116. doi: 10.3390/jpm13071116 

 113. Halverson, CME, Cao, S, Perkins, SM, and Francomano, CA. Comorbidity, misdiagnoses, and the diagnostic odyssey in patients with hypermobile Ehlers-Danlos syndrome. Genet Med Open. (2023) 1:100812. doi: 10.1016/j.gimo.2023.100812

 114. Grigoriou, E, Boris, JR, and Dormans, JP. Postural orthostatic tachycardia syndrome (POTS): association with Ehlers-Danlos syndrome and Orthopaedic considerations. Clin Orthop Relat Res. (2015) 473:722–8. doi: 10.1007/s11999-014-3898-x

 115. Kucharik, AH, and Chang, C. The relationship between hypermobile Ehlers-Danlos syndrome (hEDS), postural orthostatic tachycardia syndrome (POTS), and Mast cell activation syndrome (MCAS). Clin Rev Allergy Immunol. (2020) 58:273–97. doi: 10.1007/s12016-019-08755-8 

 116. Wang, E, Ganti, T, Vaou, E, and Hohler, A. The relationship between mast cell activation syndrome, postural tachycardia syndrome, and Ehlers-Danlos syndrome. Allergy Asthma Proc. (2021) 42:243–6. doi: 10.2500/aap.2021.42.210022 

 117. Csecs, JLL, Iodice, V, Rae, CL, Brooke, A, Simmons, R, Quadt, L , et al. Joint hypermobility links Neurodivergence to Dysautonomia and pain. Front Psych. (2022) 12:786916. doi: 10.3389/fpsyt.2021.786916 

 118. De Wandele, I, Rombaut, L, Leybaert, L, Van de Borne, P, De Backer, T, Malfait, F , et al. Dysautonomia and its underlying mechanisms in the hypermobility type of Ehlers–Danlos syndrome. Semin Arthritis Rheum. (2014) 44:93–100. doi: 10.1016/j.semarthrit.2013.12.006

 119. Graf, N, Fernandes Santos, AM, Ulrich, CT, Fung, C, Raabe, A, and Beck, J. Clinical symptoms and results of autonomic function testing overlap in spontaneous intracranial hypotension and postural tachycardia syndrome. Cephalalgia Rep. (2018) 1:2515816318773774. doi: 10.1177/2515816318773774

 120. Ray, JC, Pham, X, Foster, E, Cheema, S, Corcoran, SJ, and Matharu, MS. The prevalence of headache disorders in postural tachycardia syndrome: a systematic review and meta-analysis of the literature. Cephalalgia. (2022) 42:1274–87. doi: 10.1177/03331024221095153 

 121. Mathias, CJ, Owens, A, Iodice, V, and Hakim, A. Dysautonomia in the Ehlers–Danlos syndromes and hypermobility spectrum disorders—with a focus on the postural tachycardia syndrome. Am J Med Genet C: Semin Med Genet. (2021) 187:510–9. doi: 10.1002/ajmg.c.31951

 122. Cazzato, D, Castori, M, Lombardi, R, Caravello, F, Bella, ED, and Petrucci, A. Small fiber neuropathy is a common feature of Ehlers-Danlos syndromes. Neurology. (2016) 87:155–9. doi: 10.1212/WNL.0000000000002847 

 123. Scheper, M, Rombaut, L, Vries, J, Wandele, I, Esch, M, and Visser, B. The association between muscle strength and activity limitations in patients with the hypermobility type of Ehlers–Danlos syndrome: the impact of proprioception. Disabil Rehabil. (2017) 39:1391–7. doi: 10.1080/09638288.2016.1196396

 124. Lana, V, Frère, J, Vlamynck, E, Lefèvre, N, Sultan, A, and Chastan, N. P30: attentional allocation in dual-task walking: effects of hypermobile Ehlers-Danlos syndrome and cognitive demand. XXVIIe Congrès de la SOFPEL – Du contrôle postural à la marche: approches physiologiques et physiopathologiques; (2021) Life Sciences [q-bio]Poster communications.

 125. Ishikawa, S, Yokoyama, M, Mizobuchi, S, Hashimoto, H, Moriyama, E, and Morita, K. Epidural blood patch therapy for chronic whiplash-associated disorder. Anesth Analg. (2007) 105:809–14. doi: 10.1213/01.ane.0000271922.04981.33 

 126. Mokri, B. Spontaneous low pressure, low CSF volume headaches: spontaneous CSF leaks. Headache. (2013) 53:1034–53. doi: 10.1111/head.12149

 127. Reinstein, E, Pariani, M, Bannykh, S, Rimoin, DL, and Schievink, WI. Connective tissue spectrum abnormalities associated with spontaneous cerebrospinal fluid leaks: a prospective study. Eur J Hum Genet. (2013) 21:386–90. doi: 10.1038/ejhg.2012.191 

 128. Schievink, WI, Gordon, OK, and Tourje, J. Connective tissue disorders with spontaneous spinal cerebrospinal fluid leaks and intracranial hypotension: a prospective study. Neurosurgery. (2004) 54:65–71. doi: 10.1227/01.NEU.0000097200.18478.7B 

 129. Lee, GH, Kim, J, Kim, HW, and Cho, JW. Comparisons of clinical characteristics, brain MRI findings, and responses to epidural blood patch between spontaneous intracranial hypotension and post-dural puncture headache: retrospective study. BMC Neurol. (2021) 21:253–8. doi: 10.1186/s12883-021-02279-5 

 130. Lützen, N, Wolf, K, El Rahal, A, Volz, F, Demerath, T, Zander, C , et al. Primary CSF-lymphatic fistula: a previously unknown cause of spontaneous intracranial hypotension. J Neurol. (2024) 271:7016–20. doi: 10.1007/s00415-024-12598-5 

 131. Mea, E, Chiapparini, L, Savoiardo, M, Franzini, A, Grimaldi, D, Bussone, G , et al. Application of IHS criteria to headache attributed to spontaneous intracranial hypotension in a large population. Cephalalgia. (2009) 29:418–22. doi: 10.1111/j.1468-2982.2008.01747.x 

 132. Volz, F, Wolf, K, Fung, C, Carroll, I, Lahmann, C, and Lützen, N. Impact of spinal CSF leaks on quality of life and mental health and long-term reversal by surgical closure. Neurol Clin Pract. (2024) 14:e200272. doi: 10.1212/CPJ.0000000000200272 

 133. Inoue, T, Cohen-Gadol, AA, and Krauss, WE. Low-pressure headaches and spinal cord herniation: case report. J Neurosurg Spine. (2003) 98:93–5. doi: 10.3171/spi.2003.98.1.0093 

 134. Urbach, H, El Rahal, A, Wolf, K, Zander, C, Demerath, T, Volz, F , et al. Spinal dementia: Don’t miss it, it’s treatable. Neuroradiology. (2024) 66:1671–9. doi: 10.1007/s00234-024-03425-9 

 135. Schievink, WI. Spontaneous spinal cerebrospinal fluid leaks and intracranial hypotension. JAMA. (2006) 295:2286–96. doi: 10.1001/jama.295.19.2286

 136. Hasiloglu, ZI, Albayram, S, Gorucu, Y, Selcuk, H, Cagil, E, and Erdemli, HE. Assessment of CSF flow dynamics using PC-MRI in spontaneous intracranial hypotension. Headache. (2012) 52:808–19. doi: 10.1111/j.1526-4610.2012.02150.x

 137. Pleasure, SJ, Abosch, A, Friedman, J, Ko, NU, Barbaro, N, Dillon, W , et al. Spontaneous intracranial hypotension resulting in stupor caused by diencephalic compression. Neurology. (1998) 50:1854–7. doi: 10.1212/WNL.50.6.1854 

 138. Houk, JL, Amrhein, TJ, Gray, L, Malinzak, MD, and Kranz, PG. Differentiation of Chiari malformation type 1 and spontaneous intracranial hypotension using objective measurements of midbrain sagging. J Neurosurg. (2021) 136:1796–803. doi: 10.3171/2021.6.JNS211010

 139. Headache Classification Committee of the International Headache Society (IHS). The international classification of headache disorders, 3rd edition. Cephalalgia. (2018) 38:1–211. doi: 10.1177/0333102417738202

 140. Kranz, PG, Tanpitukpongse, TP, Choudhury, KR, Amrhein, TJ, and Gray, L. How common is normal cerebrospinal fluid pressure in spontaneous intracranial hypotension? Cephalalgia. (2016) 36:1209–17. doi: 10.1177/0333102415623071 

 141. Carroll, I, Han, L, Zhang, N, Cowan, RP, Lanzman, B, and Hashmi, S. Long-term epidural patching outcomes and predictors of benefit in patients with suspected CSF leak nonconforming to ICHD-3 criteria. Neurology. (2024) 102:e209449. doi: 10.1212/WNL.0000000000209449 

 142. Brinjikji, W, Savastano, L, Atkinson, J, Garza, I, Farb, R, and Cutsforth-Gregory, J. A novel endovascular therapy for CSF hypotension secondary to CSF-venous fistulas. Am J Neuroradiol. (2021) 42:882–7. doi: 10.3174/ajnr.A7014 

 143. Tai, YC, Tai, YS, Ou, CH, Lui, CC, Wang, HK, and Kuo, HC. Treatment, outcome, and relapse of spontaneous and nonspontaneous cerebrospinal fluid leak. Brain Sci. (2022) 12:340. doi: 10.3390/brainsci12030340 

 144. Parikh, SK. Rebound intracranial hypertension. Curr Pain Headache Rep. (2024) 28:395–401. doi: 10.1007/s11916-024-01231-9 

 145. Fargen, KM. Idiopathic intracranial hypertension is not idiopathic: proposal for a new nomenclature and patient classification. J Neurointerv Surg. (2020) 12:110–4. doi: 10.1136/neurintsurg-2019-015498

 146. Fargen, KM, Coffman, S, Torosian, T, Brinjikji, W, Nye, BL, and Hui, F. Idiopathic” intracranial hypertension: an update from neurointerventional research for clinicians. Cephalalgia. (2023) 43:3331024231161323. doi: 10.1177/03331024231161323 

 147. Farb, R, Vanek, I, Scott, J, Mikulis, D, Willinsky, R, and Tomlinson, G. Idiopathic intracranial hypertension: the prevalence and morphology of sinovenous stenosis. Neurology. (2003) 60:1418–24. doi: 10.1212/01.WNL.0000066683.34093.E2

 148. Pérez, MA, Bialer, OY, Bruce, BB, Newman, NJ, and Biousse, V. Primary spontaneous cerebrospinal fluid leaks and idiopathic intracranial hypertension. J Neuroophthalmol. (2013) 33:330–7. doi: 10.1097/WNO.0b013e318299c292 

 149. Russek, LN, Block, NP, Byrne, E, Chalela, S, Chan, C, and Comerford, M. Presentation and physical therapy management of upper cervical instability in patients with symptomatic generalized joint hypermobility: international expert consensus recommendations. Front Med. (2023) 9:4020.

 150. Lohkamp, LN, Marathe, N, and Fehlings, MG. Craniocervical instability in Ehlers-Danlos syndrome—a systematic review of diagnostic and surgical treatment criteria. Global Spine J. (2022) 12:1862–71. doi: 10.1177/21925682211068520 

 151. Nicholson, LL, Rao, PJ, Lee, M, Wong, TM, Cheng, RHY, and Chan, C. Reference values of four measures of craniocervical stability using upright dynamic magnetic resonance imaging. Radiol Med. (2023) 128:330–9. doi: 10.1007/s11547-023-01588-8 

 152. Voermans, NC, Bönnemann, CG, Huijing, PA, Hamel, BC, van Kuppevelt, TH, de Haan, A , et al. Clinical and molecular overlap between myopathies and inherited connective tissue diseases. Neuromuscul Disord. (2008) 18:843–56. doi: 10.1016/j.nmd.2008.05.017 

 153. Bolognese, PA, Caton, MT, Ruhoy, IS, Bloom, S, Amaru, J, Biggins, J , et al. A case report on symptomatic internal jugular venous compression: clinical and radiographic improvement with bilateral C1 tubercle resection. Med Res Arch. (2024) 12:1–10. doi: 10.18103/mra.v12i5.5415

 154. Jiang, D, Weiss, R, Lind, B, Morcos, O, and Lee, CJ. Predisposing anatomy for thoracic outlet syndrome and functional outcomes after supraclavicular thoracic outlet decompression in athletes. Vasc Specialist Int. (2024) 40:19. doi: 10.5758/vsi.240011

 155. Maślanka, K, Zielinska, N, Karauda, P, Balcerzak, A, Georgiev, G, Borowski, A , et al. Congenital, acquired, and trauma-related risk factors for thoracic outlet syndrome—review of the literature. J Clin Med. (2023) 12:6811. doi: 10.3390/jcm12216811 

 156. Zingman, A, Tuchman, K, Henderson, F Sr, and Francomano, CA. Patient-reported outcomes following sectioning of the filum Terminale for treatment of tethered cord syndrome associated with Ehlers-Danlos syndrome. Cureus. (2022) 14:e24679. doi: 10.7759/cureus.24679 

 157. Bolognese, PA, Brodbelt, A, Bloom, AB, and Kula, RW. Chiari I malformation: opinions on diagnostic trends and controversies from a panel of 63 international experts. World Neurosurg. (2019) 130:e9–e16. doi: 10.1016/j.wneu.2019.05.098 

 158. Milhorat, TH, Bolognese, PA, Nishikawa, M, McDonnell, NB, and Francomano, CA. Syndrome of occipitoatlantoaxial hypermobility, cranial settling, and chiari malformation type I in patients with hereditary disorders of connective tissue. J Neurosurg Spine. (2007) 7:601–9. doi: 10.3171/SPI-07/12/601 

 159. Severance, S, Daylor, V, Petrucci, T, Gensemer, C, Patel, S, and Norris, RA. Hypermobile Ehlers-Danlos syndrome and spontaneous CSF leaks: the connective tissue conundrum. Front Neurol. (2024) 15:1452409. doi: 10.3389/fneur.2024.1452409 

 160. Scali, F, Ohno, A, Enix, D, and Hassan, S. The posterior Atlantooccipital membrane: the anchor for the Myodural bridge and Meningovertebral structures. Cureus. (2022) 14:e25484. doi: 10.7759/cureus.25484 


Copyright
 © 2024 Frost and Barclay. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-15-1479545-g003.jpg
Neuraxial Interactions

CsF & Vascular

Interdependent dynamics as per
Monroe-Keli hypothesis

Myodural brdge & Spine

MODB » diect motor control of
spine and proprioceptive
function

"Myodural bridge & Vascular

Vascular » MDB nutition
and sensory inputs

Compression of posterior
venous system by
hyperplastic MDB.

°
Neuraxis & Vascular

Epidural vascular engorgement=
neuraxis compression and
influence dural slding
mechanics by changing
displacement layer compliance
Venous stasiseffects on tissue
health

CSF & Myodural bridge

MDB - CSF pressure &
flow regulation

MODB contraction)
hyperplasiaraises ICP.

°
Myodural bridge & Neuraxis

MOB » contrl of duralfoding,
directforce transfer and
proprioceptive function

@
Neuraxis & PNS

Direct force transfer between
neurasis and PNS

0
Neuraxis & Spine

Spine » cord & dura motion

modified by aignment to graviy,

nerve raots, connective tissue
attachments

®
Filum Terminale & Spine

Direct orce transfer and
proprioceptive interactions

The Neuraxis

Neuraxis (noun: the central axis of the nervous.
system,inclucing the brain, spinal cord, dura,
neural and connective issue structures

Myoduralbridge
pathology

Structural changes in
hypermobility and CM.

Neuraxis pathology

Altered spinal cord motion in

hypermobily, EDS, and S

Altered dural comlancen
SiHand i

Spinal pathology
Generalincrease in mobility and

‘sogmental nstabitiesin
hypermobility and UC

Filum Terminale pathology

Reduced elasticity and
inflammatory changes in TCS

Neuraxial Pathologies

CsF pathology

Altered volume/pressure i SIK,
114, Chiari Malformation ()
Impaired flowat craniocervical
JunctioninCM
Altered pulsation n SH and CM

PNS pathology

Predisposition to
compression/entrapments/
subluxations in hypermobilty

Vascular pathology

Predisposition to venous.
compression and entrapments
in hypermobily.

Riskof Vertebralartery
compression due o increased
rotation range n EDS
Epidural venous engorgement
insH





OPS/images/fneur-15-1479545-t001.jpg
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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