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Abstract

Understanding the relevant biophysical properties of the spinal dura mater is essential to the 

design of medical devices that will directly interact with this membrane or influence the contents 

of the intradural space. We searched the literature and reviewed the pertinent characteristics for the 

design, construction, testing, and imaging of novel devices intended to perforate, integrate, adhere 

or reside within or outside of the spinal dura mater. The spinal dura mater is a thin tubular 

membrane composed of collagen and elastin fibres that varies in circumference along its length. Its 

mechanical properties have been well-described, with the longitudinal tensile strength exceeding 

the transverse strength. Data on the bioelectric, biomagnetic, optical and thermal characteristics of 

the spinal dura are limited and sometimes taken to be similar to those of water. While various 

modalities are available to visualise the spinal dura, magnetic resonance remains the best modality 

to segment its structure. The reaction of the spinal dura to imposition of a foreign body or other 

manipulations of it may compromise its biomechanical and immune-protective benefits. 

Therefore, dural sealants and replacements are of particular clinical, research and commercial 

interest. In conclusion, existing devices that are in clinical use for spinal cord stimulation, 

intrathecal access or intradural implantation largely adhere to traditional designs and their 

attendant limitations. However, if future devices are built with an understanding of the dura’s 

properties incorporated more fully into the designs, there is potential for improved performance.
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1. Introduction

Stephen of Antioch is generally credited with translating the Arabic alumm al-galidah/
jafiyah or hard mother into the Latin dura mater as it is now known [1,2]. The spinal dura 

mater, mesodermal in origin and arising from the meninx primitive, is a tightly woven, 

tubular membrane that encases the spinal cord along its length and partitions the central and 

peripheral nervous system [1]. The steady flow and turnover of cerebrospinal fluid (CSF) 

within it distends the dura mater until it is compressed against the segmented vertebral 

scaffold. The spinal cord is suspended within this fluid column that, in turn, shields it from 

concussive forces and supplies a permissive microenvironment of essential electrolytes and 

proteins. Even minor perturbations of this space often will have clinical consequences that 

alert the individual to seek care. For example, the near immediate postural headaches that 

are frequently reported following a diagnostic lumbar puncture. This early warning system 

may have evolved to support optimal function of nervous tissue at all times and prevent 

exposure to pathogens.

As an immunologically privileged site however, the risk is elevated when this membrane is 

perforated with a needle or splayed open for diagnosis or therapy. Consequently, the delivery 

of pharmaceutical compounds or the implantation of medical devices through the dura mater 

involves additional concerns that must be taken into account during the development of such 

products. This has in no small part limited the number of devices currently Food and Drug 

Administration (FDA) approved for permanent implant into the intrathecal space to just 

infusion or drainage catheters. Principal among these concerns are the risk of an unremitting 

leak of CSF. Therefore, it is important to understand the structural and biomechanical 

properties of this membrane, the repair mechanisms for it, and the response of the dural 

tissue to damage. In addition, improved knowledge of the electromagnetic characteristics of 

the membrane will help drive advances in spinal cord stimulation (SCS) and imaging of the 

dural sac and its contents. In this review, we discuss the known and, in some cases, unknown 

biophysical properties of the dura mater that are critical to the design of future medical 

devices to be employed in this realm of neurosurgery (Table 1). We anticipate that doing so 

will help prompt subsequent studies and reports that will fill in the gaps in knowledge that 

exist presently, and hence be useful to those seeking to develop and test novel intradural and 

intrathecal devices.

2. Biological and structural properties

2.1. Gross anatomical properties

Although dura mater is a continuous membrane that encloses the brain and the spinal cord, 

the spinal dura mater differs from the cranial dura mater. The external endosteal layer of 

cranial dura mater ends at the foramen magnum continues as the periosteum of the spinal 
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canal. Thus, the spinal dura mater is composed of the inner or meningeal layer of cranial 

dura mater. Caudally, the spinal dura ends at the level of S2 where it becomes a thin cord-

like extension (coccygeal ligament or filum terminale) that anchors the dural sac to the 

sacral periosteum. The dura mater is attached to the circumference of the foramen magnum 

and the second and third vertebrae. It is also attached anteriorly to the posterior longitudinal 

ligament by the fibrous Bands of Hofmann. The posterior surface is relatively more mobile 

and the connective tissue (the meningovertebral ligaments) is less fibrous [3]. Thus, the 

anterior attachment supports and secures the dura anteriorly in the spinal canal while the 

posterior surface is allowed greater mobility.

The dural membrane serves not only as a sheath for the spinal cord but also localises and 

suspends it though the denticulate ligaments that are located between the successive nerve 

roots. There are also other ligaments and trabeculations in the subdural space that provide 

additional stability to the spinal cord inside the dural sac. The most notable of these is the 

fibrous septum posticum [4] which is more fully developed in the upper thoracic spine. The 

dimensions and morphology of the intrathecal space are different from those of the spinal 

cord, and vary along the length of the spine (see Figure 1 and “Section 2.4”).

The arterial irrigation of the spinal dura mater comes from the ventral (intraspinal) division 

of each dorsal spinal artery, with bilateral segmental distribution. In the upper segment, there 

is anastomosis between the dorsal meningeal arteries and the dural branches of the vertebral, 

occipital and ascending pharyngeal arteries. The venous drainage is by the extradural venous 

plexus, with functional valves in the veins at the radicular levels to prevent retrograde flow 

into the intrathecal extrinsic venous system of the spinal cord [5]. Groen et al. [6] studied the 

dural innervation and concluded that the dorsal dura has much smaller innervation compared 

to ventral dura, since the nerves do not reach the medial region in the dorsal side. They 

further noted that the dorsal nerves are derived from ventral dural plexus, which receives 

contributions from sinuvertebral nerves, and from the nerve plexus of the posterior 

longitudinal ligament and the radicular branches of radicular arteries.

2.2. Compositional tissues and microscopic properties

Dura mater is composed largely of fibroblasts, collagen and elastic fibres embedded in an 

amorphous extracellular ground substance. The collagen provides tensile strength while the 

elastic fibres provides flexibility and elasticity. The dura has been described as a viscoelastic 

biological material under normal physiological strains. Although there is some controversy, 

the collagen fibres are mostly longitudinally oriented. Therefore, the greater tensile strength 

and stiffness are in the longitudinal direction. Under the microscope, tightly packed collagen 

fibres are intermixed with elastin fibres. The ratio of collagen to elastin seems to vary along 

a gradient established by the distance from the CSF with elastin density increasing towards 

the outer membrane [7]. The collagen is oriented in a cranio-caudal direction.

Studies of the dura mater with electron microscopy have revealed thick collagen fibres 

arranged in layers and entangled by webs of elastin. For instance, Runza et al. [8], using 

scanning electron microscopy, showed that the dura mater tissue is formed of parallel 

overlapping layers and the orientation of these layers changes at different depths. 

Vandenabeele et al. [9] analysed dura mater specimens via transmission electron 
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microscopy. They found that the extracellular collagen was helically distributed, wrapping 

around the spinal axis. Moreover, they reported three distinct layers. First, there was a thin 

outermost portion with a thickness of 2 mm, with a low density of collagen and elastin fibres 

and sinuous parallel cell processes, forming a boundary with the epidural space. Second, the 

middle and thicker portion was richly vascularised and abundant in extracellular collagen 

intermingled with microfibrils, elastin fibres and some fibroblasts. Lastly, the inner layer, in 

intimate contact with the parietal arachnoid, presented dark cells ~8 μm thick, with 

interdigitated cell extensions, enlarged extracellular space, and an absence of a collagen 

reinforcement— the so-called “dural border cell layer”. The latter demonstrated continuity 

between the dura and arachnoid layer.

2.3. Surrounding tissues and fluids

While the dura mater outer surface is surrounded by connective tissue in the epidural space, 

the inner surface is intimately related with the arachnoid membrane which serves as the 

annular enclosure of the CSF. The epidural space is bounded externally by the osseous wall 

of the vertebral canal, and layers of loose areolar tissue, fat and a plexus of veins wrap 

around within it. Metals and metal alloys do not seem to elicit a robust immune reaction in 

the acute or chronic phase with continual exposure [10]. This is of particular interest to 

manufacturers of spinal fusion devices.

2.4. Thickness and dural sac morphology

The thickness of the spinal dura mater, the number of fibrous layers and their orientation 

varies with location along the dural sac [8]. A recent study examined the dura from the 

craniocervical junction in three cadavers [7]. Multiple sections were measured from each of 

the cadaver tissue samples. The mean thickness of these sample of dura was d = (1.106 ± 

0.244) mm. In that work, two distinct layers were infrequently observed but this could be 

related to sampling error. It is likely that the nature of the configurational layering might 

dependent on the location from which the sample was taken.

In a series of magnetic resonance imaging (MRI)based measurements made on healthy 

volunteers, Holsheimer et al. [11] found the anterior–posterior (A–P) diameter of the dural 

sac increased from 13.3 to 16.0 mm over the range of spinal levels C4 to T12. In a larger and 

more comprehensive study somewhat later, Zaaroor et al. [12] measured the dimensions of 

the spinal cord, dural sac, and subarachnoid space from C1 through L1. They found that the 

subarachnoid space was symmetrical on the left and right sides at each transverse level, with 

an average width of 2.5 mm. However, the posterior and anterior subarachnoid spaces were 

generally asymmetric and varied in size from 1 to 5 mm. They also found that the ratio of 

the transverse diameters of the spinal cord and dural sac ranged from 0.44 to 0.72 with a 

mean value of 0.66, and that the ratio of the respective sagittal diameters ranged from 0.44 to 

0.64, with a mean value of 0.56. Lastly, the dimensions of the dural sac were found to vary 

with those of the vertebral spinal canal along the entire length of the spine.

Lastly, Penning and Wilmink [13] used the myelographic findings obtained from 39 patients 

to determine how the A–P diameter of the dural sac varied with flexion and extension of the 

back over the spinal levels L3 to S1. They found, for example, that at L4 the range during 
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flexion was from 13 to 23 mm with a mean of 17.6 mm, and in extension it varied from 12 

to 24 mm with a mean of 18.4 mm. However, they noted that all of their findings were 

uncorrected for a radiographic enlargement factor of 1.35.

3. Mechanical properties

Mechanical testing has shown roughly 5–11 times greater tensile strength in the longitudinal 

direction than in the transverse direction of human spinal dura, based on a study of tissues 

from seven cadavers [14]. The maximum tensile strength found that work was Ts = 98 N for 

samples 1.5 cm long by 1 cm wide). Persson et al. [15] found that the mechanical shear 

modulus of bovine dura mater remained at roughly G = 2 MPa over a 100-fold increase in 

strain rate (0.01–1.0 s−1), but with the intact dura able to withstand deformations over only a 

small window before there was irreversible damage. As a point of comparison, Bilston and 

Thibault [16] found that the elastic modulus of cadaveric spinal cord tissue itself ranged 

slightly above 1 MPa over similar strain rates. Not unexpectedly, the in vitro mechanical 

properties may not mimic the in vivo ones. For example, Zhang et al. [17] compared the in 
vivo Young’s modulus of the spinal cord and meninges in the sheep to published results of 

cadaveric dura and spinal cord measurements using an indentation model that tested the 

response at displacements of 2–4 mm. They found that the elasticity in vivo was much 

smaller than would be predicted using the cadaveric spinal cord or dura alone. From their 

measurements, they calculated the Young’s modulus to be Y = (0.022 ± 0.014) MPa, and 

attributed the difference to the thinness of ovine dura and the transfer of the indentation 

force from the dura into the underlying CSF.

The in vivo preload tension and longitudinal stress are factors that may have clinical 

relevance when designing implants for the intradural and subdural space. These forces will 

also predict the size of the opening left after lumbar puncture for device insertion, with 

further dependence on the orientation of the needle’s bevel. A transversely oriented bevel 

will induce gaping while a longitudinal orientation will tend to seal [14]. The dural layers 

can be separated, as is sometimes advocated to enlarge the enclosed space in response to 

increased internal pressure. Layer separation was also done in the past to create a “dural 

pouch” for what was then referred to as endodural insertion of the electrode arrays of spinal 

cord stimulators [18]. However, modification of the dura alters its resulting elastoplastic 

properties [7].

4. Thermal properties

In their comprehensive database of the thermal properties of tissue, which was based on a 

thorough survey of the literature, McIntosh and Anderson [19] list the following values for 

dura mater: specific heat capacity, s = 3364 J kg−1 °C−1; thermal conductivity, k = 0.44 Wm
−1 °C−1; water content = 68%; density, ρ = 1174 kg m−3; blood flow rate = 38 ml min−1 

100g−1; perfusive cooling strength = 28,290 W m−3 °C−1; and metabolic heat production 

capacity = 4144 Wm−3. The perfusive cooling strength may be of particular interest in the 

design of any future intradural medical devices that have active electronic circuitry on board. 

Recast within that context, for a 1 °C increase in temperature, the dura is capable of 

perfusively removing ≈28.4 μW of heat from each mm3 of dural tissue within that zone of 
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temperature change. For instance, then, a wirelessly powered micro-scale transceiver for 

monitoring intrathecal pressure could occupy a volume of roughly 4 mm3 within the dural 

folds and dissipate roughly 100 μW without raising the local temperature of the dura more 

than 1 °C.

5. Electromagnetic properties

5.1. Bioelectric characteristics

In early work on the computational modelling of SCS, Sin and Coburn [20] incorporated a 

parametric representation of the electrical resistivity, ρe, of the dura over the range from 60 

to 104 Ωcm, with the lower value equivalent to that of CSF and the upper value to 2.5 times 

that of vertebral bone. They concluded that the nominal value of it was approximately ρe = 

2000 Ωcm = 20 Ωm (which corresponds to an electrical conductivity of σ = 1/ρe = 0.05 

S/m), equivalent to the value they chose for epicardial fat. In the modelling work at the 

University of Twente, Holsheimer employed similar values of conductivity [21], although 

others [22–24] have more recently used somewhat larger values. Actual measurements of the 

electrical resistivity of dura mater are very scarce. Those which are reported were made by 

Oates [25] on in vitro samples of feline cerebral dura, with the result that the average 

resistivity was ρe = (67.4 ± 26.6) Ωcm over the range from 10 to 5 kHz. That result was very 

near the low end of the range considered originally by Sin and Coburn [20] and roughly 30 

times less than the value they adopted. If applicable to human spinal dura mater, those data 

would imply a conductivity similar to that of CSF, however the lack of any relevant in vivo 
measurements and the significant disagreement between the phenomenological and existing 

experimental findings make it an open question in need of resolution.

5.2. Biomagnetic characteristics

The biomagnetic characteristics of the body have long been investigated and understood 

within the context of MR imaging. Schenck’s early, thorough review [26] of the role of 

magnetic susceptibility, χ, in medical imaging provides a wealth of detail on the topic. The 

values of χ for the various soft tissues are typically taken to be that of water at body 

temperature, χ ≈ −9 × 10−6, since the available in vivo data cluster around that slightly 

diamagnetic value. As a practical matter, we include dura mater in that category and note 

that whatever residual susceptibility it has is such that paramagnetic contrast agents must be 

taken up within it in order for magnetic resonance imaging to resolve certain kinds of 

localised anomalies in thickness [27,28].

5.3. Optical characteristics

The propagation of optical radiation within a biological tissue is dependent on the 

wavelength of the source and the absorption coefficient, scattering coefficient and index of 

refraction of the medium. In order to design laser technologies that can be used safely for 

diagnostic or therapeutic purposes, it is therefore necessary to characterise the optical 

properties of the tissue of interest. Early work towards that goal was carried out by Genina et 

al. [29], who reported indices of refraction for the collagen fibrils and interstitial fluid of 

dura mater to be n = 1.474 and n = 1.345, respectively at a wavelength of 589 nm. They 

went on to show that an aqueous solution of mannitol (0.16 g/ml) will diffuse within the 
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dura in such a way as to partially match those indices, resulting in a substantial “optical 

clearing” of the membrane, i.e. a decrease in the level of light scattering within it by factors 

of 1.5 to 2. Further work in this area [30] has recently shown that the scattering and 

absorption coefficients of the spinal dura are similar to skeletal muscle which is also 

composed predominantly of collagen fibres, water and lipids. Their spectrophotometric 

measurements detected prominent absorption bands at λ = 1450 and λ = 1930 nm, 

consistent with the water content of the dura, along with more subtle bands associated with 

its lipid content. Based on the light absorption properties, their work suggests a spectral 

range of approximately λ = 1900 to 2200 nm as a potentially safe range for medical laser 

applications in these tissues.

6. Imaging characteristics and approaches

For diagnostic purposes in clinical practice, MR imaging is best for evaluating the spinal 

dura and surrounding compartments, even though MR may under-estimate the dimensions of 

the spinal canal compared to CT myelogram [31].

As shown in Figure 1, the dura mater appears as a hypointense thin layer in T2-weighted 

MRI. The T2-weighted images provide better visualisation because of the higher contrast 

achieved relative to the surrounding structures such as spinal cord, CSF and epidural space. 

Fat-saturated T2-weighted MR images can be used to differentiate fluid accumulations from 

fat pads in the epidural spaces [32].

Advances in other radiological and photo-optical imaging methods have led to improved 

identification of the dura and enabled minimally invasive surgical approaches to it for 

several different purposes. Mcleod et al. [33] developed a technique for detecting dural 

pulsations via real-time ultrasound imaging, with the potential for improved guidance of 

surgical probes in spine procedures. Ruban et al. [34] reported the management of incidental 

durotomy with a minimally invasive tubular dilator and microscope. Endoscopic guidance in 

general has been used in spine surgery for many years in indications such as lumbar stenosis 

[35], and is capable of visualising the intradural space [36].

In terms of emerging imaging technologies, Giardini et al. [37] have recently shown that 

optical coherence tomography can be used to image the dura mater and other structures and 

implants in the lumbar region of a rodent model. Their results demonstrated that with an 

infra-red (non-ionizing) source operating at a wavelength of 850 nm, resolutions of 80 μm 

could be achieved, with promising implications for minimally invasive spinal surgery.

7. Surgical procedures

Dural puncture is a routine procedure for diagnostic and therapeutic purposes. Although 

serious complications including bleeding, infection or even neurological injury are possible, 

they are quite rare. On the other hand, post-dural puncture headaches are still common even 

when best practices are followed and in many cases the debate over needle type, bevel 

orientation and patient position are not settled. A longitudinally oriented needle bevel will 

tear a flap or slit into the dura whereas a transverse orientation has been shown to leave a 
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crescent-shaped opening. When longitudinal tension is increased such as with maximal 

flexion, a larger perforation should be expected [14].

The spinal intradural space is commonly accessed by lumbar dural puncture either for 

diagnosis, treatment or for anaesthesia purposes. A surgical opening of the dura (durotomy) 

is also performed by neurosurgeons for treatment of spinal tumours, arachnoid cysts and 

other pathologies; the dura prior to opening is shown in Figure 2. Unintentional durotomy 

can occur during spinal surgery and is generally treated intraoperatively, or managed 

postoperatively with bed rest and a lumbar drain if necessary [38]. Accidental durotomy can 

also occur after spinal trauma such as vertebral fractures and penetrating wounds. Even 

spontaneous spinal CSF leak can occur [39]. Given the potential harm of a dural tears and 

subsequent dural fistula, CSF leaks are a frustrating complication after neurosurgical 

procedures. Sutures remain the primary means of obtaining satisfactory dural closure.

8. Dural seals

Fibrin sealants can be applied directly to a durotomy suture line, be used to seal suture holes, 

or fix dural patches. They consist essentially of fibrinogen and thrombin that form a fibrin 

clot when mixed. These products can be used as a type of liquid glue or as a dry patch, and 

are safe and beneficial in providing a water-tight closure of the dura [40]. Intraoperative use 

of one of these products is shown in Figure 3. Epidural blood patch is an effective treatment 

for dural tears after lumbar puncture resulting in post-dural puncture headache. Using a 

needle, about 15–20 ml of venous blood is injected slowly into the epidural space near the 

site of original puncture, with subsequent clotting to patch the CSF leak [41].

Dural substitutes are often needed to expand or replace the dura mater. Many materials have 

been used as dural substitutes including autografts (e.g. fascia lata and muscle), allograft 

(e.g. human cadaver skin and lyophilised human dura mater), xenografts (e.g. bovine 

pericardium) and synthetic polymers. The autologous grafts are preferred, especially 

because of the low risk of disease transmission and reduced potential for inflammatory and 

immunologic responses. However, autografts do have disadvantages such as difficulty in 

achieving a watertight closure, insufficient material to fix large dural defects and, 

sometimes, the need for an additional incision [42,43]. More recently, absorbable synthetic 

polymers such as poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), polyglycolic acid 

(PGA), poly-L-lactide (PLLA) have attracted attention as biodegradable alternative materials 

for dural repair. These types of synthetic polymer graft structures might also be used to 

induce and drive dural regeneration [44].

Polymeric nanofibers, also under study as dural substitutes, offer several advantages over 

existing artificial repair substrates [45]. The nanofiber scaffold can be coated with various 

proteins such as glial-derived neurotrophic factors (GDNF) that are slowly released. Early 

testing has shown that progenitor cells seeded onto the scaffold will differentiate into 

neurons.
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9. Dural instrumentation

9.1. Existing technologies

The premiere examples of medical devices that interact with the dura mater are the access 

needle, the tools needed for durotomy, the lumbar drain, the intrathecal catheter, and the 

spinal cord stimulator. Regarding the former, the most familiar type of access cannula is the 

common Tuohy needle, used universally for dural puncture and subsequent delivery of 

anaesthetic agents, or for intrathecal access, e.g. during spinal tap. The dynamics of needle 

insertion into tissues and/or passage through membranes, including dependence on tip 

geometry, rate of motion, and load distribution during penetration, are generally well-

understood [46,47]. Even so, great manual dexterity and physiological acumen are required 

to avoid inadvertent injury, and especially post-dural puncture headache, and the design of 

needles and techniques aimed at minimising the risk remains an area of intense study [48–

51].

Open intradural exploration (durotomy) remains the standard of care for removing intradural 

lesions including benign and malignant intramedullary and extramedullary tumours. The 

dura is opened longitudinally with a scalpel and then reflected with stay sutures. A 

microscope is routinely used for these operations. The dural tube is reconstituted with 

running non-absorbable suture and often a dural sealant to minimise CSF leak. However, 

micro-tears around the suture line are often implicated in CSF fistula formation [52]. 

Perforating closure devices that are easier to manoeuvre than a needle holder have also been 

tested [53]. Ideally however, dural closure methods should minimise meningo-neural 

adhesion common to suture lines or other penetrating wires.

Non-penetrating clips, repurposed from vascular applications, are also now FDA-labeled in 

USA for dural repair, for example, the AnastoClip® AC Closure System of LeMaitre 

Vascular Inc., Burlington, MA, USA [54]. They are manufactured in sizes 0.9 to 3.0 mm. 

These titanium, MRI conditional clips are non-penetrating and are deployed with a rotating 

steel clip applier intended for small spaces. Kaufman et al. [55] reported no CSF leaks in 26 

paediatric patients using this device. Bench testing also supports these findings. Non-

penetrating dural clips resisted leakage through polyteterafluoroethylene (ePTFE) sheets 

(Flex USCI ePTFE sheet, USCI Japan Ltd., Tokyo, Japan) compared to Gore-Tex suture 

(CV-5, Japan Gore-Tex Inc.). Similar findings were also observed in animal models [52,56]. 

Dural laceration or clip slip has limited the acceptance of other designs.

Several manufacturers produce and distribute external lumbar drainage catheter systems and 

lumboperitoneal shunts that are designed to traverse the dura and for placement in the 

subarachnoid space in order to remove excess CSF. These include, for instance, the 

Medtronic barium-impregnated silicon catheter (Medtronic, Minneapolis, MN, USA) [57], 

the Codman Lumbar Drainage Catheter Kit Codman (DePuy Synthes, Raynham, MA, USA) 

[58], and the Integra Hermetic Lumbar catheters (Integra LifeSciences, Plainsboro, NJ, 

USA) [59] and OSVII lumbar valve system [60]. There are also several types of catheters 

used to deliver agents into the intrathecal space, for instance baclofen for the treatment of 

otherwise intractable spasticity. The designs and modalities of employment for those 
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devices, as well as the types and severities of the complications that can be associated with 

them have been discussed in detail recently by Nagel et al. [61].

The dura mater has long played a significant role in the implementation of SCS. At the 

advent of its use in the late 1960s and early 1970s, most SCS (or “dorsal column 

stimulation” as it was called then) was carried out with intradural electrode arrays that were 

anchored to the inner surface of the dura. As mentioned earlier, endodural placement of the 

electrode array (i.e. within a pouch created by separating layers of the membrane) was also 

practiced at the time. Gibson-Corley et al. [62] and Nagel et al. [63] surveyed the 

technologies employed and the clinical results obtained in that era for treatment of chronic 

pain and spasticity, respectively. Typical of the complications encountered occasionally with 

those early generation devices were CSF leaks at the passage point of the leads through the 

dura, infections, spinal cord contusion, intradural haematomas and scar formation. In an 

effort to circumvent these difficulties, and to reduce the general neurosurgical risks 

associated with opendura procedures, epidural placement of the stimulator leads came into 

favour in the mid-1970s. Its clinical acceptance was further augmented by the introduction 

of minimally invasive percutaneous methods for lead implantation and, at present, all SCS 

devices and methods are epidural in nature, with rv50,000 SCS cases worldwide each year 

[64]. These devices are placed in the immediate vicinity of the dorsal dura, thus defining the 

anatomical spacing between the electrode array and the pial surface of the spinal cord. While 

this provides a reasonably stable platform for the implanted lead, there is often a 

compromise in efficacy in that it has long been known that the intervening layer of highly 

conducting CSF typically limits the depth of stimulation within the spinal cord to a thin 

outer rim only ≈0.25 mm thick [21]. As discussed below, a new approach to intradural 

placement of the electrode array seeks to circumvent this.

9.2. Emerging technologies

An example of a novel neuroprosthetic device in which the dura plays a key role is the “I-

Patch” spinal cord stimulator [65]. It has undergone several generations of pre-clinical 

development [66], and is presently at the point where prototypes of it are being designed for 

eventual pilot studies on patients with spasticity [63]. In their original conception of this 

device, Howard et al. [67] suggested the possibility of a trans-dural wireless coupling to link 

an intradural electrode array with an epidural pulse generator in order to enable highly 

selective stimulation of target sites deep within the spinal cord. They went on to demonstrate 

the workability of bench top versions of the miniaturised electronics needed for such a trans-

dural pairing [68], and also explored in vivo wired versions in which the lead bundle 

traversed the dura via bioresorbable seals [69]. As the latter version promised a faster 

development track, they then carried out accelerated in vitro stress-testing of the leads at the 

dural seal traversal point and demonstrated robust mechanical and electrical patency of them 

at ≈107 cycles of centimeter-scale reciprocal motion [70]. This well exceeded the lifetime 

expectations for the possible effects of spinal flexion and extension on that type of implanted 

device. Anchoring of the extra-dural part of the lead bundle would be achieved in the clinical 

situation by securing it to a thin titanium strip that bridges the laminectomy gap, with the 

ends screwed into the opposing vertebral bones, the principle of which was demonstrated in 

a surgical case involving dural reconstruction following spinal tumour resection [71]. In the 
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wireless version of the device, the electromagnetic transparency of the dura at the 1.6 MHz 

carrier frequency was its most important property, while for the wired version of the device, 

it was the dura’s axial tensile strength and ability to meld with dural patch materials to form 

bioresorbable seals. An early-generation version of the I-Patch is shown in Figure 4. Finite 

element modelling has demonstrated that direct contact of the electrodes with the pial 

surface of the spinal cord reduces the electrical shunting effects of the CSF and thus widens 

the therapeutic window significantly, with the promise of improved selectivity in activating 

important target fibres within the dorsal columns [72]. The work on this approach is 

presently ongoing, with additional design concepts for it under consideration.

In a recent review, Wellman et al. [73] have provided a comprehensive survey of the 

fundamental scientific and engineering principles governing advances in neural implant 

technology. One of the most critical issues arising in that arena is the mechanical mismatch 

between the soft tissues of the central nervous system and the stiff materials composing the 

implants. Minev et al. [74] have addressed this by incorporating stretchable and compliant 

circuit elements into thin silicone substrates to form a type of “electronic dura mater” that 

can serve as an interface between the tissues and neuroprostheses. With it, they were able to 

demonstrate the neuromodulation-induced restoration of ambulation in a rat model of spinal 

cord injury.

10. Discussion and conclusions

New implantable devices aimed at improving the ability to augment, modify or monitor the 

central nervous system typically require at least four investigational elements: design and 

assembly of prototypes, testing of implantation methods, evaluation of device–tissue 

interactions during in situ retainment, and provision for removal. For future development of 

reliable, safe and durable devices that attach to, or situate on, within or beneath the spinal 

dura mater, the relevant biophysical properties of that protective membrane must be better 

elucidated in order to advance from one stage to the next. Any device that jeopardises the 

protective characteristics of the dura could pose a significant risk of neurological injury or 

infection. This concern has both nearand long-term relevance that is difficult to predict.

Improvements in miniaturisation have been paralleling the fall in cost to assemble prototypes 

of new biomedical devices. As a result, the major hurdle that now stands in the way for 

investigational testing of a potentially viable therapy is no longer technical in nature but 

rather an insufficient appreciation of the complexity of the space for which the device is 

intended. In some compartments and organ systems of the body these properties are well-

known and fully documented. In others, such as the spinal intradural space, our knowledge is 

incomplete and the known properties have not been organised in ways useful to biomedical 

engineers. Therefore, devices modelled to deliver electrical stimulation, sample the 

microenvironment, or transport fluids or drugs are subject to extensive in vivo testing with 

uncertain and unpredictable results. To help improve this situation, we have reviewed the 

structural properties of the dura, the related tissues, and the fluid interfaces. Our goal has 

been to catalogue the relevant mechanical, thermal, and electromagnetic characteristics that 

have been studied and reported in the literature. We have done this within the context of the 

existing medical devices and dural repair substitutes now in clinical use and, with an eye 
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toward future advances in this field, we have also described a novel device intended for 

intradural deployment. The properties of the dura mater, for instance the thickness of the 

dural membrane as discussed above and elsewhere [75], constitute important parameters in 

the design of all such new devices.
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Figure 1. 
Axial and sagittal T2-MRI images of spinal anatomy. White arrows denote the dura mater.
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Figure 2. 
Intraoperative view of the dura mater as accessed for durotomy.

Nagel et al. Page 17

J Med Eng Technol. Author manuscript; available in PMC 2020 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Intraoperative view of a dural sealant used after primary dural closure.

Nagel et al. Page 18

J Med Eng Technol. Author manuscript; available in PMC 2020 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Early-generation version of the I-Patch intradural spinal cord stimulator. The smallest 

division of the lower scale of the ruler is 0.5 mm. Dural sealant material not shown.
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