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Abstract 

Background: The peripheral nerve blockade (PNB) and minimally invasive surgery are central 

to the “Fast Track Surgery” strategy which uses multimodal perioperative rehabilitation 

programs and aims to facilitate early discharge from the hospital and more rapid resumption of 

normal activities of daily living after surgery. The anatomical basis for the PNB is one that 

conceives of the nerve to be enclosed by a tubular fascial sheath, called the neurofascial sheath 

(NFS), into which the local anaesthetic (LA) solution is injected. The confinement of the LA in 

the NFS can prolong the effective time of anaesthetic and reduce drug dosage and complications. 

However, in the literature, the anaesthetic effects of the intra-NFS injection vary significantly 

and have shown significant regional variations.  

 

The NFS is composed of the endoneurium, perineurium, epineurium and extraneural fascia, 

from innermost to outermost, respectively. It has been suggested that during the PNB, the 

optimal needle placement is in a potential space between the extraneural fascia and the 

epineurium. An intraneural injection is defined as the needle tip penetrates the epineurium. The 

intraneural injection may damage the nerve and thus is not recommended. However, some 

studies argue that the intraneural injection may not cause nerve injury but help to more precisely 

localise the injected LA. This debate is mainly because the origin and architecture of the NFS 

and its anatomical relationship among its sublayers and with the neighbouring structures remain 

unclear. For example, it is generally believed that the perineurium extends from the meninges 

of the brain or spinal cord and serves as the blood-nerve barrier to protect the axons from 

mechanical and chemical attacks. However, some recent studies found that both arachnoid and 

dura maters (parts of the meninges) do not extend beyond the skull base or vertebrae in the 

human, suggesting that the NFS may have different origins, particularly for the distal segment 

of a peripheral nerve. Several questions remain to be clarified. Does an intact NFS exist along 

a peripheral nerve? Where do the different sublayers of the NFS originate?  Does the 

architecture of the NFS vary at different locations? What is the anatomical relationship between 

the NFS and its neighbouring structures? Therefore, the central hypothesis of this thesis is that 

the NFS of a peripheral nerve has a consistent fibrous configuration along its whole course.  

 

Objectives: The overall aim of this thesis is to identify the origin and configuration of the NFS 

of various peripheral nerves. The specific objectives are to investigate the origin and 
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configuration of the NFS of (1) the distal segment of the spinal nerve, (2) the proximal segment 

of the spinal nerve, and (3) the proximal (intracranial) segment of the cranial nerve. 

 

Material and Methods: A total of 80 cadavers (39 females, 41 males; age range, 38-97 years) 

were used in this thesis. The coloured latex injection, micro-dissection, epoxy sheet plastination, 

confocal microscopy, 3-dimensional reconstruction methods were applied in the cadaveric 

studies. For Objective 1, a total of 64 volunteers and 45 patients were included in the 

observation and measurement of the femoral nerve and lateral femoral cutaneous nerve (LFCN), 

and the ultrasound-guided fascia iliac compartment block (FICB) or the femoral nerve block. 

The studies of this thesis were performed in accord with the institutional ethical guidelines and 

approved by the Human Research Ethics Committee of the University of Otago for the cadaver 

study only, the Medical Ethics Committee of Anhui Medical University and the Committee on 

Medical Ethics of the First Affiliated Hospital of Anhui Medical University, China, for both 

cadaver and living subject studies. 

 

Results and discussion:  

Objective 1: The origin and configuration of the NFS of the femoral nerve and the LFCN were 

defined in the pelvis and upper thigh regions. In the pelvis, the fascia iliaca was originated from 

the peripheral fascicular aponeurotic sheet of the iliopsoas. The fascia iliaca compartment was 

a funnel-shaped adipose space between the fascia iliaca and the epimysium of the iliopsoas, had 

a superior and an inferior opening and contained the femoral nerve and the LFCN but not 

obturator nerve. In the upper thigh, the fascial lata was originated from the prolongation of the 

inguinal ligament and the newly identified “iliolata ligaments”. The fascia iliaca and the 

aponeurotic fibres of the transversus abdominis and the internal oblique abdominis formed a 

conjoint tendinous sheet under the inguinal ligament. The LFCN pierced the conjoint tendinous 

sheet and entered into an adipose compartment which was sandwiched in between the fascia 

lata and the epimysium of the sartorius muscle and then a ligamental canal which was formed 

by the iliolata ligaments. All these structures were detectable under ultrasound scanning in 

healthy volunteers. These findings endorse the classical FICB and indicate that the conjoint 

tendinous sheet can be used as a key ultrasound landmark for the ultrasound-guided FICB. The 

conjoint tendinous sheet and the ligamental canal of the iliolata ligaments are two major sites 

susceptible to the entrapment of the LFCN. Based on the fibrous origin and configuration of 
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the NFS, the conjoint tendinous sheet, the sartorius muscle and the anterior superior iliac spine 

are recommended as the anatomical landmarks to identify and visualise the LFCN with 

ultrasound and a theoretical strategy for decompression of the LFCN is proposed.  

 

Objective 2: The origin and configuration of the NFS of the proximal segment of the spinal 

nerve were revealed in the lumbar intervertebral foramina (IVF). The boundaries (particularly 

the lateral and medial boundaries) and subdivisions of the lumbar IVF were precisely defined. 

The inferior border of the upper pedicle and the dorsal root ganglion were used to subdivide the 

lumbar IVF into the supermedial extension, the superior compartment and the inferior 

compartment. The configuration and localisation of the neurovascular and adipose zones were 

different between the upper (IVFs L1-2 & L2-3) and lower (IVFs L3-4 & L4-5) lumbar spines. 

In the upper lumbar spine, the superomedial extension was occupied by the nerve roots and 

vessels within a dural sleeve and the venous plexus with sparse adipose tissue. The superior 

compartment was occupied by the nerve roots, dorsal root ganglion, vessels and adipose tissue. 

The inferior compartment contained a small anteroinferior adipose pocket and a large 

posterosuperior neurovascular zone and the venous plexus. In the lower lumbar spine, the 

adipose tissue almost entirely occupied the inferior compartment, and the neurovascular 

structures were limited within the superior compartment. The adipose zone was gradually 

tapered and rotated from the inferior compartment to the medial part of the superior 

compartment and further to the superomedial extension. The findings highlight differences of 

the fine 3D architecture of the NFS of the proximal spinal nerve and its relationship with 

surrounding vascular and adipose tissue between the upper and lower lumbar IVFs. The 

findings may contribute to optimise the surgical approaches through the IVF at different lumbar 

spinal levels and help to shorten the learning curve of the transforaminal operative techniques. 

 

Objective 3: The origin and configuration of the NFS of the proximal (intracranial) segment of 

the trigeminal nerve (TN) and its relationship with Meckel’s cave (MC) were studied. The 

results showed: (1) the trigeminal ganglion was sandwiched in between the arachnoid and dural 

walls of MC, (2) the rootlets and divisions of the TN were enclosed in the centrally reflected 

arachnoid sleeves and the peripheral dural sheaths, respectively, and the peripheral dural sheath 

contributed to the epineurium and perineurium of the division but extended only up to the level 

of the extracranial exit of the nerves, and (3) the dural wall of MC originated from the meningeal 

dura and appeared as a half-crescent shape with a wide superficial-lateral edge and a thin deep-
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medial edge which merges with the endosteal dura of the middle cranial fossa. These findings 

reveal the fine architecture of the NFS of the TN and its relationship with MC and will 

contribute to a better understanding of the nature and growth pattern of the TN tumour, and 

may provide guidance on the precise surgical approach to TN in the future. 

 

Conclusions:  The findings of this study disagree with the central hypothesis of this thesis that 

the NFS of a peripheral nerve has a consistent fibrous configuration along its whole course. The 

origin and fibrous configuration of the NFS of a peripheral nerve vary in a region-dependent 

pattern.  The results of this study will not only help to optimise PNB techniques, but also 

provide a better understanding of the minimally invasive surgical approach and the perineurial 

tumour spread pathway. The results also indicate that for any given peripheral nerve, the NFS 

of its different segments should be studied specifically in a region-dependent manner. 
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Chapter 1 

General Introduction 

1.1 Overview 

The peripheral nerve blockade (PNB) is central to “Fast Track Surgery” which uses multimodal 

perioperative rehabilitation programs and aims to facilitate early discharge from the hospital 

and more rapid resumption of normal activities of daily living after surgery. The PNB is used 

for surgical anaesthesia by injecting the local anaesthetic (LA) near a nerve that controls 

sensation and/or movement to a specific part of the body. The PNB can also be used for pain 

relief after surgery, which allows patients to begin functional exercise as early as possible. 

The anatomical basis for the PNB is one that conceives of the nerve to be enclosed by a tubular 

fascial sheath into which the LA solution is injected. This tubular fascial sheath is called the 

neurofascial sheath (NFS) and is composed of connective tissue around a peripheral nerve. The 

injected LA is confined by the NFS and spreads only along the nerve. The confinement of the 

LA by the NFS can prolong the effective time of anaesthetic, reduce drug dosage and 

complications (De Jong, 1961; Franco, 2012).   

However, the anaesthetic effect after the injection in the NFS is not consistent. It has been 

reported that a complete axillary brachial plexus block cannot be obtained by a single injection 

in the NFS of the brachial plexus (Ay et al., 2007; Klaastad et al., 2002; Koscielniak-Nielsen, 

2006). Complications caused by the widespread of anaesthetic after the NFS injection often 

occur (Mirza & Brown, 2011; Sinha et al., 2011). Radiographic studies also reported that 

although the anaesthetic was injected into the NFS, the injected anaesthetic spread out of the 

NFS in some cases (Klaastad et al., 2002; Yang et al., 1998). Clinical comparative studies found 

that the onset time and the effect of anaesthesia were similar between the injections of internal 

and external to the NFS.  

The NFS is composed of the endoneurium, perineurium, epineurium and extraneural fascia, 

from innermost to outermost, respectively. The first three structures are usually referred to as 

the coverings of a peripheral nerve. The relationship between the extraneural fascia and the 

epineurium remains unclear (Choquet et al., 2012; Franco, 2012; Orebaugh, 2008). It has been 

suggested that for the PNB, the needle tip is placed in a potential space between the extraneural 

fascia and the epineurium. An intraneural injection in which the needle tip penetrates the 

epineurium may damage the nerve and thus is not recommended (Franco, 2012). However, 
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some studies argued that the intraneural injection might not cause nerve injury, but help to more 

precisely localise the injected LA (Bigeleisen, 2006; J. Rodríguez et al., 2008; Sala-Blanch, 

López, et al., 2011). Therefore, it remains to be clarified where an optimal needle placement 

should be during the PNB and whether there is any regional difference for the optimal needle 

placement.  

In addition, the NFS may serve as a scaffolding of a nerve or nerve plexus for the perineural 

tumour spread (PNTS). The PNTS is defined as the macroscopic tumour extension away from 

a primary tumour site to a secondary site (Stambuk, 2013). The tumour disseminates to non-

contiguous regions along with the NFS (via the extraneural fascia, endoneurium, perineurium 

and epineurium) or perineural lymphatics which run within those fascial layers (Caldemeyer et 

al., 1998).  

There has been a great deal of attention directed towards the precise nature, existence, origin, 

and configuration of the NFS, particularly the extraneural fascia, epineurium and perineurium. 

It is generally believed that the perineurium extends from the meninges of the brain or spinal 

cord and serves as the blood-nerve barrier to protect the axons from mechanical and chemical 

attacks (Allt & Lawrenson, 2000; Anderson & Van Itallie, 2009; Mizisin & Weerasuriya, 2011; 

Thomas, 1963). However, some studies reported that both arachnoid and dura maters do not 

extend beyond the skull base or vertebrae in the human (Diao et al., 2013; L. Liang et al., 2014; 

Liang Liang, Fei Gao, et al., 2014). These findings raise a number of questions. For example, 

does the NFS exist along a whole peripheral nerve? Does the architecture of the NFS vary at 

different locations? Where do the different layers of the NFS originate from? What is the 

relationship between the different layers of the NFS?  

In order to provide a new perspective for precise needle tip placement and understanding of 

mechanisms for peripheral nerve protection and the PNTS, therefore, the overall aim of my 

PhD project is to identify the origin and configuration of the NFS of the peripheral nerve using 

a combination of micro-dissection, histology, epoxy sheet plastination, and confocal 

microscopy.  

The peripheral nerve system consists of the spinal nerves and the cranial nerves. The specific 

objectives of the PhD project are to investigate the origin and configuration of the NFS of (1) 

the distal segment of the spinal nerve, (2) the proximal segment of the spinal nerve, and (3) the 

proximal (intracranial) segment of the cranial nerve. In this chapter, I will review the PNB and 

its anatomical basis - the NFS, particularly its origin, architecture and relationship with the 
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surrounding structures, and then state the central hypothesis, the overall and specific objectives 

of the project. 

 

1.2  Peripheral nerve blockade  

1.2.1 “Fast Track Surgery”  

“Fast Track Surgery”, also called “Fast track rehabilitation” or “Enhanced recovery after 

surgery programme”, is a multi-model rehabilitation concept which combines various 

techniques used in the care of patients undergoing elective operations. The term “Fast Track 

Surgery” was first used by Henrik Kehlet and Douglas W Wilmore (Kehlet & Mogensen, 1999; 

Wilmore, 2000). Application of this concept in kinds of surgeries obtained satisfactory effects 

in reducing complications and hospital stay (Kremer et al., 2005; Pozzi et al., 2012). The 

protocol of “Fast Track Surgery” includes three parts, the preoperative, intraoperative and 

postoperative interventions. The preoperative intervention involves the evaluation and 

education of patients. The evaluation and optimised patients’ organ function should be applied 

before any operation. Teaching about perioperative care before the operation can reduce anxiety 

and therefore get a better cooperation. During the operation, application of newer techniques in 

surgery and anaesthesia can reduce the postoperative stress and improve surgical outcome. The 

minimally invasive operative techniques and regional anaesthesia are the main parts of “Fast 

Track Surgery”. After the operation, the postoperative care includes control of postoperative 

pain, early normal diet and early functional exercise, etc. The “Fast Track Surgery” can reduce 

the postoperative complications and shorten the recovery time, especially can decrease the 

hospital stay. Therefore, the “Fast Track Surgery” has benefits of improving satisfaction for 

patients and increasing economic efficacy for the country. The concept of “Fast Track Surgery” 

has been widely accepted and applied.  

The regional anaesthesia is central to “Fast Track Surgery”. It is involved in both the 

intraoperative and postoperative interventions of “Fast Track Surgery”. During the operation, 

the regional anaesthesia can be singly used for anaesthesia in some specific surgeries. It can 

also be combined with general anaesthesia in some surgeries to reduce postoperative pain 

(Büttner et al., 2017). In the postoperative care, the regional anaesthesia can be used for 

postoperative pain relief. The regional anaesthesia is believed to provide adequate postoperative 

pain control as it has the benefits of better pain control, earlier recovery of bowel function, less 

need for systemic opioids and therefore less nausea, more relaxed breathing, etc. An excellent 
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postoperative pain control makes patients more comfortable and allows patients to do functional 

exercise earlier and gets earlier organ function recovery. 

 

1.2.2 Overview of the peripheral nerve blockade  

The PNB is a type of regional anaesthesia technique. It is accomplished by injecting the LA 

near a peripheral nerve or nerves to block the sensation and/or movement to a specific area of 

the body (Chang et al., 2020). The PNB is usually used as surgical anaesthesia for surgeries on 

the lower limb, upper limb, or the face. It avoids side effects and complications of general 

anaesthesia. It has less impact on human’s cardiopulmonary function compared with general 

anaesthesia and has more prolonged anaesthesia than local anaesthesia. It provides enough pain 

relief while minimising opioid use. The PNB can be used to manage pain after surgery, severe 

acute pain, long-term pain or chronic pain. It offers immediate relief. Like all other procedures, 

PNB has some risks. The inadvertent nerve structure damage by the needle is the most severe 

risk. It is usually caused by the needle puncture, hematoma compression resulting from vascular 

injury, and the incorrect placement of the LA. Other hazards include drugs allergic reactions, 

infection, etc. Compared with other anaesthetic procedures, the PNB appears to be safe. 

Knowledge of the location of the nerve and the correct needle placement is essential to perform 

a PNB. Regional anaesthesia is only successful when the LA is inserted close to the targeted 

nerve (Miller et al., 2014). Thus, the correct location of the needle tip placement and the spread 

of injected LA are the two essential factors for a successful PNB. 

 

1.2.3 Techniques of the peripheral nerve blockade 

1.2.3.1 The localisation of a nerve 

There are three techniques to localise a peripheral nerve for LA injection: paraesthesia-seeking, 

a peripheral nerve stimulator, and ultrasound guidance. Paraesthesia-seeking and nerve 

stimulator are based on the fact that when the stimulating needle with electric current contacts 

or is near the target nerve, a paresthesia or muscle contraction will occur. Ultrasound-guided 

regional anaesthesia is a technology using ultrasound to visualise and localise nerve structures 

(Miller et al., 2014).  

Although the resolution of current ultrasonic machines cannot differentiate the different 

connective layers (Choquet et al., 2012), a peripheral nerve can be localised by its appearance 
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on an ultrasonogram as a hypoechoic dotted pattern with a hyperechoic stroma (Gruber et al., 

2003). A fascia-like structure usually appears as a hyperechoic image. If the extraneural fascia 

is surrounded by hypoechoic tissues, such as muscles and vessels, the appearance of the fascial 

layer will be more pronounced (Miller et al., 2014). 

Koscielniak-Nielsen reviewed the clinical relevance of ultrasound-guided nerve blocks and 

concluded that the ultrasound guidance shortens the block performance time, reduces the 

number of needle passes, shortens the block onset time and reduces LA doses (Koscielniak-

Nielsen, 2008). Perlas et al. compared the ultrasound-guided and nerve stimulator-guided 

sciatic nerve block at the popliteal fossa. They found that ultrasound guidance enhances the 

quality of popliteal sciatic nerve block. The ultrasound guidance resulted in higher success, 

faster onset and progression of a sensorimotor block, without an increase in block procedure 

time, or complications (Perlas et al., 2008). Abrahams et al. did a systematic review and meta-

analysis of 13 studies to compare the ultrasound guidance and the nerve stimulator guidance of 

nerve localisation for PNB, and found that the ultrasound guidance blocks were more likely to 

be successful and took less time to perform, had a longer duration, and also decreased the risk 

of vascular puncture during the block performance (Abrahams et al., 2009). To determine 

whether ultrasound guidance offers any clinical advantage when neuraxial and PNBs are 

performed in children in terms of decreasing failure rate or the rate of complications, Guay et 

al. reviewed 33 trials with a total of 2293 participants from 0.9 to 12 years of age. They found 

that the ultrasound guidance for the regional blockade in children probably decreases the risk 

of a failed block, increases the duration of the block and probably decreases pain scores at one 

hour after surgery (Guay et al., 2019). 

 

1.2.3.2 Distribution of the injected local anaesthetic 

Three main techniques have been used to visualise the spread of the injected LA: ultrasound, 

computed tomography (CT) and magnetic resonance imaging (MRI). Ultrasound allows not 

only the visualisation of the nerve target but also the approaching needle and the deposition of 

the LA around the nerve (Gray, 2006). Ultrasound is more widely used for checking the spread 

of LA because the spread can be observed at the same time doing the injection. MRI is usually 

used to observe the spread of LA after the injection. CT can be used to guide the nerve block 

in some particular cases and can also be used for the visualisation of LA spread after the 

injection.  
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On ultrasound images, the spread of LA solution around and/or in the target nerve can be seen 

as hypoechoic profiles (Figure 3.10 and 3.11). Hara et al. conducted the ultrasound-guided 

sciatic nerve block and recorded the ultrasound video to examine whether the LA was injected 

intraneurally. They found that the spread of anaesthetic was displayed under ultrasound and the 

intraneural injection showed a different spread pattern compared with the injection around the 

nerve (Hara et al., 2012). Robards et al. stated that the visualisation of LA spread under 

ultrasound was necessary for the safety of injection. The absence of LA spread on ultrasound 

imaging suggested possible intravascular injection (Robards et al., 2008). Marhofer et al. 

recommended using the multiplanar three-dimensional (3D) ultrasound imaging to evaluate the 

pattern and extent of LA spread around the median nerve. They performed the 3D ultrasound 

scan by using a 3D volumetric transducer and the 3D data being rendered by rendering software 

(Marhofer et al., 2014).  

Using MRI to visualise anatomical structures and the spread of the LA in regional anaesthetic 

techniques has been reported in several studies (Dangoisse et al., 1994; Wong et al., 1998). 

Marhofer et al. used MRI to demonstrate the mechanism of the “3-in-1” block is one of lateral, 

caudal, and slight medial spread of LA with subsequent blockade of the femoral, the lateral 

femoral cutaneous, and the anterior branch of the obturator nerves. They did the “3-in-1” block 

in seven patients by using 30 mL of bupivacaine and then performed MRI scanning to determine 

the distribution pattern of the LA. The LA was visible on T2-weighted images as hyperintense 

(light) to the muscular tissue. They concluded that the “3-in-1” block does not involve cephalad 

spread of the LA with blockade of the lumbar plexus from the MRI images (Marhofer et al., 

2000). Mannion et al. also used MRI to check the distribution of the LA in the psoas 

compartment block and suggested that MRI provided excellent visualisation of the spread of 

solution (Mannion et al., 2005). 

Mukherji et al. reported six brachial plexus blocks under CT guidance because these patients’ 

surface landmarks were challenging to palpate on clinical examination. The LA was combined 

with iodinated contrast material, and the distribution of the solution was identified under CT. 

All the structures and spread solution were displayed clearly under CT (Mukherji et al., 2000). 

Sala-Blanch et al. combined CT with the ultrasound to check the spread of the LA. They 

localised the sciatic nerve by a nerve stimulator at the popliteal area and then injected the LA 

and radiopaque contrast. The ultrasound examination and CT scanning were performed after 

the completion of the block injection to identify if an intraneural injection has occurred. Both 

the ultrasound and CT scanning can clearly show the spread of LA (Sala-Blanch, López, et al., 

2011). 
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Therefore, various techniques have been applied to the PNB, especially the widespread use of 

ultrasound. Analysis of the literature supports that the use of ultrasound guidance has benefits 

of decreasing block performance time, reducing block onset time, increasing rate of complete 

sensory block, and increasing analgesic efficacy (Salinas, 2016). A thorough understanding of 

anatomy and sonoanatomy of related structures is a prerequisite for successful ultrasound-

guided PNB. 

 

1.2.4 Needle tip placement in the peripheral nerve blockade  

It is generally believed that to inject the LA, the needle tip should be located as close to the 

nerve/ nerves as possible. How close to the nerve has been the subject of intense discussion. 

Currently, a number of the needle placements have been suggested in the PNB practice, such 

as the paraneural, epineural, sub-epineural, or perineural injections (Sala-Blanch, Vandepitte, 

et al., 2011; Tran et al., 2011; Vloka et al., 1997). The location of the tip of the needle has been 

suggested as an important indicator in determining whether the nerve is injured (Figure 1.1). 

One of the basic rules in current practice is to avoid direct contact between the needle and nerve.  

 

Figure 1.1. Anatomy and needle-nerve relationships in peripheral nerves and the sciatic nerve at 
the popliteal fossa. [Copied from (Kamen Vlassakov et al., 2018)] 
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Paraneural or extraneural injection: It is a traditional view that during the PNB, the needle tip 

should not penetrate the epineurium. Selander et al. injected different solutions within the 

epineurium of the sciatic nerve of rabbits, observed the axonal degeneration and detected 

lesions in the blood-nerve barrier. They found that an intraneural injection within the 

epineurium caused considerable axonal degeneration and damaged the blood-nerve barrier and 

concluded that the intraneural injection should be avoided (Selander et al., 1979). Shah et al. 

reported a permanent injury to the sciatic nerve after the sciatic nerve block through the anterior 

stimulator guided approach and suggested that the needle trauma and intraneural injection may 

lead to the nerve injury (Shah et al., 2005). Uppal et al. also reported a sciatic nerve injury 

caused by the intraneural injection during the total hip replacement and suggested that the 

needle placement and the injected agent can cause the nerve injury (Uppal et al., 2007).  

Intraneural injection: Schafhalter-Zoppoth et al. reported a case of inadvertent femoral nerve 

impalement and intraneural injection visualised by ultrasound. A total of 35 mL mixture of 0.5% 

mepivacaine and 0.25% levobupivacaine was administered via a 22-gauge blunt Quincke tip 

needle. On follow-up 24 hours later, the quadriceps function was intact, but sensory block 

remained. They believed that the case demonstrated that femoral nerve impalement and 

intraneural injection of the LA might occur without significant adverse sequelae and an 

intraneural injection diminishes nerve diameter as the result of compression and increased 

intraneural pressure (Schafhalter-Zoppoth et al., 2004). Chan argued that a true intraneural 

injection should show on ultrasound an apparent expansion of the hyperechoic nerve structure 

as the nerve increases in size (Chan, 2005). To assess the appearance of an intraneural injection 

under ultrasound, Chan et al. further examined the ultrasound images in the intraneural injection 

of the brachial plexus in pigs and observed the nerve tissue expansion by hypoechoic fluid 

within the predominantly hyperechoic nerve structure but not nerve compression by an 

expanding hypoechoic fluid collection as reported by Schafhalter-Zoppoth et al. (Chan et al., 

2007). 

Intraneural or perineural injection: Hadzic et al. reported that an intraneural injection is 

associated with higher pressures and an increase in the risk of neurologic injury as compared 

with a perineural injection. To analyse the effects of the intra- and peri-neural injections for the 

sciatic nerve block, they divided the dogs into two groups: the perineural injection group in 

which the needle was placed within the epineurium but outside the perineurium, and the 

intraneural injection group in which the needle placement was within the perineurium. They 

found that the intraneural injections were associated with high pressures at the beginning of the 

injection and caused persistent motor deficits. The destruction of neural architecture and the 
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degeneration of axons were observed by histologic examination. The perineural injections 

resulted in low pressures, and the normal motor function returned in 3 hours (Hadzic et al., 

2004).  

Some clinical studies support that the intraneural injections may not cause nerve injury. 

Bigeleisen (Bigeleisen, 2006) reported that during ultrasound-guided axillary nerve block, the 

nerve puncture and apparent intraneural injection did not result in neurologic injury. Under the 

ultrasound guide, Bigeleisen performed the axillary plexus block in 26 patients. He tried to 

pierce the fascia to “enter the substance of the nerve” by the sensation of a pop. He found that 

22 of 26 patients had nerve puncture, and 21 of 26 patients had an intraneural injection. The 

results of sensory and motor testing before the nerve injection and six months after the injection 

were unchanged. Bigeleisen believes that the nerves in the axillary region have little or no fascia 

surrounding them and are frequently separated with large amounts of stroma between the 

fascicles of the nerves. A blunt needle that pierces the epineurium of the nerves may be less 

likely to puncture a fascicle, or these nerves may be free to swell because they are not 

constrained by dense fascia. The cross-section of a peripheral nerve is comprised of 

approximately 50% neurons and 50% fat and connective tissue. Thus, there is a significant 

probability of puncturing a peripheral nerve without contacting a fascicle or damaging the nerve. 

Rodriguez et al. examined the placement of the tip of the catheters in sciatic nerve injections 

by CT scan in 10 patients. They found that three patients showed the clear intraneural placement 

of the catheter, but no postoperative sequelae were observed (Jaime Rodríguez et al., 2008). 

Sala-Blanch et al. used clinical, imaging, and electrophysiologic measures to evaluate the 

occurrence of any subclinical neurologic injury in the 17 patients with intraneural injections 

during a sciatic popliteal block. They found that nerve-stimulator-guided sciatic block at the 

popliteal fossa often resulted in an intraneural injection that did not lead to clinical or 

electrophysiologic nerve injury (Sala-Blanch, López, et al., 2011).  

Current recommendation and debates: Recently, researchers have shown an increased interest 

in the intraneural injection. Cappelleri et al. compared the effects of the ultrasound-guided 

popliteal sciatic nerve block performed by either intraneural or subparaneural approach 

followed by an electrophysiological evaluation. They found that the median onset time for 

successful sciatic nerve block in the intraneural approach group was 10 minutes and 25 minutes 

in the subparaneural approach group. The success rate was 95.3% in intraneural approach group 

and 62.5% in the subparaneural approach group, and there was no difference in the 

electrophysiological assessment at five weeks between groups. Therefore, they suggested that 
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the intraneural injection provided a faster onset and better success rate (Cappelleri et al., 2016). 

To establish the minimum effective volume of intraneural ropivacaine 1% for complete 

sensory-motor sciatic nerve block in 90% of patients, and related electrophysiologic variations, 

Cappelleri et al. conducted the ultrasound-guided popliteal intraneural nerve block in forty-

seven patients. They found that the minimum effective volume of ropivacaine 1% in 90% of 

patients for complete sensory-motor sciatic nerve block resulted in 6.6 mL with an onset time 

of 19 ± 12 minutes and the success rate was 98%. They also found that the baseline amplitude 

of action potential at ankle, fibula, malleolus, and popliteus were significantly reduced at the 

fifth week and the sixth month. They suggested that the intraneural ultrasound-guided popliteal 

LA injection significantly reduces the LA dose to achieve a valid sensory-motor block, 

decreasing the risk of systemic toxicity. However, the persistent electrophysiology changes 

suggested possible axonal damage that will require further investigation (Cappelleri et al., 2018) 

(Figure 1.1). The intraneural injection in the popliteal sciatic nerve in Cappelleri et al.’s studies 

have caused extensive discussion (Cappelleri & Gemma, 2019; Jiang et al., 2019; Lai & 

Rosenblatt, 2019; Swenson et al., 2019; K. Vlassakov et al., 2018), and the safety and the 

necessity of the intraneural injection were the mainly debates. The particularity of the NFS in 

the sciatic nerve compared to other peripheral nerves has also been proposed (Figure 1.1). 

In summary, it remains controversial whether or not the intraneural injection will cause nerve 

injury. The precise localisation of the epineurium is the key for the PNB. The anatomy of the 

NFS, particularly the epineurium and its relationships with the out layer of the paraneurium (or 

extraneural fascia) and inner layer of the perineurium (Figure 1.2), requires the extensive study.  

 

1.3 Neurofascial sheath of the peripheral nerve 

1.3.1 Basic anatomy of the peripheral nerve system 

The peripheral nerve system consists of 31 pairs of spinal nerves and 12 pairs of cranial nerves. 

The spinal nerves connect with the spinal cord; the cranial nerves join with the brain.  

There are 31 pairs of spinal nerves (8 cervical, 12 thoracic, 5 lumbar, 5 sacral, 1 coccygeal) in 

the human body. They originate from the spinal cord and contain a mixture of sensory and 

motor fibres. Adjacent groups of rootlets fuse to form dorsal and ventral roots of a spinal nerve. 

The dorsal roots contain afferent fibres from the dorsal root ganglia and transmit sensory 

information to the brain. The ventral roots contain efferent fibres from the spinal grey matter 

and transmit motor information from the brain. The dorsal and ventral nerve roots merge to 
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form the spinal nerves. The spinal nerve exits from the vertebral canal via the intervertebral 

foramina (IVF) and divides into a large ventral ramus and a smaller dorsal ramus. The ventral 

and dorsal rami innervate the movement and sensation of the body (Standring, 2015).  

There are 12 pairs of cranial nerves: the olfactory, optic, oculomotor, trochlear, trigeminal, 

abducens, facial, vestibulocochlear, glossopharyngeal, vagus, accessory and hypoglossal 

nerves (CN) I - CN XII. 

Unlike spinal nerves, only some cranial nerves carry both sensory and motor fibres; others are 

purely sensory or purely motor. The olfactory, optic and vestibulocochlear nerves are purely 

sensory. The oculomotor, trochlear, abducens, accessory and hypoglossal nerves are solely 

motors. The trigeminal, facial, glossopharyngeal and vagus nerves are the mixed nerves.  
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1.3.2 The coverings of a peripheral nerve 

 

A peripheral nerve is enclosed within the coverings, which consist of the endoneurium, 

perineurium and epineurium from innermost to outermost, respectively (Figure 1.2). Further 

exterior to the epineurium is the extraneural fascia (Refer to Section 1.3.3).   

 

1.3.2.1 Endoneurium 

The endoneurium is a delicate cylindrical lamina that encloses groups of axons with their 

respective Schwann cells and creates a specific microenvironment around them. The 

endoneurium runs longitudinally along with a peripheral nerve and receives blood supply from 

a capillary network which is continuous inside the endoneurial compartment (Reina et al., 2014).  

 

Figure 1.2. Transverse section through a human peripheral nerve, showing the arrangement of its 
connective tissue sheaths. Individual axons are arranged in a small fascicle bounded by a perineurium. 
P = perineurium; Ep = epineurium; E = endoneurium. [Modified from (Standring, 2015)] 
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Schwann-axon units and blood vessels are enclosed within individual basal laminae and 

isolated from the other cellular and extracellular components of the endoneurium. The fibrous 

and cellular components of the endoneurium are bathed in an endoneurial fluid at a slightly 

higher pressure than that outside of the endoneurium (Standring, 2015). 

The major cellular constituents of the endoneurium are Schwann cells and endothelial cells. 

The other cellular components include fibroblasts (constituting approximately 4% of the total 

endoneurial cell population), resident macrophages and mast cells (Standring, 2015). 

The origins of these cellular constituents are different (Standring, 2015). (1) Schwann cells arise 

from multipotent neural crest cells that migrate at a very early stage of development. (2) 

Endothelial cells arise from the endothelial progenitor cells and participate in the formation of 

blood vessels in the endoneurium. The vessels within the endoneurium constitute part of a 

blood-nerve barrier. (3) Fibroblasts arise from the local mesenchymal cells. In mature tissues, 

mesenchymal stem cells can give rise to all the resident cells of connective tissues in response 

to local signals and cues. (4) Macrophages are derived and replaced primarily from 

haemopoietic stem cells in the bone marrow. (5) Mast cells are generated in the bone marrow 

and circulate to the tissue as immature basophil-like cells, migrating through the capillary and 

venule walls to their final destination. 

 

1.3.2.2 Perineurium 

The perineurium extends peripherally from the transition zone between the brain/spinal cord 

and a peripheral nerve. It is continuous with the capsules of muscle spindles and encapsulated 

sensory endings, but ends openly at unencapsulated free nerve endings and neuromuscular 

junctions. The constituents of the perineurium are alternating layers of the flattened polygonal 

cells and collagen fibres. The cells and collagen fibres form several lamellar layers and wrap 

around a nerve which consists of several cylindrical endothelial units and the associated axons. 

Every lamellar layer is enclosed by a basal lamina. The cells in the layers are interconnected by 

extensive tight junctions which function as a metabolically active diffusion barrier (Standring, 

2015) but maybe different between mature and immature animals (Kristensson & Olsson, 1971). 

The perineurium serves as a protector and provides mechanical resistance to external forces 

(Barral & Croibier, 2008). It plays an essential role in maintaining the osmotic milieu and fluid 

pressure within the endoneurium (Standring, 2015). 
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Cellular origin: The cellular origin of the perineurium is the focus of current debates. The 

perineurial cells may originate from neural crest cells, fibroblasts, or mesenchymal cells. The 

relevant original studies are reviewed below, which may help a better understanding of the 

architecture of the NFS. 

Neural crest cells: In 2008, Kucenas et al. reported that ventral spinal-cord glia emerged from 

motor exit points of the spinal cord and migrated along the entire length of motor axons, 

ensheathing both axons and Schwann cells and forming the perineurium. They used transgenic 

reporter genes and time-lapse imaging to examine the nkx2.2a expression in zebrafish. The 

nkx2.2a protein is used as a marker for ventral spinal-cord cells in zebrafish. They found that 

the peripheral nkx2.2a+ cells formed the perineurium. They also demonstrated that perineurial 

glia failed to ensheath motor nerves in mutant embryos with defective Schwann cell 

development, suggesting that the wrapping behaviour of perineurial glia is instructed by signals 

from Schwann cells. In the Tg (olig2: dsred2) embryos, the EGFP+ (enhanced green fluorescent 

protein) cells ensheathed mixed nerves but did not extend along the sensory branch to the dorsal 

root ganglia (Kucenas et al., 2008). Clark et al. performed similar experiments to examine the 

peripheral nkx2.2a+ cells in mice and found that the peripheral cells in the motor nerve in mice 

are the nkx2.2+ precursors in the neural tube derived (Clark et al., 2014). In zebrafish and mice, 

the perineurium of the motor nerve and the root of the sensory nerve may have a glia (neural 

crest) origin. 

Fibroblasts: Using two techniques, co-culturing neurons, fibroblasts, and Schwann cells and 

labelling the progeny of individual cells by a recombinant retrovirus, Bunge et al. found in the 

dorsal root ganglia of 15-day old rats, the labelled fibroblasts but not the infected Schwann cells 

gave rise to lac A-positive perineurial cells, suggesting that in rats, the perineurium is derived 

from fibroblasts (Bunge et al., 1989).  

In 2011, Yamamoto et al. further demonstrated that the perineurium was regenerated via fusion 

of the residual perineurial cells and endoneurial fibroblast-like cells of mesenchymal origin. 

They used an in vivo perineurium resection model in the rat sciatic nerve and performed an 

immunohistological and electron microscopic study on the regenerative process of the 

perineurium. They found that the perineurial cells or their precursors are present in the 

endoneurium and migrate to the outside of the endoneurium to regenerate the damaged 

perineurium. The endoneurial fibroblasts exist in various forms after removal of the epi-

perineurium, migrate and regenerate the perineurium (Yamamoto et al., 2011). 
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Mesenchyme: In 1988, Haninec suggested that the connective tissue sheaths of peripheral 

nerves (the epineurium, perineurium, perineural septa and endoneurial fibroblasts) are formed 

from the mesenchyme in the limb region of avian embryos. Haninec used the quail-chick and 

chick-quail chimeras techniques to examine the origin of the coverings. The quail-chick and 

chick-quail chimeras techniques are constructed by isotopically grafting the limb bud of quail 

embryos into a chick of the same developmental stage and vice versa, prior to the entry of nerve 

fibres into the limb. After reincubation of the embryos, the limb bud was observed by Feulgen-

Rossenbeck staining and light microscopy. He found that in all the chimeras studied, the 

coverings were formed from the mesenchyme of the limb bud, while Schwann cells were of 

host origin (Haninec, 1988). 

Hanienec’s results were supported by Halata et al., who suggested that the perineurium and the 

endoneurium of the peripheral nerve were developed from the local mesenchymal cells. They 

used the quail-chick marking technique in which the chick host neural tube was removed and 

replaced by the neural tube segments previously isolated from quail embryos, and vice versa. 

They found that the nerves from the quail spinal cord were forced to grow into the chick leg 

bud and the nerves were accompanied by Schwann cells exhibiting nuclei typical of the quail, 

and the perineurial and endoneurial cells developed from the local mesenchyme of the chick 

leg bud (Halata et al., 1990). 

Du Plessis et al. (Du Plessis et al., 1996) provided morphological evidence to support the 

concept of a mesenchymal origin for the perineurium rather than schwannian derivation. They 

examined the development of the chicken sciatic nerve by electron microscopy and found that 

during all stages of development, the perineurium of the chicken sciatic nerve appeared to 

organise from the surrounding mesenchyme. 

To investigate the interaction between the mesenchymal and Schwann’s cells during the 

covering formation, Parmantier et al. (Parmantier et al., 1999) examined the development of 

the coverings in the absence of signals of Desert hedgehog (Dhh) from Schwann cells in the 

genetically modified mice. They found that there is a significant difference in the epineurium, 

perineurium and the endoneurial space between normal and mutant nerves, suggesting that the 

Schwann cells have a substantial function in the perineurium organisation. They concluded that 

the mesenchymal cells form the perineurium, but Schwann cell-derived Dhh signals are 

essential for the covering formation. 

The origin of the perineurium in human is rarely reported, but the ultrastructure in human has 

been studied. Gamble et al. suggested that the perineurium was derived from cells 
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morphologically resembling fibroblasts by observing the ultrastructure of the perineurium in 

human fetal peripheral nerves (Gamble, 1966). The ultrastructure of the perineurium was 

reported to be composed of 8-18 alternating concentric layers of cells and connective tissue in 

the human sciatic nerve (Reina, Colman Peyrano, et al., 2015).  

 

1.3.2.3 Epineurium 

The epineurium is the outermost layer of the covering of a peripheral nerve. It is a condensation 

of fibrous connective tissue which surrounds all the fascicles of a peripheral nerve and blood 

vessels. The epineurium provides the physical protection for the nerve, allows motion and 

provides space for calibre changes of the peripheral nerve. The epineurium also plays a vital 

role in the maintenance and repair of the surrounding tissues. Thus, the more fasciculi present 

in a peripheral nerve, the thicker the epineurium.  

The epineurium contains fibroblast, collagen and variable amounts of fat. The cellular 

constituents of the epineurium are derived from the mesoderm (Standring, 2015). Haninec 

suggested that the epineurium, perineurium, perineural septa and endoneurial fibroblasts were 

all originated from the mesenchyme in the limb region of avian embryos (Haninec, 1988).  

The epineurium can be further subdivided into two parts: the external epineurium and internal 

epineurium (Millesi et al., 1993). The internal epineurium keeps the nerve fascicles apart while 

the external epineurium forms a well-defined sheath around all the nerve fascicles (Barral & 

Croibier, 2008).  

 

1.3.3 The extraneural fascia of the peripheral nerve 

The extraneural fascia is a fascial layer outside the epineurium of the peripheral nerve or nerve 

plexus. It has been named as the adventitia, paraneurium, mesoneurium, or gliding apparatus 

of a peripheral nerve (Flores et al., 2000; Millesi et al., 1990). Its relationship with the coverings 

(epineurium, perineurium and endoneurium) of the peripheral nerve is still not clear (Franco, 

2012; Krstic, 2013; Millesi et al., 1995; Sites et al., 2009).  

Krstic named the area between the epineurium and surrounding tissues as “paraneurium” which 

may allow motion of the nerve and provide some space for calibre changes (Krstic, 2013). The 

paraneurium has also been referred to as part of the epineurium (Millesi et al., 1995). Sites et 
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al. questioned whether the outer layer of the sciatic nerve was the epineurium (Sites et al., 2009). 

Franco suggested that the connective tissue associated with a nerve plexus was on the same 

theme with individual nerves and the extraneural fascia of the nerve plexus was contained 

within a sturdier fascia (Franco, 2012).  

The extraneural fascia is an essential structure for the PNB and has been considered as part of 

the NFS. The extraneural fascia has been extensively studied in some peripheral nerves, such 

as the brachial plexus, femoral nerve and sciatic nerve. The nerve blocks in different peripheral 

nerve/nerves are all related to the extraneural fascia, and many debates have arisen because the 

extraneural fascia is not very clear. Those studies are reviewed below.  

The extraneural fascia of the brachial plexus: The concept of “brachial plexus sheath” has 

been used in the brachial plexus anaesthesia for many years. Thompson et al. described the 

brachial plexus sheath as a thin connective tissue sheath surrounding the brachial plexus 

(Thompson & Rorie, 1983). Partridge et al. confirmed that the brachial plexus sheath had 

multiple layers (Partridge et al., 1987). Franco et al. revealed that it was a macroscopic 

fibrous structure surrounding the plexus and was filled with loose connective tissue lacking 

any apparent organisation (Franco et al., 2008). In a clinical study, Ting et al. successfully 

blocked the brachial plexus by injecting the LA into the sheath (Ting & Sivagnanaratnam, 

1989).  

However, Cornish et al. defined the “brachial plexus sheath” as a tissue plane between the 

pectoral fascia and the rigid structures, e.g. the chest wall, scapular and humerus, rather than a 

tubular connective tissue sheath surrounding the brachial neurovascular bundle. They 

performed the CT dye studies using continuous catheter systems for the brachial plexus and 

found that the dye was spread in the space surrounding by the above structures (Cornish & 

Leaper, 2006). Brenner et al. performed ultrasound-guided infraclavicular brachial plexus block 

on cadavers using a single injection technique with dye (20-30 mL). Dissection of the 

neurovascular bundle was carried out to study the spread of dye and the presence of fascial 

layers. Well defined fascial layers were identified at a dissection in seven of 12 infraclavicular 

areas. These fascial layers impeded the spread of dye. No fascial layers were identified in five 

cases and the range of dye was complete throughout the neurovascular bundle (Brenner et al., 

2018). 

The extraneural fascia of the femoral nerve: Winnie et al. proposed the “3-in-1” block based 

on a hypothesis that the femoral nerve has a fascial sheath and by a single injection into the 

femoral fascial sheath and exerting pressure on the distal of the needle insertion site, the 
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anaesthetic solution should pass through the fascial sheath to the level where the femoral nerve, 

lateral femoral cutaneous nerve (LFCN), and obturator nerve lie close together within the same 

fascial envelope; thus the three nerves can be blocked simultaneously. They tested their 

hypothesis in 70 patients and found that a single injection of 20 mL or greater of the LA solution 

provided complete anaesthesia of all three nerves except one case whose LFCN was not blocked 

(Winnie et al., 1973). The “3-in-1” block theory was supported by several other clinical studies 

(Lonsdale, 1988; Sharrock, 1980). Sharrock reported an inadvertent “3-in-1” block following 

injection of the lateral cutaneous nerve of the thigh. When he did an LFCN block, the femoral 

nerve and obturator nerve were blocked as well (Sharrock, 1980). In the literature, the “3-in-1” 

block technique has a failure rate of up to 20% (Niesel & Van Aken, 1994; Tierney et al., 1987). 

Some studies suggested that there was no femoral fascial sheath. Ritter injected the methylene 

blue dye into the femoral NFS in human cadavers and followed by dissection and observation 

of dye distribution. They reported that the femoral NFS did not exist (Ritter, 1995). Dalens et 

al. believed that the femoral nerve and other nerves from the lumbar plexus were enclosed in a 

fascial compartment (Dalens et al., 1989). 

The extraneural fascia of the popliteal segment of the sciatic nerve: The popliteal section of the 

sciatic nerve (or the popliteal sciatic nerve) includes the tibial and common peroneal nerves 

which are encompassed by a common fascial sheath in the popliteal fossa (Andersen et al., 2012; 

Sinha & Chan, 2004; Vloka et al., 2001). Needle placement in the common fascial sheath can 

get rapid surgical anaesthesia in the popliteal sciatic nerve block (Choquet et al., 2012). Missair 

et al. compared the spread and volume of the LA and the complete sensory block in subfascial 

and extrafascial injection of the popliteal sciatic nerve block. They reported that the placement 

of the needle tip beneath the fascial sheath of the sciatic nerve resulted in significantly greater 

perineurial LA volume at the nerve bifurcation and was associated with a more significant 

sensory blockade and a characteristic laminar LA spread pattern (Missair et al., 2012). Tran et 

al. performed the ultrasound-guided subparaneural popliteal sciatic nerve blocks either at or 

proximal to the sciatic nerve bifurcation. The two injections had comparable success and total 

anesthesia-related times (Tran et al., 2013). Karmakar et al. examined the connective tissue 

layers surrounding the sciatic nerve at the popliteal fossa by ultrasound scanning. They defined 

the fascial layer between the epineurium of the sciatic nerve and the epimysium of the 

surrounding muscles as the paraneural sheath where they recommended as the LA injection site 

(Karmakar et al., 2013). Wolf et al. indicated the safety of the paraneural sheath injection in the 

popliteal sciatic nerve block should be considered because the sural nerve and lateral cutaneous 

nerve of the calf were contained in the same fascial sheath (Wolf & Gray, 2014). Perlas et al. 
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compared the onset time of the popliteal sciatic nerve blockade through a common paraneural 

sheath and the conventional post bifurcation injections external to the paraneural tissue. They 

found that the single injection through the paraneural sheath had a shorter onset time of both 

sensory and motor block because it had a more extensive proximal and distal longitudinal 

spread of LA. They suggested that an ultrasound-guided popliteal sciatic nerve block through 

a common paraneural sheath at the site of sciatic nerve bifurcation is a simple, safe, and highly 

effective block technique and results in consistently short onset time while respecting the 

integrity of the epineurium and intraneural structures (Perlas et al., 2013).  

As reviewed on the different regions of the extraneural fascia, the relationship of the extraneural 

fascia and the peripheral nerve remains controversial (Franco, 2012). The extraneural fascia 

may appear as a neurovascular sheath in some areas, such as the carotid sheath (Piffer, 1980), 

or a tissue/fascial plane, such as the transversus abdominal plane (Mukhtar, 2009), or a fascial 

adipose compartment, such as the FIC (Fascia iliaca compartment) (Dalens et al., 1989), or a 

canal, such as an adductor canal (Vora et al., 2016). Although there were various descriptions 

of the extraneural fascia, the origin and configuration of the extraneural fascia in most of the 

peripheral nerves are still not clear. The extraneural fascia was considered as a part of the NFS 

and comprehensively studied in the femoral nerve and LFCN in this project.  

1.3.4 The neurofascial sheath and the perineural tumour spread 

The NFS not only provides the anatomical basis of the PNB but also plays a crucial role in the 

PNTS. 

 

1.3.4.1  The concept of the perineural tumour spread 

The PNTS is defined as the macroscopic tumour extension away from the primary tumour site. 

The PNTS is a distinct growth pattern in which malignant neoplasm spreads from a primary 

tumour site to a secondary site via the scaffolding of a nerve or nerve plexus (Stambuk, 2013). 

The tumour disseminates to non-contiguous regions along with the NFS (via the endoneurium, 

perineurium and epineurium) or perineural lymphatics (Caldemeyer et al., 1998). The PNTS 

usually involves those larger, typically named nerves (Lee et al., 2019). The most commonly 

affected cranial nerves are the trigeminal and facial nerves (Paes et al., 2013).  
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1.3.4.2 The perineural tumour spread vs the perineural invasion 

The PNTS needs to be distinguished from the perineural invasion (PNI), which is a microscopic 

finding of tumour cells infiltrating nerves. The PNI is a diagnosis made on histology, typically 

in a specimen including the primary tumour. PNTS and PNI are two classifications of the 

perineural growth of tumours (Roh et al., 2015). The PNI is typically a process of small, 

microscopically identified, unnamed peripheral nerves near the invasive neoplasm. For the 

nerve size assessment, a diameter of less than 0.1 mm is called small and greater than 0.1 mm 

is identified as large (Panizza & Warren, 2013). The presence of the PNI does not necessarily 

imply PNTS (Amit et al., 2016). The overall frequency of the PNTS is lower than the PNI in 

head and neck tumours. 

 

1.3.4.3 Clinical recognition of the perineural tumour spread 

Recognition of PNTS is of fundamental importance. The treatment and prognosis of neoplasms 

are significantly altered when the PNTS exists (Laine et al., 1990). If the PNTS is undetected 

or its extent is underestimated, the treatment will probably not control the disease (Maroldi et 

al., 2008). The PNTS is also associated with worsening prognosis. The presence of the PNTS 

may convert a lesion thought to be resectable into nonresectable. The presence of PNTS may 

also mean that radiation fields need to be expanded to encompass the tumour spread.  

The PNTS is associated with decreased survival rates and a higher risk of local recurrence and 

metastasis (Goepfert et al., 1984). The PNTS is often radiographically detectable, even before 

patients become symptomatic (Kirsch & Schmalfuss, 2018). PNTS may be clinically silent; 

thus the imaging plays a pivotal role in the evaluation and delineation of perineural infiltration 

in head and neck malignancies, which in turn affects the treatment planning (Ong & Chong, 

2010).  

The PNTS can be detected by MRI and CT. Nemzek et al. reported 19 patients who have PNTS 

of head and neck tumours with histologic confirmation and found that the sensitivity of MR 

imaging for detection of the PNTS was 95%, however, the sensitivity of mapping the entire 

extent of perineural spread fell to 63% (Nemzek et al., 1998). Although both CT and MR 

imaging can help detect the PNTS, MR imaging appears more sensitive than CT for detecting 

segmental nerve enhancement (Caldemeyer et al., 1998; Ginsberg, 1999).  
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1.3.4.4 The perineural tumour spread and the neural fascial sheath 

Very little research has investigated the anatomical relationship between the PNTS and the NFS. 

Brown suggested that the PNTS involves both the perineurium and the endoneurium when 

clinically evident PNTS is manifest. The perineurium is believed to provide a significant barrier 

because the initial reaction to tumour invasion is perineural cell hypertrophy with the 

production of more extracellular matrix creating thicker collagen-rich layers effectively 

reinforcing the walls of perineural space. If a tumour eventually breaches the perineural space, 

it encounters a further dense connective tissue barrier, the epineurium. Thus the tumour is more 

likely to grow along with the perineural spaces than to invade directly through the epineurium 

(Brown, 2016).   

 

1.4 Techniques used for the study of the neural fascia sheath 

The techniques for observing the NFS include the medical imaging, dissection, latex or ink 

injection, histology and plastination. Each method is aimed at different objects and has its own 

advantages and disadvantages. Compared with other methods; the epoxy sheet plastination has 

its unique advantage in the study of the fascia-like structures. 

 

1.4.1 Medical imaging  

The medical imaging for observing the NFS has been widely used on patients in the clinic 

(Refer to section 1.2.3). It has also been used for the study of the NFS on cadavers in laboratory 

investigations. Ikeda et al. scanned the median nerve in cadaveric wrist specimens by MRI and 

then sectioned, stained and inspected the medial nerve grossly and microscopically and 

compared with the MR images. They found that the internal structure of peripheral nerves can 

be showed under the MRI with sufficiently high-resolution techniques (Ikeda et al., 1996). 

Brenner et al. observed that the fascial layers influenced the spread of injectate during the 

ultrasound-guided infraclavicular brachial plexus block in cadavers (Brenner et al., 2018).  

 

1.4.2 Cadaveric dissection 

The dissection of connective tissue around the peripheral nerve with or without latex or dye 

injection has been applied for many years (Andersen et al., 2012; Ritter, 1995). Ritter injected 
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the methylene blue dye into the femoral nerve sheath of human cadavers followed by dissection 

to determine if the femoral NFS was capable of conveying the LA to the lumbar plexus. 

According to the spread of the injected dye, they found that the femoral NFS did not exist in 

human cadavers and thus the “3-in-1” block probably did not block the lumbar plexus (Ritter, 

1995). Andersen et al. did gross dissection and injected blue-coloured resin with ethyl-methyl 

ketones to observe the paraneural sheath of the sciatic nerve in the popliteal fossa. Together 

with the ultrasound observation and the histological study, they suggested that the sheath 

facilitated the spread of the injectate along the nerve and it may have implications for regional 

anaesthesia (Andersen et al., 2012).  

 

1.4.3 Histological examination 

Many studies on the fascia rely on histological methods. The histological sections are prepared 

through various steps, such as fixation, dehydration, embedding and sectioning.  Different 

staining methods can be applied to the histological sections to highlight different tissues in 

colours. For example, Janjua et al. did H&E (Hematoxylin and eosin) and Masson's trichrome 

stains in a histological study to observe dural relationships of Meckel cave and lateral wall of 

the cavernous sinus (Janjua et al., 2008). The nerves, meningeal layers and other fascial layers 

were displayed clearly in the histological slices. 

 

1.4.4 Epoxy sheet plastination          

The study of the connective tissue has been proved to be very difficult. Various techniques 

described above have been applied to the study of connective tissue, but they have some 

disadvantages. For example, the fine architecture of fascia around the nerve was not clearly 

displayed in the MR images (Ikeda et al., 1996). Inevitable distortion, disruption and alteration 

of tissues and their precise anatomical relationship to one another would happen during the 

dissection. The histological study is limited by the size of the sample area, alteration of tissue 

architecture during decalcification, and difficulty in tracing the origin of a fibrous structure. 

These limitations are largely overcome by the epoxy sheet plastination, which not only ensures 

the preservation of the in situ position of bone, cartilage, and soft tissues without decalcification 

but also allows these structures to be examined undisturbed in their natural state both at 

macroscopic and microscopic levels.  
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The plastination is an anatomical technique which was invented by Dr Gunther von Hagens at 

the Anatomical Institute of Heidelberg University in 1977 (von Hagens, 1986). It involves 

replacing the water and fat in tissues with a reactive polymer such as silicone rubber, epoxy, or 

a polyester resin. The main steps of plastination include dehydration, degreasing, impregnation 

and curing. Plastinated specimens are dry and odourless and are identical to their pre-preserved 

state. Both macroscopic and microscopic examination can be performed on them.  

 

1.5 Central hypothesis and objectives 

1.5.1 Hypothesis 

The central hypothesis of this study that the NFS of a peripheral nerve has a consistent fibrous 

configuration along its whole course. 

Our current knowledge of the NFS in both clinical anatomical textbooks and the majority of 

literature is that the NFS has three sub-layers and enclosed by the extraneural fascia (Reina et 

al., 2013; Reina, De Andrés, et al., 2015; Sala-Blanch et al., 2013; Standring, 2015). This basic 

concept is based on the original evidence mainly from the study of the NFS of the sciatic nerve 

in the popliteal region (Reina, Colman Peyrano, et al., 2015; Reina, Machés, et al., 2015; Reina 

& Sala-Blanch, 2015a, 2015b). Therefore, I proposed this basic concept as my central 

hypothesis. 

 

1.5.2 Objectives  

The overall objective of this project is to identify the origin and configuration of the NFS of the 

peripheral nerve. 

Specific objectives are:  

(1) To investigate the origin and configuration of the NFS of the distal segment of the spinal 

nerve (Chapter 3 & 4). 

(2) To investigate the origin and configuration of the NFS of the proximal segment of the 

spinal nerve (Chapter 5). 
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(3) To investigate the origin and configuration of the NFS of the proximal (intracranial) 

segment of the cranial nerve (Chapter 6). 

To study the NFS of the spinal nerve (Specific Objectives 1 and 2), the femoral nerve and LFCN 

were chosen as examples of the study. There are three main reasons to choose them. Firstly, the 

key research technique used in the thesis is the sheet plastination. Plastination is time- and 

labour-consuming procedure but the product is durable. During the last decades, our laboratory 

has prepared 17 sets of plastinated slices from cadaveric pelvis, thigh and spine for various 

other research projects. The prepared slices contain the main branches (e.g. femoral nerve and 

LFCN) of the lumbar plexus, including their proximal and distal segments. Secondly, the 

femoral nerve and LFCN run through or pass by various anatomical structures, e.g. hip bone 

and joints, iliopsoas muscles, inguinal ligaments, adipose spaces in the femoral triangle and 

vessels. Therefore, unlike most previous studies that mainly examined the NFS of the sciatic 

nerve in the popliteal adipose fossa, this project examined the whole course of the spinal nerves 

with various neighbouring structures. Finally, understanding of the configuration of the NFS of 

the femoral nerve and LFCN has significant clinical implications, such as providing the optimal 

needle placement and volume for the FICB, using special structures as landmarks to localise 

the nerves and compartments, providing a theoretical surgical strategy for the LFCN 

decompression and the optimal transforaminal approach in the lumbar IVF.  

Of 12 cranial nerve, the NFS of the intracranial portion of the trigeminal nerve was studied in 

this project (Specific Objective 3). The trigeminal nerve has a relatively long intracranial course 

which traverses through the subarachnoid space, the extradural neural axis compartment 

(EDNAC) and the bony skull base. Our group has already investigated and reported the origin 

and configuration of the NFS of the cranial nerves in the anterior (Liugan et al., 2017) and 

posterior cranial fossa (Bond et al., 2020). In the middle cranial fossa, we have reported the 

fascial configuration of the pituitary gland and the cavernous sinus (Liang Liang, Fei Gao, et 

al., 2014), as well as the transcranial segments of the TN (Trigeminal nerve) (Liang Liang, 

Yuling Diao, et al., 2014). Therefore, this part of the thesis was to further reveal the origin and 

configuration of the NFS of the proximal (intracranial) segment of the trigeminal nerve, which 

mainly courses in Meckel’s cave. Understanding of the multiple-layered MC wall and its 

relationship with the trigeminal roots, ganglion and divisions will provide precise guidance to 

target a specific part of the TG (Trigeminal ganglion) in the percutaneous trigeminal rhizotomy 

which is a safe, simple and effective surgery for trigeminal neuralgia (Objective 3. Chapter 6). 
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Chapter 2 

General Material and Methods 

2.1 General material 

The study was performed in accord with our institutional ethical guidelines and approved by 

the Human Research Ethics Committee at the University of Otago for the cadaver study 

(Reference code: H18/027). The Māori consultation has also been sought from the Ngāi Tahu 

Research Consultation Committee. The cadavers were bequeathed for medical education and 

research purposes with the written informed consent from the donor or the next of kin as 

obtained under the New Zealand Human Tissue Act 2008. The cadaveric study at Anhui 

Medical University, China, has been approved by the Medical Ethics Committee at Anhui 

Medical University (Reference number: 20190532).  

The sonoanatomy of the femoral nerve and LFCN in the healthy volunteers and of the fascia 

iliaca compartment block (FICB) and femoral nerve block (FNB) in the patients has been 

approved by the Committee on Medical Ethics in The First Affiliated Hospital of Anhui 

Medical University (Reference number: Quick-PJ 2018-07-28).  

 

2.1.1 Cadavers 

2.1.1.1 Cadavers from University of Otago 

A total of 59 cadavers from the University of Otago were used in this project (29 females, 30 

males; age range, 38-97 years). All cadavers were embalmed with embalming solution (2% 

formalin, 60% ethanol, 15% glycerine and 7% phenoxytol in water). A total of 38 cadavers 

were used for dissection and 21 sets of epoxy sheet plastination slices (9 transverse, 8 sagittal, 

and 4 coronal sets of slices) from 21 cadavers were prepared and used in this project.  

  

2.1.1.2 Cadavers from Anhui Medical University 

A total of 21 cadavers were studied, 13 for plastination and 8 for dissection (10 females, 11 

males; age range, 60-81 years). All cadavers were embalmed with a 10% formalin solution. 13 

sets of epoxy sheet plastination slices (7 transverse, 3 sagittal and 3 coronal sets of slices) and 
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6 sets of ultrathin epoxy sheet plastination slices (1 transverse, 3 sagittal and 2 coronal sets of 

slices) were prepared and used in this project. 

 

2.1.2 Living subjects in the project 

A total of 64 healthy volunteers were recruited for the ultrasonography study, 30 (14 females, 

16 males; age range, 33-74 years) for the femoral nerve and 34 (19 females, 15 males; age range 

20-62 years) for the LFCN. 

Forty-five patients (34 females, 11 males; age range 50-83 years) were recruited for the FICB 

and FNB study. 
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2.2 General methods 

2.2.1 Latex injection, dissection, and measurements 

The latex injection, dissection, and measurements were performed for different studies and 

described in details in Chapters 3,4 and 6.  

 

2.2.2 Plastination 

The plastination used in this project includes the epoxy sheet plastination and the ultrathin sheet 

plastination. 

 

2.2.2.1 Epoxy sheet plastination 

Preparation and Embedding of the specimen 

The specimen selected for the plastination was prepared with artery perfusion of the E20 

mixture. The mixture was composed of E20 hardener and E20 plus red in a 55:100 (part by 

weight) ratio. After the injected mixture has solidified, the specimen was placed in a container. 

15% gelatin solution was prepared and poured into the container to fix the specimen in a block. 

The gelatin block of the specimen was frozen at -80℃ for 7 days.  

Sectioning of the specimen 

The Butcher Boy Band Saw (Lasar, Selmer, USA) was used for sectioning. The saw blade was 

adjusted to a proper tightness for safety and easy sectioning. An adjustable customized box was 

installed on the band saw and attached to the sectioning surface of the specimen. Dry ice was 

put in the box to keep the sectioning surface of the specimen cold. The thickness of the slice 

was set to 2.5cm. The specimen block was taken out of the freezer and began the sectioning 

after all preparations were completed. The dust and gelatin on the surface of the obtained frozen 

slices were carefully removed. The cleaned-up serial frozen slices were stacked in order and 

the adjacent slices were separated by a plastic mesh. Ten slices were tied together as a stack. 

The stacks of slices were then put into -25℃ acetone to start the dehydration.  

Dehydration 

The dehydration of the slices was carried out in the -25℃ acetone, which requires weekly 

measurement of the purity. Daily shaking of the stacks was conducted during the dehydration. 

Usually, the purity of the acetone was around 80% after the first dehydration and was about 90% 
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after the second dehydration. Three changes with new acetone were usually required, until a 

stable reading of the purity more than 98% was achieved. 

Degreasing 

After the dehydration, the slices in acetone were moved out from the -25℃ freezer to room 

temperature to begin the degreasing. Daily shaking was still required. The acetone was changed 

once a week. Usually, two changes were needed until the acetone solution became clear. In 

order to completely dissolve the fat in the specimen, the degreasing time may be extended and 

the number of changes of acetone is increased.    

Forced impregnation 

The forced impregnation was carried out by replacing the acetone in the specimen with the resin 

mixture under vacuum. The steps are listed as follows. 

A. Prepare the resin mixture: The resin for impregnation was a mixture of E12, E1, AE20 and 

AE30. The ratio of E12: E1: AE20: AE30 was 95: 26: 20: 5 (part by weight), respectively.  

B. Transfer the specimen into the resin mixture: The slices were taken out from the acetone and 

moved to the resin mixture. Some weights were put on the bundles of slices to make sure the 

slices were submerged in the resin mixture during the impregnation. The level of the resin 

mixture was 10 cm higher than the specimen before the impregnation. 

C. Start the impregnation: The impregnation was done in a vacuum chamber. The chamber was 

installed in a freezer and connected out with a vacuum pump, a pressure monitor and some 

valves. The impregnation was carried out at 0℃ and lasted for 24 hours. The pressure in the 

chamber was decreased from 760 mmHg to 2 mmHg in 24 hours.  

D. Casting and curing: After the impregnation was completed, the slices were taken out from 

the resin mixture. A fresh mixture of E12, E1 and AE30 was prepared. The ratio of E12: E1: 

AE30 was 95: 26: 5 (part by weight). The casting was carried out by a “sandwich” method.  

The casted slices were kept at room temperature for 1 to 2 days and then moved to a 45℃ oven 

for 5 days. Finally, the slices were taken out from the oven and cooled at room temperature.  

 

2.2.2.2 Ultrathin sheet plastination 

Preparation of the specimen 
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The specimen for the ultrathin sheet plastination was cut into a tissue block. The size of the 

block was as small as possible to reduce the dehydration and degreasing time and was about 20 

x 20 x 15 cm3 in this project.  

Dehydration and degreasing 

The dehydration and degreasing in the ultrathin sheet plastination were similar to Section 

2.2.2.1. The difference was that the period for dehydration and degreasing in ultrathin sheet 

plastination was much longer.  

Forced impregnation 

A. Preparation of resin mixture: The resin for impregnation was a mixture of E12, E6 and E600. 

E12 is the epoxy resin. E6 is the hardener and E600 is the accelerator. The ratio of E12: E6: 

E600 was 100: 50: 0.2 (part by weight). The resin mixture was necessary to be thoroughly 

mixed. 

B. Transfer the tissue block into the resin mixture: The tissue block was transferred from the 

acetone to the mixture and was necessary to be submerged in the resin mixture. The tissue block 

was kept in the mixture for 24 hours at room temperature to allow the tissue block full contact 

with the mixture.  

C. Start the impregnation: The impregnation was done in a small vacuum bucket. The 

temperature was set and maintained at 30℃. The pressure was decreased from 760 mmHg to 5 

mmHg in 3 days. On the last day, the temperature was increased to 60℃. The pressure reached 

to 1 mmHg in the final stage of impregnation.    

D. Casting and curing: After the impregnation was completed, the tissue block was placed in 

a mould. The mould with the tissue block and resin mixture was put in the oven at 60℃ for 5-

7 days for hardening. The hardened plastinated block was trimmed for cutting. Three holes 

were drilled in the block outside of the tissue and were used as the external references for 

alignment and 3D reconstruction.  

Cutting 

The cutting of the plastinated block was made with a diamond bandsaw Dramet 270S (Dramet, 

Kleinmaischeid, Germany) in Department of Anatomy in University of Otago or a diamond 

bandsaw Exakt 310 CP (Exakt, Oklahoma, USA) in Department of Anatomy in Anhui Medical 

University. The thickness of the slice was 0.3 mm.     
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Casting and dyeing of the ultrathin slices 

Before the casting, the ultrathin slices were cleaned by an ultrasonic cleaning machine 

(Elmasonic Easy 100H, Elma, Wetzikon). The slices were stained with the H&E, Stevenel’s 

Blue and Alizarin Red S staining, and then cast using the “sandwich” method.   

H&E staining: 

A. Prior to the staining, the cutting surfaces of the slices were thoroughly cleaned in cold water 

for ten minutes, 70% ethanol for 5 minutes and 100% ethanol for 10 minutes. 

B. The plastinated slices were stained in Gills Haematoxylin II for 24 hours. 

C. The slices were washed in Scott tap water for 10 minutes. 

D. The slices were rinsed in 1% hydrochloric acid in 70% alcohol for 5 minutes and in 1% 

ammonia for 5 minutes. 

E. The slices were cleaned in 70% alcohol for 10 minutes and then stained in alcoholic eosin 

for 10 minutes. 

F. The slices were washed in tap water and a series of 70%, 95% and 100% alcohol, and then 

air-dry. 

Stevenel’s Blue and Alizarin Red S staining: 

A. The cleaned slices were placed in a vessel containing Stevenel’s blue in the preheated and 

maintained at 60℃ water bath for 5 minutes. 

B. The slices were washed in distilled water and then air dry. 

C. The slices were stained in Alizarin Red S for 2 minutes, and then washed in distilled water 

and then air dry. 

 

2.2.3 Observation of the plastinated slice 

2.2.3.1 Observation under a surgical microscope 

The plastinated slice was placed under a surgical microscope Leica MZ8 (Leica, Wetzlar, 

Germany) which was connected with a camera system. The images were captured by adjusting 

different angles of the incident light. 
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2.2.3.2 High-resolution image acquisition 

The high-resolution images of the selected areas were collected by an Epson Perfection V700 

Pro Scanner (Epson, Nagano, Japan) with a scanning resolution set at 1200-6400 dpi.   

 

2.2.3.3 Confocal microscopy 

The plastination process results in collagen, elastin, myofilaments, and neurofilaments being 

endogenously auto-fluorescent at the 488-nm excitation without any specific labelling. The 

images of the selected areas, which was set as 16.7 μm of the optical section thickness, were 

obtained from a Zeiss LSM 710 Confocal Microscope (Zeiss, Oberkochen, Germany). The 

images under a 5x, 10x, or 20x objective were electronically recorded and montaged. The 

selected areas were scanned in series on the Z-axis to obtain continuous series images. The 

series images were reconstructed using Image J software (an open-source Java image 

processing program inspired by NIH (National Institutes of Health) Image; 

https://imagej.net/ImageJ) to obtain a 3D image. 

 

2.2.4 3D reconstruction 

The images collected from the plastinated slices were assembled. The number of images used 

for 3D reconstruction depends on the structures to be displayed. The protocol was as follows. 

 

2.2.4.1 Image alignment 

All images with the same dpi were imported into a canvas created by Adobe Photoshop CS 6 

(Adobe, California, USA) layer by layer. For the images of epoxy sheet plastination slices, the 

alignment was carried out by adjusting the transparency of the layers and then used the 

anatomical structures as references to move or rotate. For the images of ultrathin sheet 

plastination slices, the three holes pre-drilled in the block were used as references for alignment. 

All images were saved separately in sequence and ready to be imported into Amira software 

(Thermo Fisher Scientific, Waltham, USA).  

 

https://imagej.net/ImageJ
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2.2.4.2 3D reconstruction in Amira 

The 3D reconstructions in this project were done in Amira software. The steps were as follows.  

Import the images 

The images used for 3D reconstruction were imported into Amira by clicking the “Open Data”. 

The images were displayed as one file of “.am” under the “Project”. 

Covert image type 

The file “.am” under the “Project” was necessary to be changed to another type for segmentation. 

It was carried out by right click the “.am” file and choose the “Covert Image Type”, and then 

apply. Another file of “.to-byte” was created. 

Segmentation 

The “.to-byte” file was chosen and the “segmentation” button next to the “project” button was 

clicked. Another file of “.Labels” was created under the “Project”. All segmentations were 

saved in this file. The segmentation was started by adding new material and then use the 

different tools, such as paintbrush, lasso to draw the different areas of different structures 

manually. Some structures which have high contrast with surrounding structures were also used 

thresholds and magic wand for semi-automatic segmentation.  

3D reconstruction and surface view 

The file of “.Labels” was chosen and then right-click, “Generate Surface” was selected and 

applied. The file of “.surface” was created and then right-click, “Surface View” was chosen to 

display the result of 3D reconstruction. The transparency of the surface view was able to be 

adjusted for a better showing.  

 

2.2.5 Ultrasound evaluation 

The ultrasound evaluation in this project includes the ultrasound scan of the LFCN and 

ultrasound-guided FICB and FNB and is described in details in chapter 3 and 4.  



33 
 

Chapter 3 

Configuration of the neurofascial sheath of the femoral nerve in the 

pelvis and upper thigh 

3.1 Introduction 

As reviewed in Chapter 1, the previous studies on the anatomy of the NFS are mainly limited 

to the distal segment of a spinal nerve, such as the brachial plexus in the axillary fossa and the 

sciatic nerve in the popliteal fossa where the nerves are embedded in very rich adipose tissues. 

The results of those studies may have specific limitations in representing the fascial 

configuration of a peripheral nerve. To more comprehensively investigate the origin and 

configuration of the NFS of the distal segment of the spinal nerve (Specific Objective 1), we 

examined the NFS of the femoral nerve (this Chapter) and the LFCN (Chapter 4) in the iliaca 

compartment, the femoral triangle and the femoral neuromuscular compartment where the 

nerves are surrounded by various amount of adipose tissues. 

The introduction section of this chapter will refresh the basic anatomy of the lumbar plexus and 

the femoral nerve, review the FNB techniques including its anterior approach, ultrasound 

guidance and posterior approach, and finally state the hypothesis and the objective of the study. 

The main results of this study have been published in the journal “Scientific Reports” (Xu, 

Mei, et al., 2020). I was the first author of this paper and contributed to the conception and 

design of the study, acquisition of data, analysis and interpretation of data, and drafting and 

revising the manuscript.  

 

3.1.1 Anatomy of the lumbar plexus and the femoral nerve 

The femoral nerve is the largest branch of the lumbar plexus which is formed by the ventral 

rami of the first to fourth lumbar spinal nerves and together with a contribution from the twelfth 

thoracic ventral ramus. The branches of the lumbar plexus include iliohypogastric, ilioinguinal, 

genitofemoral, LFCN, femoral, obturator, accessory obturator nerves. The iliohypogastric and 

ilioinguinal nerves which run laterally on the posterior abdominal wall are formed by the first 

lumbar ventral ramus and a branch from the twelfth thoracic ventral ramus. The genitofemoral 

nerve is formed by a branch from the ventral ramus of L1 and a branch from the second lumbar 
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ventral ramus to form. The second, third and most of the fourth lumbar ventral rami divide into 

ventral and dorsal divisions. The femoral nerve is formed by the unity of the dorsal divisions 

and the obturator nerve is formed by the ventral divisions. The LFCN is formed by branches 

from the dorsal divisions of the second and third lumbar rami. The accessory obturator nerve 

usually arises from the third and fourth ventral divisions (Figure 3.1) (Standring, 2015). 

The femoral nerve is the major nerve supplying the anterior compartment of the thigh. It 

descends from the lumbar plexus, travelling down through the psoas major. The nerve exits the 

psoas major on its lateral border at the lower part, and then passes behind the iliac fascia 

between psoas and iliacus into the thigh. The femoral nerve enters the femoral triangle by 

passing behind the mid-one-third of the inguinal ligament, just lateral to the femoral artery. It 

gives off the anterior and posterior divisions at the thigh. The anterior division of the femoral 

nerve supplies intermediate and medial cutaneous nerves of the thigh and branches to the 

sartorius. The posterior division of the femoral nerve is the saphenous nerve and branches to 

the quadriceps femoris, the knee joint and the femoral artery. 
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3.1.2 Femoral nerve blocks: the “3-in-1” block and the fascia iliaca compartment 
block 

The FNB is a technique by injecting LA to block the femoral nerve. The FNB is widely used 

for anaesthesia and analgesia in knee and hip surgery and acute pain management. The FNB 

includes the single-injection nerve block or the continuous nerve block. There are two 

conventional anterior approaches for the FNB: the “3-in-1” block and the FICB (Figure 3.2). 

 

Figure 3.1. The lumbar plexus in the posterior abdominal wall. [Copied from (Standring, 2015)] 
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The “3-in-1” block was proposed by Winnie et al. in 1973. They proposed a hypothesis that the 

femoral nerve has an NFS, and by a single injection into the femoral NFS and pressuring on the 

distal of the needle insertion site, the anaesthetic solution should pass through the NFS to the 

level where the femoral nerve, LFCN, and obturator nerve lie close together within the same 

fascial envelope; thus the three nerves can be blocked simultaneously. The “3-in-1” block was 

accomplished by inserting the needle just lateral to the femoral artery at the inguinal ligament 

area, and the needle was advanced until paresthesia of the femoral nerve is obtained. The distal 

pressure of the injection site with cephalad caudad massage of the area was needed to promote 

the cephalad spread of the injected LA. They tested their hypothesis in 70 patients and found 

that a single injection of 20 mL or greater of the LA solution provided complete anaesthesia of 

all three nerves except one case whose LFCN was not blocked (Winnie et al., 1973). The “3-

in-1” block theory was supported by several other clinical studies (Lonsdale, 1988; Sharrock, 

1980). Sharrock reported an inadvertent “3-in-1” block following injection of the lateral 

cutaneous nerve of the thigh. When he did an LFCN block, it happened that the femoral nerve 

 

Figure 3.2. The needle tip placement in the fascia iliaca compartment block and the “3-in-1” block. 
A: Fascia iliaca compartment block. B: “3-in-1” block (classic femoral nerve block). C: 
Relationship of the femoral nerve in the groin. [Copied from (Miller et al., 2014)] 
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and obturator nerve were blocked as well (Sharrock, 1980). Lonsdale reported a similar case 

that the lumbar plexus was blocked by an LFCN block for meralgia parasthetica. He suggested 

that the LA injected spread cephalad to reach the plane between quadratus lumborum and psoas 

major to block the lumbar plexus (Lonsdale, 1988). In literature, the “3-in 1” block technique 

has a failure rate of up to 20% (Niesel & Van Aken, 1994; Tierney et al., 1987). 

However, some reports challenged Winnie’s hypothesis. Dalens et al. examined the radiographs 

that were taken after injection of the LA solution containing contrast material into the femoral 

NFS and found that the LA did not reach the psoas compartment, but the solution was spread 

directly to the lateral cutaneous nerve and obturator nerve. Thus, they proposed that the femoral 

nerve, LFCN, and obturator nerve could be blocked by the FICB which was accomplished by 

injecting the LA at the site of the point where the lateral joined the two medial thirds of the 

inguinal ligament and the feelings of “loss of resistance” were from the needle tip pierced the 

fascia lata and fascia iliaca.  The difference between the “3-in-1” block and FICB techniques is 

whether the LA solution should inject into the femoral NFS or FIC. They compared the “3-in-

1” block and FICB techniques in pediatric patients and found that the “3-in-1” block technique 

was successful only in 12 out of 60 children whereas the FICB was effective in 55 out of 60 

children. They explained that the “3-in-1” block induced the LA into the “perifemoral nerve 

sheath”, but not into the psoas compartment. The “perifemoral nerve sheath” may act as a 

barrier to stop the solution spread to the lateral cutaneous nerve and obturator nerve which are 

within the FIC but outside the femoral tubular NFS. The success in 12 out of 60 children in the 

“3-in-1” block may be because of a mis-injection into the FIC. They believed that the FICB 

was an effective, easy and free of complications technique (Dalens et al., 1989). Madei et al. 

used the “3-in-1” block technique in 40 patients and found that there was no clinical evidence 

of obturator nerve block (Madej et al., 1989). To determine if a femoral nerve sheath capable 

of conveying LA to the lumbar plexus, Ritter injected the methylene blue dye (up to 40 mL) 

into the femoral nerves of human cadavers using the technique of “3-in-1” block followed by 

dissection, they found that the dye did not stain either the lumbar plexus or the obturator nerve, 

they concluded that the femoral nerve sheath capable of conveying a solution to the lumbar 

plexus does not exist in human cadavers and the “3-in-1” block can block the femoral nerve 

and LFCN but not the obturator nerve (Ritter, 1995).  

In addition to the anatomical difference, many clinical studies compared the volume of LA, 

anaesthetic efficacy, and the extent of LA’s spread on the medical images between these two 

techniques. 
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For the optimal volume of LA for the FNB, Winnie et al. suggested that 20 mL or greater LA 

solution must be used to block the three nerves. If the amount of the injected anaesthetic 

solution is less than 20 mL, the femoral nerve will be blocked, but the obturator and the LFCN 

may be missed (Winnie et al., 1973). However, Seeberger et al. demonstrated that an injection 

of either 20 or 40 mL of the LA by “3-in-1” block was effective in facilitating femoral nerve 

blockade, but not in the blockade of the obturator or lateral cutaneous femoral nerves (Seeberger 

& Urwyler, 1995). Dalens suggested the volume of FICB in children was 0.7 mL /kg for 

children weighing under 20kg, 15 mL – 25 mL for weighing 20-50 kg in weight, and 27.5 mL 

for those weighing over 50 kg (Dalens et al., 1989). Capdevila et al. (Capdevila et al., 1998) 

suggested that the volume of the anaesthetic solution was 30 mL; they compared the “3-in-1” 

block and FICB by using 30 mL LA. Newman et al. (Newman et al., 2013)examined the two 

techniques by using a 30 mL LA solution for patents > 70 kg, 25 mL for 50-70 kg and 20 mL 

for < 50 kg. However, Coad suggested that the volume of LA for FICB in Newman’s study was 

not enough, he thought that the FICB was a “compartment block”, thus volume-dependent, and 

20-30 mL LA may not be adequate to allow spread and produce an adequate block (Coad, 2013). 

From the literature, there still no standard dose to use for “3-in-1” block and FICB in the clinic.  

For the anaesthetic efficacy, Parkinson et al. suggested that the “3-in-1” block is useful for the 

blockade of the femoral nerve and LFCN, but ineffective for obturator nerve blockade 

(Parkinson et al., 1989). Capdevila et al. found that a complete lumbar plexus blockade was 

achieved by 38% in “3-in-1” block and 34% in FICB. Compared between “3-in-1” block and 

FICB, the sensory block of the femoral nerve, obturator nerve, and LFCN was obtained in 90% 

and 88%, 52% and 38%, 62% and 90% of the patients, respectively (Capdevila et al., 1998). 

Reid et al. investigated the accuracy of ultrasound-assisted FNBs with the FICB and analysed 

the rates of success and complications. They found that a complete blockade was achieved 

earlier by using the ultrasound-assisted FNBs (Reid et al., 2009). Newman et al. compared the 

analgesic efficacy and opioid-sparing effect of nerve stimulator-guided FNB with FICB in 

patients with fractured neck of femur. They used a “loss of resistance” technique to place the 

needle, and the FICB was achieved after two ‘pops’ of the “loss of resistance”.  They concluded 

that FNB provided superior pre-operative analgesia for fractured neck of femur compared with 

FICB, and also the FNB required less morphine postoperatively than those receiving FICB 

(Newman et al., 2013). However, in response to Newman’s nerve stimulator-guided FNB’s 

study, Mackenize (Mackenzie, 2013) suggested that using ultrasound-guided FICB would be 

easier and safer. Mukherjee et al. (Mukherjee & Soskin, 2013) and Lambert et al. (Lambert et 

al., 2013) argued that Newman’s results would be changed if they used the ultrasound because 
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the FICB has been improved by using ultrasound compared with a ‘loss of resistance’ technique 

(Dolan et al., 2008). Reavley et al. suggested that the FICB is equivalent to the “3-in-1” block 

for immediate pain relief in the adult neck of femur fracture. They randomly used the two 

techniques in 162 patients and measured the pain score and found that these two techniques had 

similar effects. However, they found that an increase in the length of hospital stay happened in 

the patients with FICB, but they thought it was unlikely due to the block itself, but related to 

patients and service factors that were not considered in their study (Reavley et al., 2015). Yu et 

al. found that the FICB and the “3-in-1” block both provided effective anaesthesia and 

postoperative analgesia for elder hip replacement patients (Yu et al., 2016). 

For the extent of LA’s spread, Capdevila et al. compared the radiographs of the LA in “3-in-1” 

block and FICB, and found that only 5 out of 92 radiographs showed a lumbar plexus spread, 

and 4 of them were in “3-in-1” block (Capdevila et al., 1998). Swenson et al. used MRI to 

evacuate the solution’s flow in the “3-in-1” block and FICB under ultrasound guide and found 

that the LA did not pass to the obturator nerve but spread to the level of the retroperitoneal 

adipose space in both techniques (Swenson et al., 2015). However, Dalens’s study did not 

observe any superior spread of the LA (Dalens et al., 1989).  

Taking together, there is no consensus about whether the “3-in-1” block or FICB should be 

used for FNB. In current clinical practice, therefore, both “3-in-1” block and FICB are widely 

used because they have better anaesthesia and analgesia and use less LA compared to other 

methods, such as spinal anaesthesia, intravenous analgesia, and epidural analgesia (Bang et al., 

2016; Chan et al., 2014; Madabushi et al., 2016; Singelyn et al., 1998; Yang et al., 2016).  

Although the key technical point of FNB is to deliver the LA into the NFS envelope, the 

practical procedures vary widely among published descriptions of the FNB technique (Kessler 

et al., 2015). For example, the classical needle placement was below the inguinal ligament 

whereas several recent studies reported that a supra-inguinal injection had an advantage of more 

dorsal and proximal spread of the LA in the FIC with a higher block success (Desmet et al., 

2017; Gottlieb et al., 2018; Hebbard et al., 2011). In cadavers, Vloka et al. compared four 

different needle insertion sites for FNB. They inserted the needles with catheters at (1) the 

inguinal ligament, (2) the inguinal crease, (3) the lateral border of the femoral artery and (4) 

2cm lateral to the femoral artery, and they considered the contact between the catheter and 

femoral nerve was positive for FNB. After dissection, they found that the femoral nerve was 

significantly wider and closer to the fascia lata at the inguinal crease. The needle inserted at the 

inguinal crease level and immediately adjacent to the lateral border of the femoral artery 
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resulted in a high rate of needle-femoral nerve contact (Vloka et al., 1999). Due to the 

limitations of these research methods and research aims, We are still uncertain about the 

anatomical relationships of these structures. 

From the anatomical perspective, the debate between the “3-in-1” block and FICB mainly 

focuses on the configuration of the femoral NFS and fascia iliaca and their relationship with 

the femoral nerve, obturator nerve and LFCN. These issues are closely related to the precise 

understanding of the fascial configuration of the FIC. Anatomically, the origin of the fascia 

iliaca was defined as either the aponeurotic sheet (Gray & Carter, 1858) or condensation of the 

extraperitoneal tissue (McMinn, 1994). The underlying anatomical mechanism of the “3-in-1” 

block and FICB remains to be illuminated, and there are few solid anatomical data to verify the 

original hypothesis of the two techniques: the femoral nerve, LFCN, genitofemoral nerve and 

obturator nerve lie close together within the same fascial envelope (Dalens et al., 1989; Winnie 

et al., 1973). 

 

3.1.3 Ultrasound guidance for femoral nerve block 

As reviewed in Chapter One (Section 1.2.3), the ultrasound guidance is used for localisation of 

a nerve and the detection of the spread of LA (Marhofer et al., 2010).  It has been applied to the 

FNB (Fanara et al., 2014; Farag et al., 2014). For the “3-in-1” block, the ultrasound probe is 

placed parallel to the inguinal ligament or inguinal crease to obtain views of the femoral nerve 

and surrounding structures, such as the fascia iliaca, the femoral artery, the deep femoral artery 

and the sartorius muscle, etc. Two approaches have been taken for the ultrasound guidance, the 

in-plane approach or the out-plane approach. In the in-plane approach, the needle enters the 

skin at the side of the probe, the needle traverses the plane of ultrasound and the whole shaft is 

visualised as it progresses towards the target. For the FNB, the needle is usually inserted at a 

point 1 cm lateral to the lateral aspect of the probe and needle tip is located adjacently to the 

femoral nerve. In the out-plane approach, the needle enters the skin away from the probe, and 

just the needle tip is visualised. For the FNB, the needle is usually inserted at a point 3 cm 

caudal to the ultrasound probe and 2-3 cm lateral to the femoral nerve (Fredrickson & Danesh-

Clough, 2013). The needle in-plane approach is a standard technique for ultrasound-guided “3-

in-1” block (Kim et al., 2016). The bifurcation of the femoral artery is considered as a 

sonoanatomical landmark of the probe position using the in-plane lateral to medial approach 

(Szűcs et al., 2014). The complications of the FNB include inadvertent vascular puncture and 

hematoma formation and LA toxicity, etc. (Klein et al., 2003; Rodríguez et al., 2011). To 
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examine the relationships among the anatomical structures related to the ultrasound-guided 

FNB, Ogami et al. studied the deep and superficial circumflex iliac arteries and their anatomical 

relationship to femoral nerve and found that the two arteries may course in the area where the 

needle passes during the approach (Ogami et al., 2017). Therefore, both the two arteries should 

be considered during the ultrasound-guided FNB using the in-plane approach to avoid injuring 

them. 

The ultrasound-guided FICB has also been used and was found to be superior compared with 

using ‘loss of resistance’ to identify the correct plane (Dolan et al., 2008). The probe is placed 

in a transverse orientation on the thigh just inferior to the inguinal ligament, and one-third of 

the distance from the ASIS (Anterior superior iliac spine) to the pubic tubercle and the fascia 

lata and fascia iliaca should be visualised under ultrasound to confirm the correct placement of 

LA (Haines et al., 2012). The novel approach of a supra-inguinal ultrasound-guided technique 

of FICB was proposed based on anatomical research and clinical experiments by Hebbard et al. 

They explored injectate spread and nerve involvement in a cadaveric dye-injection using a 

supra-inguinal ultrasound-guided technique that places LA directly into the iliac fossa. They 

found that the injection utilising this technique in cadavers leads to extensive fluid spread 

throughout the iliac fossa, and more than 150 blocks they performed in patients using this 

approach did not have any complications. They recommended that a clear image of fascia iliaca 

under ultrasound should be obtained before the injection. They suggested that this approach 

had the benefits of allowing a lower volume of anaesthetic to block the nerves and injecting at 

a distance from the femoral nerve (Hebbard et al., 2011).  

Both the two techniques of ultrasound-guided FNB have been applied in the clinic, and different 

landmarks have been used. It remains to be clarified what landmarks under ultrasound guidance 

can be used to optimally block the femoral nerve.  

 

3.1.4 The lumbar paravertebral block 

The femoral nerve and the lumbar plexus can be blocked by the lumbar paravertebral block. 

During the lumbar paravertebral block, the needle is inserted by a posterior approach, and the 

LA is injected into the paravertebral space immediately lateral to where the spinal nerves 

emerge from the IVF. The paravertebral space contains not only the spinal nerve and its dorsal 

and ventral rami but also the sympathetic chain. Therefore, the paravertebral block produces a 

sensory, motor and sympathetic block (Batra et al., 2011). It is usually used to provide 
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anaesthesia or analgesia, or both, to patients undergoing thoracic, abdominal, or pelvic 

procedures. A paravertebral block may also be useful in the diagnosis and treatment of certain 

chronic pain disorders, including the post-thoracotomy and postmastectomy pain. The 

paravertebral block is suggested to be associated with less pain during the immediate 

postoperative period for surgical anaesthesia and has less postoperative nausea and vomiting, 

and higher patient satisfaction compared with general anaesthesia (Thavaneswaran et al., 2010). 

The transverse process of the vertebra is the target by injecting perpendicularly lateral to the 

midline. After the transverse process is contacted, the needle is then redirected to walk off the 

caudal edge of the transverse process and then advances no more than 1 cm to inject the LA 

(Miller et al., 2014).  

In the lumbar spine, the paravertebral block is also called the “psoas compartment block” 

(Boezaart et al., 2009). The lumbar paravertebral space is approached by penetrating the fascia 

surrounding the quadratus lumborum muscle (Capdevila et al., 2002). Marino et al. compared 

the effects of continuous lumbar plexus block, continuous femoral block and patient-controlled 

analgesia in the elective primary total hip arthroplasty. They found that the continuous lumbar 

plexus block provided better analgesia during physiotherapy than either continuous femoral 

block or patient-controlled analgesia (Marino et al., 2009). Gay et al. reported two cases of total 

spinal anaesthesia following the lumbar paravertebral block and suggested that the anatomic 

pathways for the fluid spread and the possibilities of nonspecific spread and action of agents 

commonly employed for the paravertebral block should be further reviewed in the lumbar 

region (Gay & Evans, 1971). Kirchmair et al. examined the anatomy of the lumbar plexus at 

the L4-5 level in 63 lumbar plexus. They found that the components of the lumbar plexus were 

in the body of the psoas major muscle at the L4-5 level in 61 cases; only two cases were the 

plexus posterior to the psoas muscle. They also found that the anteroposterior depth from the 

ventral surface of the L4 transverse process to the lumbar plexus was between 1-2 cm in two-

thirds of all specimens (Kirchmair et al., 2008). 

Ultrasound guidance is a useful adjunct to increase the safety and efficacy of the psoas 

compartment block. Kirchmair et al. used the CT scans to verify the ultrasound guidance needle 

location and measurements in the psoas compartment. They found that 47 of 48 ultrasound-

guided approaches were performed precisely, and the measures in ultrasound and CT were 

concordance (Kirchmair et al., 2002). 
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3.1.5 Hypothesis and objective of the study 

The hypothesis to be tested in this study is that the NFS of the femoral nerve has a consistent 

fibrous configuration in the pelvis and upper thigh.  

The main research questions to be addressed in this study are: What is the fibrous configuration 

of the NFS of the femoral nerve? How to optimise the needle placement for the FNB under 

ultrasound guidance?  

The objective of this study is to investigate the origin and configuration of the NFS of the 

femoral nerve in the pelvis and upper thigh, in order to provide a better understanding of the 

anatomical basis for the LA spread pattern in the FNB and standardization of the FNB technique 

under ultrasound guidance.  
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3.2 Materials and Methods 

A total of 46 cadavers (22 females, 24 males; age range, 38-97 years), 30 volunteers (14 females, 

16 males; age range, 33-74 years) and 45 patients with total knee arthroplasty and received 

ultrasound-guided FICB or FNB (34 females, 11 males; age range, 50-83 years) were studied. 

The study was performed in accord with our institutional ethical guidelines and approved by 

the Human Research Ethics Committee in the University of Otago for the cadavers’ study 

(Reference code: H18/027) and the Committee on Medical Ethics in the First Affiliated 

Hospital of Anhui Medical University for the patients' study (Reference number: Quick-PJ 

2018-07-28).  

The E12 epoxy sheet plastination slices were gradually built up in the supervisor’s lab during 

the last decades. Six of the eight sets of plastination slices used in this part of the study were 

prepared by the candidate. 

The data from the volunteers and the patients were collected by our clinical collaborators, Dr 

Bin Mei and his team, Department of Anaesthesiology, First Affiliated Hospital of Anhui 

Medical University, Hefei, China. I was involved in the conception and design of this part of 

the study, and analysis and interpretation of the clinical data. The protocol of locating the FN 

and surrounding structures under ultrasound-guidance was established by me in New Zealand 

after repeated ultrasound scans on myself, my supervisor and postgraduate classmates.  

3.2.1 Cadaveric dissection and measurement 

Of 46 cadavers, 38 cadavers were used for dissection and 8 for plastination. The femoral nerve 

and its surrounding fascia-like structures were dissected layer by layer in 76 sides of 38 

cadavers (Figures 3.3A, 3.4A and 3.4B). The distances of the landmarks commonly used to 

localise the femoral nerve (Figure 3.3.) were measured in the cadavers after dissection and in 

30 living subjects under ultrasound. The distances from the bifurcation of the deep femoral 

artery to the intersection point between the femoral artery and the inguinal crease (distance AB 

in Figure 3.3.), to the intersection point between the femoral artery and the inguinal ligament 

(distance AC in Figure 3.3.), to the bifurcation of the deep circumflex iliac artery (distance AD 

in Figure 3.3.), to the medial border of the femoral nerve (distance AE in Figure 3.3.) and to 

the medial border of the sartorius (distance AF in Figure 3.3.) were measured in the cadavers. 

In the living subjects, only the distances of AC, AD and AF were measured due to the inguinal 

crease, and the medial border of the femoral nerve cannot be localised under the ultrasound.   
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The latex injection and dissection were firstly carried out in the femoral triangle area. The fascia 

lata, pectineal fascia and sartorius muscle were dissected, and the adipose tissue underneath the 

fascia lata was bluntly removed to show the femoral nerve and its branches. The latex injections 

underneath the pectineal fascia and the fascia lata were carried out to test the relationship of the 

spaces underneath the fascia. The fascia iliaca covered the femoral nerve was recognised, and 

the latex injection underneath the fascia iliaca was conducted. The injected volume of latex 

varied, about 20 to 30 mL in the fascia lata or fascia iliaca and 10 mL in the pectineal fascia. 

The injection was stopped when there was leakage through the defined fascia. The dissection 

was conducted at the pelvis to observe the spread of latex underneath the fascia iliaca. 

 

 

 

Figure 3.3. Parameters for the quantitative data collection to localise the femoral nerve (FN) at the 
inguinal area. A: Dissection of the left FN and its surrounding structures. Upper solid line = inguinal 
ligament (IL); lower solid line = inguinal crease; black dashed line = the axis of the femoral artery 
(FA); white dashed line = the level of the bifurcation of the deep femoral artery (DFA); B: The 
schematic diagram of “A”. CF = Camper’s fascia; DCIA = deep circumflex iliac artery; EOA = 
external oblique abdominis; FL = fascia lata; FVS = femoral vascular sheath; IpF = iliopsoas fascia; 
FV = femoral vein; Pe = pectineus; Sar = Sartorius muscle; ScF = Scarpa’s fascia; Points A, B, C, E, 
F = intersections. Bar = 1cm. 
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3.2.2 Epoxy sheet plastination and confocal microscopy 

A series of transverse (4 sets) and sagittal (4 sets) plastinated slices from 8 cadavers had been 

pre-prepared in Associate Professor Ming Zhang’s laboratory over the last two decades for use 

in various research projects.  

Refer to Section 2.2.2 for the detailed procedure of the epoxy sheet plastination technique.  

Refer to Section 2.2.3.3 for confocal microscopy and image collection and analysis. 

 

3.2.3 Quantification of the fascia iliaca compartment 

The volume and length of the FIC were estimated in 8 sides of 4 cadavers which were prepared 

as the transverse plastinated slices. The length of the FIC was calculated by multiplying the 

thickness of the section and the interval by the total number of the sections containing the FIC. 

The total volume of the FIC was estimated by multiplying the average area of the FIC of the 

sampled sections by the length of the FIC. The area of the FIC on the sampled section was 

measured using Image J software (an open-source Java image processing program inspired by 

NIH Image; https://imagej.net/ImageJ).  

 

3.2.4 Three-dimensional architecture of the fascia iliaca compartment 

To qualitatively demonstrate 3D architecture of the FIC, 64 images from the right side of a 

series of plastinated sections were used. The FIC and its surrounding structures were manually 

segmented as two-dimensional (2D) images, reconstructed and displayed as 3D images 

(Supplemental Digital Contents 1 and 2) in Thermo Scientific Amira software. Refer to Section 

2.2.4 for the 3D reconstruction method. 

 

3.2.5 Ultrasound-guided fascia iliaca compartment block and femoral nerve block  

3.2.5.1 Patients 

The written informed consent was obtained from a total of 45 patients with American Society 

of Anaesthesiologist physical status II or III (34 females, 11 males; 50-83 years; height 150-

172 cm; bodyweight 45-93 kg). The inclusion criterion of the recruited patients was the 

unilateral total knee arthroplasty with ultrasound-guided FICB or FNB and sciatic nerve blocks 

https://imagej.net/ImageJ
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combined with general anaesthesia. Exclusion criteria included (1) contraindications to FICB 

or FNB and sciatic nerve blocks, such as coagulopathy, concurrent use of anticoagulants, 

infection at the puncture site, and refusal of nerve blocks, (2) mental or language barriers, (3) 

anaesthesia in past 30 days, and (4) peripheral neuropathy. 

The routine anaesthesia techniques for the patient with total knee arthroplasty used by the 

anaesthetists of our hospital included the FICB with the tourniquet or the FNB with or without 

the tourniquet. Of all recruited patients who received a FICB or FNB with or without the 

tourniquet, 15 patients each were randomly selected for one of these three techniques during a 

period of 10 months and performed by one of our 5-anaesthetists team members with more than 

3 years experience. Data were recorded and documented prospectively in the standard 

anaesthesia record form.  

 

3.2.5.2 FICB with the tourniquet 

With the patient in the supine position, the procedure was performed as described by Dalens et 

al. (Dalens et al., 1989). The skin was cleaned with 2% of chlorhexidine solution. A variable 

frequency, linear ultrasound transducer (M-Turbo®, SonoSite Inc., Brothell, WA, USA) 

covered with a sterile sheath (3M Tegaderm, St.Paul, Minnesota, USA) was placed on the 

lateral inguinal ligament region in a transverse or oblique cross-sectional view. Two steps of 

the scanning procedure were used, firstly to visualise (1) the ASIS, (2) iliopsoas muscle, (3) 

fascia iliaca and (4) internal oblique abdominis and transverse abdominis, and subsequently to 

move downwards to visualise (5) the upper end of the sartorius (Supplemental Digital Content 

3). A 120 mm 22-gauge needle (Stimuplex D; B. Braun Medical, Germany) was inserted along 

the medial border of the sartorius, about 1-2 cm distal to the ASIS. The needle was advanced 

according to the in-plane technique and aimed at the plane between the iliopsoas muscle and 

fascia iliaca. After an initial hydro-dissection of the fascia iliaca with an injection of 1 mL of 

0.5% ropivacaine, a total of 15-20 mL of 0.5% ropivacaine was injected into the FIC. 

Immediately after injection, a firm compression with the tourniquet distal to the site of injection 

was maintained for 7 minutes.  

 

3.2.5.3 FNB with or without the tourniquet 

With the patient in the supine position, the procedure was performed as described by Winnie 

(Winnie et al., 1973). The procedure was similar to the FICB with the tourniquet, except that 
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the needle was inserted 2-3 cm distal to the inguinal ligament and 1cm medial to the sartorius, 

and aimed at the femoral nerve at a 30˚ angle to the ultrasound transducer. For the patients with 

the tourniquet, immediately after injection, a firm compression with the tourniquet distal to the 

site of injection was maintained for 7 minutes.  

 

3.2.5.4 Sciatic nerve block and general anaesthesia 

After the FICB or FNB, the ultrasound-guided sciatic nerve block was performed. The patient 

was positioned semi-prone with the hip flexed at 90˚, and the ultrasound transducer was placed 

parallel to the line created by the posterior superior iliac spine and ischial tuberosity. The needle 

was inserted with an in-plane approach, and 15 mL of 0.5% ropivacaine was injected. 

 

3.2.5.5 Assessment of the blocks 

The efficacy of the FICB or FNB and sciatic nerve blocks were tested with a cold sensation test 

and pain sensation to pinprick. After the assessment of the blocks was satisfactory, 

general anaesthesia was induced with intravenous midazolam (0.03 mg/kg), etomidate (0.3 

mg/kg), sufentanil (0.2 µg/kg) and cisatracurium (0.2 mg/kg). The laryngeal mask (LMA 

Supreme, Laryngeal Mask Company Ltd., Malaysia) was inserted to manage the airway before 

skin incision began. The ventilator settings were as follows: total volume, 8-10 mL/kg; 

frequency, 10-12 beats per minute; inspiratory to expiratory ratio, 1:2; the fraction of inspired 

oxygen, 40-60%; and end-expiratory CO2, 35-40 mmHg. The restrictive infusion strategy (3-4 

mL/kg per hour) was used for all patients. General anaesthesia was maintained with the target-

controlled infusion of propofol to keep the BIS (Bispectral index to monitor the depth of 

anaesthesia) (Vista, Aspect Medical System Inc., USA) between 40 and 60 without sufentanil. 

Cisatracurium was provided to the patients as needed during anaesthesia maintenance. All 

patients were recovered in the post-anaesthesia care unit after they displayed satisfactory 

recovery of spontaneous breathing. 

The Visual Analogue Scale (VAS) was used to measure the pain after surgery. The Visual 

Analogue Scale (VAS) was used to measure the pain after surgery. The pain VAS is a measure 

of pain intensity which has been widely used in the clinic. Scores are recorded by making a 

handwritten mark on a 10-cm line that represents a continuum between “no pain” and “worst 

pain”. The cut points on the pain VAS have been recommended: no pain (0-0.4 cm), mild pain 

(0.5-4.4 cm), moderate pain (4.5-7.4 cm), and severe pain (7.5-10 cm). The VAS was recorded 
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at 2, 6, 12 and 24 hours after the surgery. In the first 24 hours after the surgery, 11 out of 45 

patients received oral diclofenac sodium lidocaine/flurbiprofen axetil when they experienced 

pain (Table 3.2).  

 

3.2.6 Ultrasound images analysis 

The ultrasound images of the FNB were collected and compared with the plastination slices to 

observe the ultrasound imaging of the fascial structures and the circumstances of the spread of 

injected LA.  

 

3.2.7 Statistical analysis 

Quantitative data were analysed with the SPSS version 25 (IBM corporation, New York, USA) 

and reported as means ± standard deviation. The Kolmogorov-Smirnov test was used to test the 

normality of data. One-way ANOVA test was used for the analysis of the normal data while 

the Kruskal-Wallis test was used for the analysis of the non-normal data.   
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3.3 Results 

3.3.1 Quantitative localisation of the landmarks 

 

Figure 3.4. A layer-by-layer dissection (A, B) and latex injection (C - F) in the femoral triangle. A: 
The adipose space underneath the fascia lata (FL) and sartorius (Sar; reflected inferiorly). B: The 
femoral nerve (FN) pierces the fascia iliaca (FI) via the inferior opening (red dashed circle) of the 
fascia iliaca compartment (FIC). C: Single-coloured latex injected underneath the fascia iliaca, 
showing latex spread in the FIC but not in the extraperitoneal space between the transverse abdominis 
(TA) and peritoneum (held by forceps). D and E: Coloured Latex injected underneath the fascia lata 
(pink), fascia iliaca (blue) and pectineal fascia (red) prior to fascia dissection. Pink latex spreads in 
the adipose space superficial and lateral to the femoral artery (FA) and vein (FV). Blue latex (about 
20 mL) fills in the FIC (white dotted curves) and spreads through its inferior opening (red dashed 
circle). F: Single-coloured latex (more than 30 mL) injected underneath the fascia iliaca (FI), 
showing latex spread in the FIC and paravertebral space. Dashed lines = level of the inguinal 
ligament; DCIA = deep circumflex iliac artery; DFA = deep femoral artery; EOA = external oblique 
abdominis; FA = femoral artery; FV = femoral vein; PF = pectineal fascia. Ps = psoas; Ili = iliacus; 
LFCN = lateral femoral cutaneous nerve; Crossed-arrows: orientation of the figure (L = lateral; S = 
superior); Bars = 10mm. 

 



51 
 

The arteries, femoral nerve and sartorius muscle were exposed in the cadavers by dissection 

and observed in the living subjects by ultrasound scanning. The inguinal crease and the medial 

border of the femoral nerve cannot be localised under the ultrasound. The bifurcation of the 

deep femoral artery was used as the epicentre for quantitative localisation of the landmarks 

(Figure 3.3. and Table 3.1) and was about 2 cm and 4 cm distal to the inguinal crease and 

inguinal ligament, respectively. The bifurcation of the deep circumflex iliac artery was about 1 

cm above the inguinal ligament. The bifurcation of the deep femoral artery was 2 cm medial to 

the medial border of the sartorius, and the femoral nerve was usually in the middle of the 

horizontal line between the bifurcation of the deep femoral artery and medial border of sartorius 

(Table 3.1). There was no significant difference in the distances of the bifurcation of deep 

femoral artery to the inguinal ligament, the bifurcation of deep circumflex iliac artery and the 

medial border of sartorius between the cadavers and living subjects.  

 

3.3.2 The fascial configuration below the inguinal ligament 

3.3.2.1 Origins of the fascia lata 

The fascia lata in the femoral triangle had two origins. The medial part of the fascia lata was 

the inferior prolongation of the inguinal ligament, which contributed to the anterior and medial 

walls of the femoral vascular sheath (Figures 3.4A, 3.5A-3.5F and 3.6A-3.6C) and fused with 

the pectineal fascia (Figures 3.4A, 3.5B and 3.5D). The inferior prolongation of the inguinal 

ligament originated from the aponeurotic fibres of not only the external oblique abdominis but 

also the internal oblique and transversus abdominis, and thus appeared as a 2 or 3 layered fascia 

Table 3.1. The measurements in cadavers and living subjects. 

Distance from A to 38 cadavers (73 sides) 30 living subjects (60 
sides) P# 

B (mm) 18.38±12.15 *  
C (mm) 40.95±14.82 42.79±4.30 0.158 
D (mm) 48.91±12.91 42.79±4.30 0.129 
E (mm) 9.88±3.20 *  
F (mm) 17.59±4.68 17.94±2.46 0.292 

Point A: the bifurcation of the deep femoral artery (DFA); Points B and C: the cross points between 
the femoral artery (FA) and inguinal crease and ligament respectively. Point D: the bifurcation of the 
deep circumflex iliac artery (DCIA); Points E and F: the cross points between the horizontal line 
passing through point A and medial borders of the femoral nerve (FN) and the sartorius, respectively. 
* The inguinal crease cannot be localised under the ultrasound and the medial border of FN cannot 
be localised under the ultrasound.  
# One-way ANOVA test was used for the statistical analysis. 
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anteriorly to the femoral nerve (Figures 3.5C and 3.5D, 3.6B and 3.6C). The lateral part of the 

fascia lata overlapped the sartorius and was formed by 2-3 curtain strip-like ligaments which 

were termed “the iliolata ligaments” in this study (Figures 3.5A and 3.5B) (Xu et al., 2018). 

The iliolata ligaments superiorly inserted to the ASIS, inferiorly and medially contributed to 

the fascia lata, and laterally and superficially fanned out and continued as skin ligaments in the 

subcutaneous tissue.  

 

3.3.2.2 Fascia-like structures deep to the fascia lata 

In addition to areolar tissue, there were two groups of fascia-like structures deep to the fascia 

lata: a lateral group with multiple transversely or obliquely orientated fascial layers which 

originated from the aponeurotic fibres of the sartorius and rectus femoris (Figures 3.5A and 

3.5B) and a medial group with longitudinally orientated fibrous bundles (Figures 3.5B and 3.5C) 

which originated mainly from the aponeurotic fibres of the transversus abdominis (Figures 3.5E 

and 3.5F), internal oblique abdominis and external oblique abdominis (Figure 3.5C).  

 

3.3.3 Origin and configuration of the fascia iliaca 

The fascia iliaca was formed by the peripheral fascicular aponeurotic sheets (PFAS) of the 

psoas (Figures 3.7B and 3.7C) and iliacus (Figures 3.5A and 3.7B), rather than the epimysium 

of the muscles. Its anteroinferior part was further enhanced by the aponeurotic fibres of the 

transversus abdominis and internal oblique abdominis (Figures 3.5E and 3.5F). 



53 
 

  

 

Figure 3.5. Fascia iliaca compartment on three adjacent transverse sections at the levels of the 
medial (A), middle (B) and lateral (E) thirds of the inguinal ligament, respectively. A: The fascia 
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Superiorly, the fascia iliaca gradually disappeared at the level of about the 5th lumbar vertebra 

(L5) where was the uppermost origin of the iliacus muscle. Above the L5 level, the PFAS of 

the psoas anchored at the attachment site of the mesocolon (Figure 3.7A), and below the  L5 

level, was continuous anteromedially with the transversalis fascia (Figure 3.7B). Posteriorly, 

the PFAS of the psoas extended to the posterior edge of the iliacus, forming a membrane-like 

structure (Figure 3.7B). This membrane-like structure was a small triangular aponeurotic 

septum to separate the FIC from the paravertebral space (Figure 3.7B) and disappeared after 

the two muscles united (Figure 3.7C). It also separated the obturator nerve from the FIC. Thus, 

the superior opening of the FIC was at the L5 level, and the FIC contained only the femoral 

nerve and LFCN (Figure 3.7B) but not the obturator nerve. Via the superior opening, the FIC 

communicated with the extraperitoneal and paravertebral adipose space (Figure 3.7A).  

At the level of the lateral third of the inguinal ligament, the fascia iliaca was strengthened by 

the aponeurotic fibres of the transversus abdominis and internal oblique abdominis (Figures 

3.5E and 3.5F), forming a conjoint tendinous sheet (Figures 3.7C and 3.7D). At the level of the 

middle third of the inguinal ligament (Figures 3.5B, 3.5C, 3.6A and 3.6C), the fascia iliaca 

fused medially with the pectineal fascia and was strengthened laterally by the PFAS of the 

iliacus and rectus femoris. At the level of the medial third of the inguinal ligament (Figure 

iliaca appears as a medial psoas part (single arrow) which contributes to the posterior wall of the 
femoral vascular sheath, and a lateral conjoint tendinous sheet part (double arrows). Single 
arrowheads = fascia lata originated from the inferior prolongation of the inguinal ligament; Double 
arrowheads = fascia lata originated from the iliolata ligaments; B, C and D: The intact fascia iliaca 
(single arrows) covers the femoral nerve (FN), laterally receives aponeurotic fibres (double arrows) 
from the iliacus, rectus femoris (RF) and sartorius, and medially merges with the pectineal fascia. C 
and D are the mirror confocal images of the solid and dashed line boxes in B, showing the multiple-
layered fascia lata (single arrowheads) originated from the inferior prolongation of the inguinal (IL) 
and lacunar ligaments (LC) and contributed to the anteromedial wall of the femoral vascular sheath. 
The epineurium of the femoral nerve (FN) is within the fascia iliaca compartment (FIC). E, F: 
Aponeurotic fibres of the psoas and iliacus (single arrows), and the internal oblique abdominis (IOA) 
and transverse abdominis (TA) (double arrowheads) are intermingled to form the conjoint tendinous 
sheet of the fascia iliaca. F is the mirror confocal image of the box in E, showing the continuation of 
the inguinal ligament (IL), its inferior prolongation (single arrowheads) and external oblique (EOA), 
internal oblique (IOA) and transversus abdominis (TA). DCIA = deep circumflex iliac artery; DFA 
= deep femoral artery; EIA/EIV = external iliac artery and vein; FA = femoral artery; FC = femoral 
canal; FN = femoral nerve; FV = femoral vein; IEA = inferior epigastric artery; ON = anterior 
division of the obturator nerve; RF = rectus femoris; TEF = tensor fascia lata; vas = ductus deference. 
Crossed-arrows: orientation of the figure (L = lateral; A = anterior); Bars = 5mm.  
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3.5A), the femoral nerve pierced through the conjoint tendinous sheet, creating an inferior 

opening of the FIC. Laterally to the nerve, the conjoint tendinous sheet loosened and appeared 

as multiple spur-like structures (Figure 3.5A).  

 

3.3.4 Configuration of the fascia iliaca compartment 

The FIC was an adipose space between the fascia iliaca and the epimysium of the iliopsoas 

(Figures 3.5 and 3.7). The FIC communicated anteromedially with the extraperitoneal space 

and posteriorly with the paravertebral space via its superior opening at about L5 level (Figure 

3.7A). The FIC and the psoas compartment which was between the psoas and quadratus 

 

Figure 3.6. The origin of the fascia lata and its relationship with the fascia iliaca and femoral nerve. 
A and B: two adjacent sagittal sections at the level of the hip joint; A is medial to B. C: the mirror 
confocal image of the box in B. The aponeurotic fibers from the external oblique (EOA), internal 
oblique (IOA) and transversus abdominis (TA) form the inguinal ligament (IL) and its inferior 
prolongation which contributes the fascia lata (arrows). The fascia iliaca (arrowheads) borders the 
fascia iliaca compartment (FIC), covers the femoral nerve (FN) and contributes to the posterior wall 
of the femoral vascular wall. DFA = deep femoral artery; FA = femoral artery; LCFA = lateral 
circumflex femoral artery; SF = Scarpa’s fascia; TF = transversalis fascia; Crossed-arrows: 
orientation of the figure (P = posterior; S = superior); Bars = 5mm.  



56 
 

lumborum were not enclosed within a same fascial envelope. Inferiorly, the FIC gradually 

tapered and communicated with the adipose space underneath the fascia lata via its inferior 

opening, the exit of the femoral nerve in the conjoint tendinous sheet (Figure 3.5A).  

 

Figure 3.7. The fascia iliaca compartment on four adjacent transverse sections above the inguinal 
ligament. A: A section at the 5th lumbar vertebral level (L5) showing that the peripheral fascicular 
aponeurotic sheet (single arrowheads) of the psoas anchors at the descending mesocolon (DC) 
borders the paravertebral areolar gutter which contains the femoral nerve (FN), lateral femoral 
cutaneous nerve (LFCN), obturator nerve (ON) and lumbosacral trunk (LsT) and communicates 
anteriorly with the extraperitoneal areolar space which is medial to the epimysium of the iliacus and 
posterior to the transversalis fascia (TF). B: An adjacent section 3.4 cm inferior to A, showing that 
the peripheral fascicular aponeurotic sheet (single arrowheads) of the psoas forms the fascia iliaca 
and borders the fascia iliaca compartment (FIC) which contains the FN and LFCN, but not the ON 
and GfN. Double arrowheads point to a membrane-like structure separating the FIC from the 
paravertebral gutter. C: An adjacent section 2 cm inferior to B, showing that the internal oblique 
abdominis (IOA), transversus abdominis (TA) and transversalis fascia (TF) fuse with aponeurotic 
fibres of the iliacus, forming a conjoint tendinous sheet (double arrowheads) of the fascia iliaca 
(single arrowheads). D: An adjacent section 4 cm inferior to C, showing that the conjoint tendinous 
sheet (double arrowheads) of the fascia iliaca (single arrowheads) below the ASIS is strengthened 
by the inferior prolongation of the inguinal ligament (single arrow), and the fascia lata over the 
sartorius. ASIS = anterior superior iliac spine; CIA = common iliac artery; EIA/EIV = external iliac 
artery and vein; EOA = external oblique abdominis; disc = 5th lumbar intervertebral disc; GfN = 
genitofemoral nerve; GM = gluteal muscle; IOA = internal oblique abdominis; RF = rectus femoris; 
SF = Scarpa’s fascia; SigC = sigmoid colon; TA = transversus abdominis. Crossed-arrows: 
orientation of the figure (L = lateral; P = posterior). Bars = 5 mm. 
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The FIC contained the femoral nerve and LFCN, but not the obturator and genitofemoral nerves 

(Figure 3.7B). The femoral nerve traversed the FIC and had an intact epineurium (Figures 3.5C 

and 3.5F), whereas the LFCN pierced the conjoint tendinous sheet at the level of the ASIS 

(Figures 3.7C and 3.7D).  

The average volume of the FIC was 23.4 ± 6.5cm3, of which about one-third (8.8 ± 2.0cm3) 

was below the ASIS. The distance from the ASIS to the exit of the femoral nerve was 8.0 ± 

0.8cm (Figure 3.8F). 

To test the spread pattern within the various fascial compartments in the region, fascia-like 

structures were exposed by one layer-by-layer dissection (Figures 3.4A and 3.4B), and coloured 

latex was injected underneath a given fascia-like structure (Figure 3.4C). The results of the 

single injection of latex indicated that the fascia lata, fascia iliaca and pectineal fascia 

significantly limited the spread of the injected latex. To reveal the relationship among these 

three fasciae, the latex with three different colours was injected underneath the fascia lata, fascia 

iliaca and pectineal fascia, respectively (Figures 3.4D and 3.4E). No mixture of injected latex 

with three different colours was observed.  

Underneath the fascia lata, the injected latex spread in multiple layered structures over and 

lateral to the femoral artery (Figure 3.4D). When injected underneath the fascia iliaca with less 

than 20 mL (Figure 3.4E), the latex spread over the iliacus, fully enclosed the femoral nerve 

and LFCN, and extended superiorly into a narrow gutter between the iliacus and psoas muscles 

(Figure 3.4E) and inferiorly through a narrow canal to the adipose space under the fascia lata 

(Figure 3.4D). When injected underneath the fascia iliaca with 30 mL of latex, the latex spread 

superiorly into the paravertebral and extraperitoneal spaces above the level of the superior 

origin of the iliacus muscle. The spread of latex underneath the pectineal fascia was limited to 

the surface of the pectineus (Figure 3.4D). 
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Figure 3.8. A three-dimensional (3D) image reconstructed from the plastinated sections showing 
the architecture of the fascia iliaca below the anterior superior iliac spine (ASIS). A: The 3D image 
with a plastinated section. B: The conjoint tendinous sheet (TS) is the anterior part of the fascia 
iliaca, inferior to the ASIS, anterior to the transversalis fascia (TF), and posterior to the IL. Dashed 
circle and FO: fossa ovalis. See Supplemental Digital Content 1 for a 3D view of B. C: The lateral 
part of the FL is partially removed to expose the LFCN which pierces the TS and runs under the IL. 
D: The fascia iliaca consists of three parts - FIp, TS and FIi, and pierced by the FN and LFCN below 
the IL. E: An optimal needle placement (dashed circle) for the ultrasound-guided FIC block is 
through the TS at the site inferior to the ASIS and medial to the upper attachment of the sartorius 
(Sar). See Supplemental Digital Content 2 for a 3D view of E without bones. F: The average length 
and volume of the FIC estimated in the plastinated slices from 8 sides of 4 cadavers. The arrowheads 
in the graph indicate the level of the ASIS in the individual sides. DCIA = deep circumflex iliac 
artery; DFA = deep femoral artery; EIA/EIV = external iliac artery and vein; EOA = external oblique 
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3.3.5 The neural fascia sheath of the femoral nerve in the fascia iliaca compartment 

Within the FIC, the extraneural fascia of the NFS of the femoral nerve was between the fascia 

iliaca and external epineurium of the femoral nerve and mainly composed of adipose tissue 

(Figures 3.5B and 3.5C, 3.9A). The external and internal epineuria of the femoral nerve fully 

enclosed the entire femoral nerve and its fascicles, respectively (Figure 3.9). The  PFAS of the 

abdominis; F = femur; FIi = iliac part of the fascia iliaca; FIp = psoas part of the fascia iliaca; FL = 
fascia lata; FLi = fascia lata formed by the inferior prolongation of the IL; FN = femoral nerve; GM 
= gluteal muscles; GSV = great saphenous vein; IL = inguinal ligament; IOA = internal oblique 
abdominis; IP = iliopsoas muscle; LCFA = lateral circumflex femoral artery; LFCN = lateral femoral 
cutaneous nerve; MCFA = medial circumflex femoral artery; ON = obturator nerve; P = pectineus 
muscle; PF = pectineal fascia; Sar = sartorius; SEA = superficial epigastric artery; TA = transversus 
abdominis; TF = transversalis fascia; TFL = tensor fascia lata. Crossed-arrows: orientation of the 
figure (L = lateral; P = posterior). 

 

Figure 3.9. The epineurium in the femoral nerve at the level of middle inguinal ligament. A: The 
peripheral fascicular aponeurotic sheets of the iliacus (arrow heads) contribute to the epineurium of 
femoral nerve. B: The epineurium of femoral nerve has multiple layers (arrows) which wrap the 
whole nerve and its fascicles.  
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iliacus contributed to the epineurium (Figure 3.9A). The thickness of the epineurium varied in 

different areas (Figure 3.9B) because the PFAS joined the epineurium at various levels and 

sites. 

3.3.6 Sonoanatomy of the ultrasound-guided fascia iliaca compartment block and 
femoral nerve block 

Prior to needle placement: At the level of the ASIS (Figures 3.10A and 3.10B), the horizontally 

orientated aponeurotic fibres of the internal oblique abdominis and transverse abdominis 

intermingled with the fascia iliaca, forming a strong hyperechoic conjoint tendinous sheet over 

the surface of the iliopsoas muscle. At the level below the ASIS (Figures 3.10C and 3.10D), the 

hyperechoic conjoint tendinous sheet extended laterally between the sartorius and iliopsoas 

muscles. The inguinal ligament or aponeurotic sheet of the external oblique abdominis 

overlapped the conjoint tendinous sheet. The FIC was localised immediately beneath the 

conjoint tendinous sheet. Two steps of the ultrasound scanning procedure to identify the 

conjoint tendinous sheet and the FIC below the ASIS was demonstrated in Supplemental Digital 

Content 3. 

Patients with the FICB: The injection was performed at the level where the conjoint tendinous 

sheet of the fascia iliaca overlapped the femoral nerve. Following injection via a lateral in-plane 

needling through the fascia lata and conjoint tendinous sheet, the LA spread within the plane 

underneath the fascia iliaca (Figure 3.10E). 
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Patients with the FNB: The injection was performed at the level where the femoral nerve 

pierced the fascia iliaca. Following injection via a lateral in-plane needling, the femoral nerve 

was almost entirely encircled by the LA (Figure 3.10F).  

 

 

Figure 3.10. Transverse ultrasound scans in the patients before (A - D) and during the fascia iliaca 
compartment block (E) or the femoral nerve block (F). A and B: Scans at the level of the anterior 
superior iliac spine (ASIS); C and D: Scans at the level of the upper sartorius muscle (Sar); Dashed 
lines: the strong hyperechoic conjoint tendinous sheet in which the fascia iliaca intermingles with 
the aponeurotic fibres of the internal oblique abdominis (IOA) and transversus abdominis; See 
Supplemental Digital Content 3 for how to identify the conjoint tendinous sheet under untrasound 
scanning. E: A scan during the fascia iliaca compartment block. The needle placement (arrow) was 
at 1cm distal to the lateral third of the inguinal ligament (IL) and approached in plane underneath 
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Anaesthetic efficacy: The efficacy of the nerve block was evaluated by cold and pain sensation 

tests before surgery and VAS scores after surgery in three techniques: the FICB with the 

tourniquet, and the FNB with or without the tourniquet (Table 3.2). The results showed that 

with 15-20 mL of the LA, the FICB with the tourniquet blocked the femoral nerve (100%; 15/15 

patients), LFCN (100%; 15/15 patients) and sometimes obturator nerve (60%; 9/15 patients); 

the postoperative VAS scores at 6, 12 and 24 hours after the surgery were significantly lower 

than that of the FNB with or without tourniquet (Table 3.2). 

Table 3.2. Efficacy of the fascia iliaca compartment block and femoral nerve block with or without 
tourniquet. 

 FN* LFCN
* ON* 

pain 
control*

* 

VAS scores after surgery 

2H 6H 12H 24H 

FNB without 
tourniquet 15/15 9/15 0/15 7/15 0.6±1.1 1.9±1.2 2.8±1.7 3.5±1.8 

FNB with 
tourniquet 15/15 10/15 2/15 3/15 0.3±0.5 1.1±1.0 1.7±1.9 2.9±2.0 

FICB with 
tourniquet 15/15 15/15 9/15 1/15 0.0±0.0 0.3±0.5 1.3±0.8 1.3±0.9 

P Value***     0.065 0.001 0.029 0.001 
*: The efficacy of the blockage of the femoral (FN), lateral femoral cutaneous (LFCN) and obturator 
nerves (ON) was tested with a cold sensation test and pain sensation to pinprick, and presented as test-
positive cases/a total number of cases. 
**: In the first 24 hours after surgery, oral diclofenac sodium lidocaine and flurbiprofen axetil were used 
when the patients experienced pain and presented as cases with pain control/a total number of cases. 
***: The results of the One-way ANOVA test.  
FNB: femoral nerve block (or "3-in-1" block); FICB: Fascia iliaca compartment block; VAS: Visual 
Analogue Scale (means ± standard deviation). 
 

the conjoint tendinous sheet (dashed line). FA: femoral artery; LA = local anaesthetic. F: A scan 
during the femoral nerve block. The needle placement (arrow) was at 2 cm distal to the inguinal 
ligament and 1 cm medial to the sartorius and approached in plane lateral to the femoral nerve (FN) 
superficial to the fascia iliaca (dashed line). EOA = external oblique abdominis; FA = femoral artery; 
FL = fascia lata; IL = inguinal ligament; IP = iliopsoas. 
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3.3.7 Correlation between the cadaveric and ultrasound observations  

Compared to the uninterrupted anatomical view (Figure 3.11A), the ultrasound images of the 

NFS and its surrounding fascia-like structures in an ultrasound-guided FNB were altered most 

likely by the external pressure from the ultrasound probe (Figure 3.11B-D) and the internal 

pressure from the injected agents (Figure 3.11C and 3.11D). 

The spread of injected anaesthetics appeared as three patterns: only spread above the femoral 

nerve (Figure 3.12A); partially encircled the femoral nerve (Figure 3.12B) or entirely 

surrounded the femoral nerve (Figure 3.12C). 

 

 

Figure 3.11. Correlation between cadaveric observation (A) and the ultrasound-guided femoral 
nerve block in the living subject (B-D). A: A transverse section at the level below the inguinal 
ligament. The femoral nerve is between the sartorius (S) and femoral artery (FA), and superficial 
to the iliopsoas muscle (IM) but is enclosed within the iliac fascia (arrowheads) which medially 
fuses with the tendinous fibres (double arrowheads) of the pectineus muscle (PM). A layer of 
loose connective tissue and small vascular structures is sandwiched in between the fascia lata 
(arrows) and iliac fascia (arrowheads). B-D: Ultrasound scan images before (B) and during a 
single (C) or multiple (D) injections (inj). Arrows point to fascia lata. Single arrowheads point to 
the iliac fascia. Double arrowheads indicate the inserted needle. FA = femoral artery; F = femoral 
head; FN = femoral nerve; IM = iliopsoas muscle; inj = injected agent; Hip = hip bone; Crossed-
arrows: orientation of the figure (A = Anterior; L = lateral). Bars = 1 cm. 
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Figure 3.12. Ultrasound scan images after injection of the local anaesthetic. A: The anaesthetic 
solution only above the femoral nerve. B: The anaesthetic solution partially encircled the femoral 
nerve. C: The anaesthetic solution fully encircled the femoral nerve. FA = femoral artery; FN = 
femoral nerve; Inj = injected agent. 
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3.4 Discussion 

This study observed the fascial configuration of the NFS in FN in the pelvic and upper thigh. It 

identified the origin and configuration of the fascia iliaca and revealed the 3D architecture of 

the FIC and their correlation to the ultrasound-guided FICB. The 3D image generated from one 

set of the plastinated slices in Figure 3.8 illustrates the principal findings of this study. (1) The 

fascia iliaca originates from the PFAS of the iliopsoas muscle, and its anterior part intermingles 

with aponeurotic fibres of the internal oblique abdominis and transversus abdominis, forming 

a conjoint tendinous sheet. (2) The FIC is a well-defined and funnel-shaped areolar space 

between the fascia iliaca and the epimysium of the iliopsoas muscle and has a superior and 

inferior opening via which it communicates with the extraperitoneal space superiorly at the L5 

level and an areolar space inferiorly in the femoral triangle. (3) The present study endorses the 

classical FICB technique (Dalens et al., 1989) and indicates that the conjoint tendinous sheet 

can be used as an ultrasound landmark for the ultrasound-guided FICB and closing the inferior 

opening of the FIC by a firm compression distal to the injection site can maximise anaesthetic 

efficacy with a minimum amount of the LA to simultaneously block the femoral nerve and 

LFCN but not the obturator nerve. 

The study clarified the basic origin and configuration of the NFS and its neighbouring structure 

and suggested that the origin and configuration of the NFS were not consistent in the distal 

segment of a peripheral nerve. When the nerve passes through or by a muscular structure, its 

coverings (the epineurium, perineurium and endoneurium) mainly originate from the PFAS of 

the muscles; its extraneural fascia is an adipose zone between the external epineurium and the 

muscular fascia (e.g. the iliaca fascia or fascia lata). 

 

3.4.1 Origin and fibrous configuration of the fascia iliaca 

3.4.1.1 Origin 

When the FICB technique was introduced in 1989, the FIC was described as a triangular-shaped 

potential space that was bordered by the fascia iliaca and contained the iliopsoas muscle, and 

the femoral, LFCN, obturator and genitofemoral nerves (Dalens et al., 1989). Since its first 

edition in 1858 (Gray & Carter, 1858), Gray's Anatomy defines that the fascia iliaca is 

connected laterally to the iliac crest, medially to the pelvic brim, and inferiorly with the inguinal 

ligament and transversalis fascia, forming an osteofascial compartment or FIC (Standring, 

2015). However, the origin of the fascia iliaca remains controversial. It was described as either 
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the aponeurotic layer (Gray & Carter, 1858) or condensation of the extraperitoneal areolar 

tissue (McMinn, 1994). The present study supported the original description of Gray's Anatomy 

(Gray & Carter, 1858) and precisely demonstrated that the fascia iliaca was the PFAS of the 

psoas and iliacus muscles predominantly above and below the inguinal ligament, respectively. 

 

3.4.1.2 Conjoint tendinous sheet 

The fibrous compositions of the fascia iliaca vary. It was stated that the fascia iliaca and internal 

oblique aponeurosis form a common septum (or iliopubic tract) between the inguinal ligament 

and the hip bone (Standring, 2015). The present study revealed that the septum was dominated 

by the iliac part or anterior part of the fascia iliaca and fused with not only the internal oblique 

abdominis but also the transverse abdominis and the PFAS of the rectus femoris and sartorius 

muscles. Thus, compared to other parts, the anterior part of the fascia iliaca was significantly 

thickened and was termed “conjoint tendinous sheet” in this study (Figure 3.5B). This conjoint 

tendinous sheet may correspond to the iliopectineal ligament/arch/fascia (Natelson, 1997; Ritter, 

1995) which is often omitted in most anatomy books. 

 

3.4.1.3 A free upper border  

The fascia iliaca had a free upper border at the level where the PFAS of the psoas was 

continuous anteriorly with the transversalis fascia. Above the border, the PFAS of the psoas 

anchored at the mesocolon attachment. Below the border, the fascia iliaca formed an 

aponeurotic fascial barrier to separate the FIC from extraperitoneal space and paravertebral 

space. 

 

3.4.2 A well defined- and funnel-shaped fascia iliaca compartment 

The present study demonstrated that the FIC was a well-defined and funnel-shaped areolar 

space between the fascia iliaca and the epimysium of the iliopsoas muscle with a wide superior 

and a narrow inferior opening. Via the superior opening, the FIC communicated freely with the 

extraperitoneal space and the paravertebral space. Above the ASIS, the FIC contained the 

femoral nerve and LFCN, but not the obturator nerve. The LFCN pierced the conjoint tendinous 

sheet and exited the FIC at the level of the ASIS (A. Hanna, 2017; Xu et al., 2018). Thus, the 

present study did not support the original hypothesis for the FICB technique that the femoral, 
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LFCN, genitofemoral and obturator nerves lie close together within the same fascial envelope 

(Winnie et al., 1973). This study also revealed that the FIC was not same as the psoas 

compartment which was between the psoas and quadratus lumborum (Capdevila et al., 2002; 

Chayen et al., 1976; Mannion et al., 2005).   

 

3.4.3 Optimal needle placement and volume for the fascia iliaca compartment block 

It has been proposed that inconsistent results of anaesthetic efficacy of the FICB may result 

from relatively minor variations in needle position (Capdevila et al., 1998; Marhofer et al., 2000; 

Swenson et al., 2015; Vloka et al., 1999). For example, using surface landmark techniques, the 

classic FICB inserts the needle at the level of the lateral third of the inguinal ligament and does 

not directly target the femoral nerve (Dalens et al., 1989), whereas the FNB places the needle 

1 cm below the middle third of the inguinal ligament and 1 cm lateral to the femoral artery, and 

targets the femoral nerve (Winnie et al., 1973). Although both the FICB and FNB appear to be 

equally effective to block the femoral nerve, the results of the present study suggest that the 

underlying anatomical basis of their equal effectiveness may result from a firm compression 

distal to the site of injection, which is suggested by both techniques. The firm compression 

distal to the site of injection may confine the LA within the FIC and guide its superior spread, 

and in the FNB, may drive some LA into the FIC via its inferior opening.  

Since the FIC is well defined by the aponeurotic fascia iliaca, the distribution pattern of the LA 

is closely related to the injected volume. As estimated in the present study, the total volume of 

the FIC in the adult cadaver was about 23 mL, of which one third (approximately 8 mL) was 

below the ASIS. According to the literature, the volume of the LA commonly used in the FICB 

or FNB ranges from 15 to 40 mL (Bang et al., 2016; Capdevila et al., 1998; Dixit et al., 2018; 

Dold et al., 2014; Newman et al., 2013; Stevens et al., 2007; Szűcs et al., 2014). Therefore, if 

the LA is successfully deposited within the FIC, even with a very small amount (e.g. 7 mL in a 

case report (Sharrock, 1980), the femoral nerve and LFCN can be blocked. As reported in this 

study, more than 20 mL of the LA may overflow the upper opening of the FIC into the 

paravertebral space to block the obturator nerve and other branches of the lumbar plexus. 
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3.4.4 Use of the conjoint tendinous sheet as an ultrasound landmark to identify the 
fascia iliaca compartment 

One of the difficulties in the ultrasound-guided FICB is poor imaging of the fascia iliaca 

(Hebbard et al., 2011). The conjoint tendinous sheet of the fascia iliaca described in the present 

study can be used as a key landmark to localise the FIC as it was easily visualised on the surface 

of the iliacus muscle at the level around and below the ASIS (Supplemental Digital Content 3). 

Therefore, we endorse three technical points for the ultrasound-guided FICB: (1) to identify the 

conjoint tendinous sheet of the fascia iliaca inferior to the ASIS and along the medial border of 

the upper sartorius (Figures 3.9A-D), (2) to inject 1-5 mL of the LA underneath the conjoint 

tendinous sheet to verify the fascial plane between the sheet and iliopsoas muscle (Figure 3.9E), 

and (3) to deposit less than 20 mL of the LA into the FIC with a firm compression distal to the 

site of injection for 5-10 minutes. A further increase of the LA volume may block the main 

components of the lumbar plexus, namely the femoral, LFCN and obturator nerves. 

Several recent reports suggest that a supra-inguinal injection had an advantage of the more 

dorsal and proximal spread of LA in the FIC with a higher block success (Desmet et al., 2017; 

Gottlieb et al., 2018; Hebbard et al., 2011; Stevens et al., 2007; Wilson, 2018). In comparison 

with the procedure proposed in the above paragraph, the main drawbacks of a supra-inguinal 

injection may be (1) the mis-injection of the LA into the extraperitoneal space and (2) difficulty 

to avoid puncturing the peritoneum, because the orientation of the fascia iliaca above the 

inguinal ligament is almost vertical (Figures 3.7A-C and 3.9A-B) rather than transverse 

(Figures 3.7D and 3.9C-D).  

 

3.4.5 The localisation of the femoral nerve in the “3-in-1” block or femoral nerve 
block under ultrasound guidance 

Based on the measurements of the landmarks for the ultrasound-guided “3-in-1” block or the 

FNB in the upper thigh area, the optimal needle puncture point is suggested to be at 1 cm lateral 

to the femoral artery or 1 cm medial to the sartorius. As the conjoint tendinous sheet becomes 

loose and is pierced by femoral nerve around the medial third of the inguinal ligament. The 

needle puncture is suggested to be just below the inguinal area or at the inguinal crease to ensure 

the LA was injected into the FIC, not outside of the FIC. At the level of the bifurcation of deep 

femoral artery, the femoral nerve was nearly or already pierced the conjoint tendinous sheet. 

Therefore, the deep femoral artery could be used as a landmark of the lowest level for the 

puncture of FNB. The results agree with the routine application in the clinic for “3-in-1” block 
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and the FNB (Marhofer et al., 1997). However, the conjoint tendinous becomes loose and 

appears multiple layers at the lower level of the inguinal ligament. Several layers of the fascia 

may be displayed under the ultrasound and increased the difficulty in identifying the fascia 

iliaca. The external pressure from the ultrasound probe may be applied to help to recognise the 

fascia and the spread of the injected LA is also a consideration to check whether the needle was 

inserted under the fascia iliaca. The injected LA fully or partially encircled the nerve will be 

more conducive in anaesthesia. 

 

3.4.6 Limitations 

This study has at least three limitations. Firstly, a prospective randomized control study is 

needed to evaluate the optimal needle placement and volume proposed in this study, and also 

the factors of inter-observers and different methods for the measurement of pain score is 

required to be considered in the prospective study. Secondly, the number of cadavers for the 

estimation of the FIC volume was small, and they were from the elderly cadavers and may not 

be representative of the population, particularly for the living subject. The estimation was based 

on plastinated slices in which both soft (e.g. fascial, ligaments, tendons, muscles, fat) and hard 

(e.g. bones, cartilages) tissues are preserved the in situ position, and the FIC boundaries can be 

well defined under a microscope. Thus, the results of the quantitative estimation in this study 

may be different from other classical cadaveric studies, such as the measurement of the volume 

of injected latex. In addition to anatomical variations, care should be taken that the volume of 

the FIC and the boundaries of the fascia iliaca revealed in the cadaveric observation need to be 

verified in the living subject. There is some indirect evidence to support the cadaveric results. 

For example, after an injection of 30 mL of the LA underneath the fascia iliaca and with firm 

compression distal the point of injection, the pattern and superior limit of injectate distribution 

defined with MRI (Swenson et al., 2015) were similar to the present study. Thirdly, due to the 

cadaveric model and injected solution characteristic, the few references spread patterns 

obtained after injecting under different layers cannot be considered a resemblance of a clinical 

block. 

 

3.4.7 Conclusions 

It is not the intent of this study to argue clinical efficacy of the FICB and FNB techniques, but 

rather to reveal their underlying anatomical mechanism which may help to interpret, evaluate 
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and adjust the nerve block techniques. The present study has three main conclusions. (1) The 

origin and configuration of the NFS of the femoral nerve vary in a region-dependent pattern. 

The femoral nerve in the FIC and the femoral triangle represents a typical NFS of the distal 

segment of a peripheral nerve. Its four layers, the extraneural fascia, epineurium, perineurium 

and endoneurium, are clearly identifiable in these regions. (2) The conjoint tendinous sheet, 

which is the anterior thicken part of the fascia iliaca, can be used as a key ultrasound landmark 

to precisely deposit the LA into the FIC. (3) The configuration of the FIC revealed in this study 

indicates that a firm compression distal to the site of injection can maximise anaesthetic efficacy 

with a minimum amount of the LA to block the femoral nerve and LFCN simultaneously. (4) 

This study suggests that the optimal injection point for the FICB is above the inguinal ligament 

but below the level of the ASIS. 
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Chapter 4 

Configuration of the neurofascial sheath of the lateral femoral 

cutaneous nerve at its pelvic exit and upper thigh 

4.1 Introduction 

The FIC contains the femoral nerve and the LFCN. Chapter 3 investigated the NFS of the 

femoral nerve. This chapter is to study the fascial configuration of the NFS of the LFCN at its 

pelvic exit and upper thigh.  

The introduction of this chapter covers (1) the anatomy of the LFCN and the meralgia 

paresthetica (MP), (2) the localisation of the LFCN under the ultrasound guidance, and (3) the 

hypothesis and objectives of the study. 

The results of this study have been published in the journal “Journal of Neurosurgery” (Xu 

et al., 2018). I was the first author of this paper and contributed to the conception and design of 

the study, acquisition of data, analysis and interpretation of data, and drafting and revising the 

manuscript.   

 

4.1.1 Anatomy of the lateral femoral cutaneous nerve and the meralgia paresthetica 

4.1.1.1 The basic anatomy of the lateral femoral cutaneous nerve 

The LFCN arises from the ventral rami of the second and third lumbar spinal nerve. It emerges 

from the lateral border of the psoas major, courses beneath the iliac fascia, exits the pelvis and 

enters the thigh behind the inguinal ligament and medial to the ASIS (Figure 3.1). It divides 

into anterior and posterior branches to supply the skin on the anterolateral and posterolateral 

aspects of the thigh as far inferiorly as the knee (Standring, 2015). As reported in chapter 3, the 

LFCN is enclosed in the FIC above the ASIS, and then pierced the conjoint tendinous sheet and 

exited the FIC at the level of ASIS. The fine architecture of the NFS of the LFCN at and below 

the level of ASIS remains unclear (A. Hanna, 2017).  

The course of the LFCN varies greatly, particularly where the LFCN exits the pelvis. A meta-

analysis conducted by Tomaszewski et al. indicates that there are seven patterns of how the 

LFCN exists the pelvis: (1) medial to the ASIS (86.8%), (2) through the inguinal ligament 

(3.7%), (3) over the inguinal ligament (0.9%), (4) directly over the ASIS (1.9%), (5) lateral to 
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the ASIS (2.6%), (6) through the ASIS (2.4%), or (7) through the sartorius muscle (1.7%). The 

most common pattern is medial to the ASIS (Tomaszewski et al., 2016). Rudin et al. studied 

the anatomical course of the LFCN in 28 cadavers and found 3 different branching patterns of 

the LFCN: the Sartorius type (36%; a dominant anterior nerve branch coursing along the lateral 

border of the Sartorius muscle with no or only a thin posterior branch), the posterior type (32%; 

a strong posterior nerve branch) and the fan type (32%; multiple spreading nerve branches of 

equal thickness). They suggested that injury to branches of the LFCN cannot be avoided in 

approximately one-third of surgical dissection which uses the anterior approach to the hip joint, 

and the skin incision should be as lateral as possible to protect the anterior branch of the LFCN 

(Rudin et al., 2016). 

 

4.1.1.2 The meralgia paresthetica 

MP is characterized by symptoms of pain, numbness, itching and paresthesia at the anterolateral 

thigh and is commonly caused by the mechanical entrapment of the LFCN (Dias Filho et al., 

2003; Ivins, 2000; Pearce, 2006). Aszmann et al. investigated the anatomical course of the 

LFCN by dissecting 52 human specimens and believed that the MP might be due to the 

compression of the LFCN at the pelvic brim (Aszmann et al., 1997).  

Of those structures surrounding the LFCN medial to the ASIS, an occasional fascial canal was 

reported at the level of the inguinal ligament (Carai et al., 2009; Cheatham et al., 2013) whereas 

a more consistent fat-filled flat tunnel was localised within the fascia lata between the sartorius 

and the tensor fasciae latae (Nielsen et al., 2018; Zhu et al., 2012). Carai et al. observed the 

anatomical course of LFCN in 135 cases and found that 115 cases were crossed under the 

inguinal ligament, 12 cases were through a slit of the inguinal ligament, 6 cases were through 

a bone canaliculus in the iliac bone, and two cases were not found (Carai et al., 2009). To define 

the sites where the LFCN is more easily visualised, Zhu et al. evaluated 240 LFCNs in 120 

volunteers and found that it was easier to identify the LFCN in the intermuscular space between 

the tensor fasciae latae muscle and the sartorius (Zhu et al., 2012). Nielsen et al. reported a 

novel ultrasound-guided LFCN block technique based on injection into the fat-filled flat tunnel, 

which is a duplicate of the fascia lata between the sartorius and the tensor fasciae latae muscle. 

They found that the adequate spread of injectate to the proximal LFCN branches in cadavers 

by injecting of 10 mL with dynamic needle-tip tracking in the fat-filled flat tunnel and the 

success rate of anaesthesia of the lateral thigh in the clinical study was 95% while the success 

rate of the anaesthetized the proximal branches was 68% (Nielsen et al., 2018). Omichi et al. 
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reported a case that the LFCN was entrapment by the fascia lata of the thigh. The patient 

complained of the symptoms of numbness and sharp pain at the anterolateral aspects after direct 

repair surgery for L5 isthmic spondylolisthesis and the conservative treatment was inadequate. 

During the decompression surgery, they found that the nerve was entrapment underneath the 

fascia lata, and after the surgery, the symptoms disappeared (Omichi et al., 2015). Hanna argued 

that the LFCN ran in its own canal with a fascial plane completely surrounding the nerve from 

the level of the inguinal ligament to the thigh (A. Hanna, 2017). Hanna suggested that the LFCN 

has a fascial canal that completely ensheathes the nerve in the thigh. There is one fascia plane 

superficial to the nerve that separates it from the skin and superficial fascia and attaches 

proximally to the inguinal ligament. A second fascial plane is deep to the nerve and separates 

the nerve from the muscles (sartorius and tensor fasciae latae). This second fascial plane is 

continuous proximally with the posterior lamina of the iliac fascia (A. Hanna, 2017).  

Based on the fascial anatomy of the LFCN, Hanna believed that there is anatomical feasibility 

of the LFCN transposition for MP surgical management. By cutting the two layers of the LFCN 

canal and the septum medial to the sartorius, the LFCN can be mobilized 2 cm medial to the 

ASIS to make the course much straighter and less tension on the nerve (A. S. Hanna, 2017). 

Based on this anatomical concept, most recently, he reported 19 cases with MP who underwent 

the 360˚ decompression of the LFCN at its pelvic exit. He compared three techniques for the 

MP treatment. The simple decompression technique was just releasing the deep fascia 

superficial to the LFCN and open the inguinal ligament. For the deep decompression technique, 

the deep fascia deep to the LFCN was released as well. For the transposition technique, the 

nerve was mobilized approximately 2 cm medially away from the ASIS. He found that the deep 

decompression and transposition techniques were better than the simple decompression (Hanna, 

2018). Morimoto et al. used the technique of the deep decompression of the LFCN in 12 patients 

and found that all patients reported symptom improvement (Morimoto et al., 2018). 

In summary, a number of surgical treatments for MP have been employed, such as simple 

decompression, a combination of superficial and deep decompressions, decompression with the 

iliac fascia incision, medial transposition, and the 360˚ decompression (Aldrich & van den 

Heever, 1989; de Ruiter et al., 2012; de Ruiter & Kloet, 2018; A. Hanna, 2017; Hanna, 2018; 

Hanna & Hanna, 2018; Hanna et al., 2017; Keegan & Holyoke, 1962), and some of them 

achieved excellent results with success rates ranged from 93% to 100% (Nahabedian & Dellon, 

1995; Siu & Chandran, 2005; Son et al., 2012). However, the efficacy and underlying 

mechanism of specific surgical technique which proved most effective remain to be pinpointed, 

mainly because of the lack of understanding of the anatomy of the fascial planes around the 
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LFCN (de Ruiter et al., 2012; de Ruiter & Kloet, 2018; A. Hanna, 2017; Hanna, 2018; Hanna 

& Hanna, 2018; Hanna et al., 2017).  

 

4.1.2 Ultrasound guidance for the localisation of the lateral femoral cutaneous 
nerve 

The ultrasound guidance has been widely used for the localisation of the LFCN and diagnosis 

and treatment of MP. Ng et al. suggested that the identification of the LFCN by ultrasound was 

more accurate than using the anatomical landmarks. They examined twenty cadavers by 

comparing the dye injection with ultrasound guidance and anatomical landmarks. After the 

dissection, they found that sixteen of 19 needles inserted under ultrasound guidance in the 

cadavers were in contact with the LFCN, but only 1 of 19 needles inserted using anatomical 

landmarks was in touch with the LFCN. They also did a volunteer study by using the ultrasound 

guidance and the anatomical landmarks to make a mark to identify the LFCN and then used the 

nerve stimulation to check the positions of LFCN, Sixteen of 20 marked locations made using 

ultrasound guidance corresponded to the nerve stimulation’s result, but none of the 20 marked 

locations made with anatomical landmarks corresponded to the LFCN (Ng et al., 2008). From 

the ultrasound assessment, Lee et al. reported a sartorius muscle tear presenting the MP, and 

they found that the rupture of the proximal sartorius muscle and the hematoma extended 

laterally to surround the perineural fat of the LFCN (Lee & Stubbs, 2018). Ozaki et al. used 

ultrasound to observe the LFCN distribution before the total hip arthroplasty by direct anterior 

approach, and the distribution was judged as the Fan type and Non-Fan type. LFCN injury was 

observed after surgery in 9 of the 10 patients judged as the Fan type, and 25 of the 26 patients 

with no LFCN injury were judged as Non-Fan type. They suggested that to prevent injury of 

the LFCN decided as the Fan type, the approach in which an incision is made in the fascia 

which is opposite to the radial spreading, i.e., between the sartorius and tensor fasciae latae 

muscles or slightly medial from it, may reduce the risk of direct injury of the LFCN (Ozaki et 

al., 2018). Hanna et al. reported a technique of ultrasound-guided wire localisation of the LFCN 

and suggested that this technique is valuable for a less experienced surgeon and also useful for 

the experienced surgeon when the LFCN has anatomical abnormalities. They localised the 

LFCN under ultrasound and then placed a wire underneath the nerve by a locking needle-wire 

system before surgery, and they found that the time needed to find the LFCN was minimised 

by this technique (Hanna et al., 2017). It remains to be clarified what landmarks under 

ultrasound guidance can be used to localise the femoral nerve optimally.  
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4.1.3 Hypothesis and objectives of the study 

The hypothesis to be tested in this study is that the NFS of the LFCN has a consistent fibrous 

configuration along the LFCN in the pelvis and upper thigh. 

Two research questions to be addressed in this study are: What is the configuration of the NFS 

of the LFCN at its pelvic exit and upper thigh? How to optimally localise the LFCN under 

ultrasound?  

The objective of this study is to investigate the origin and configuration of the NFS of the LFCN.  

The results of this study may provide a better understanding of the anatomical basis for the 

mechanism of the MP development and optimising the pre-operative surgical plan, and 

standardizing the localisation of the LFCN under ultrasound guidance. 
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4.2 Materials and methods 

A total of 36 cadavers (18 females, 18 males; age range, 38-97 years) and 34 healthy volunteers 

(19 females, 15 males; age range, 20-62 years) were studied. None of the healthy volunteers 

had any history of the thigh and pelvic injury and surgery. The cadavers assigned to this project 

were bequeathed for medical education and research purposes with the written informed 

consent from the donor or the next of kin as obtained under the Human Tissue Act. This study 

was performed in accord with our institutional ethical guidelines and approved by the 

institutional ethics committees at the University of Otago (Reference code: H18/027).  

The measurement in the living subjects under ultrasound was performed in accord with the 

ethical guidelines and approved by the ethics committees at Anhui Medical University 

(Reference number: 20190532)  

 

4.2.1 Dissection and measurement 

In 57 sides of 30 cadavers, the LFCN and its surrounding structures were exposed via layer-by-

layer dissection. The cadavers were in a supine position. The ASIS was used as a landmark for 

the dissection and measurement. Adipose tissue around the ASIS was bluntly removed. The 

aponeurotic fibres of the external oblique abdominis and the internal oblique abdominis 

connected to ASIS were key structures; the LFCN was usually coursed underneath these fibres. 

Thus, carefully dissection of the fibres was applied. After finding the LFCN, follow its path to 

the upper thigh area, the fascia of the sartorius muscle was removed to expose the LFCN. The 

LFCN was then coursed into tensor fasciae latae. To localise the LFCN and its relationship with 

surrounding structures, the distances of the intersections between the LFCN and the internal 

oblique abdominis fibre and the external oblique abdominis fibre and the tensor fasciae latae 

were measured. And the distances between the ASIS to these intersections were measured as 

well. The vernier calliper was used for the measurement. For the latex injection, the 25G needle 

was usually used, and the injected latex solution was often added with red or blue dye to 

distinguish different injections. The latex injection was conducted by injecting the blue later 

underneath the fascia of the sartorius muscle prior to dissection in 3 cadavers (Figure 4.1A and 

4.1B). 
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4.2.2 Epoxy sheet plastination and confocal microscopy 

Six cadavers (2 females, 4 males; age range, 46-87 years) were prepared as the transverse (2 

sets) and sagittal (4 sets) plastinated slices. 

Refer to Section 2.2.2 for the detailed procedure of the epoxy sheet plastination technique.  

The relevant plastinated sections were examined under a confocal laser scanning microscope 

(Zeiss, Oberkochen, Germany). Refer to Section 2.2.3.3 for the details of confocal microscopy 

and image collection and analysis. 

 

4.2.3 The three-dimensional model of the lateral femoral cutaneous nerve course 
near the anterior superior iliac spine 

Forty-two images from one set of the plastinated sections were assembled. The LFCN and its 

surrounding structures near the ASIS were manually segmented as 2D images, reconstructed 

and displayed as 3D images in Thermo Scientific Amira Software (Amira 6.5.0, Thermo Fisher 

Scientific, Waltham, USA. https://www.fei.com/software/amira/). Refer to Section 2.2.4 for the 

details of the 3D reconstruction. 

 

4.2.4 Ultrasound scan 

Ultrasound images were collected with a Siemens Acuson Antares machine (Siemens 

Healthineers, Erlangen, Germany) with a Siemens vfx13-5 linear ultrasound transducer. The 

subject was in a supine position, and the ultrasound transducer was placed in a transverse 

position around the ASIS. The ASIS, iliopsoas muscle, internal and external abdominis muscles, 

sartorius muscle and tensor fasciae latae were used as landmarks to identify and trace the LFCN.  

  

https://www.fei.com/software/amira/
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4.3 Results 

In the cadavers examined in this study, the LFCN coursed medially and inferiorly to the ASIS, 

exited the pelvis and entered into the thigh (Figures 4.1 and 4.2).  

 

 

Figure 4.1. A layer-by-layer dissection of the inguinal and upper thigh region after blue latex 
injection (asterisk) into the sartorial fascia. A: Aponeurotic fibres (double arrowheads) of the 



79 
 

 

external oblique abdominis (EOA) either parallel to the internal oblique abdominis (IOA; double 
arrows) or inferiorly extending to the fascia lata. The EOA is partially cut and reflected inferiorly. 
B: The ligamental canal bordered by iliolata ligaments (single arrowheads), as termed in this 
study. Single arrows indicate the LFCN. C: The tendinous canal within the aponeurotic fibres of 
the IOA (double arrows) and under the EOA (double arrowheads). ASIS = anterior superior iliac 
spine; DCIA = deep circumflex iliac artery; Sar = sartorius muscle which is partially covered by 
the injected blue latex (asterisk); TA = transversus abdominis; TFL = tensor fasciae latae. The 
crossed arrows indicate the orientation (S = superior; M = medial). 
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4.3.1 The tendinous canal 
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Within the pelvis, the LFCN was underneath the iliac fascia (Figures 4.1C and 4.2A). At the 

level medial to the ASIS and posterior to the external oblique abdominis, it pierced a fibrous 

septum of the iliac fascia and aponeurotic fibres of the internal oblique abdominis (Figures 4.1C, 

4.2A and 4.2a). The LFCN traversed within the iliac fascia and the aponeurotic fibres of the 

internal oblique abdominis, which formed a rigid fully encircled tendinous canal (Figures 4.2B, 

4.2b and 4.3A). The tendinous canal was posteroinferior to the aponeurotic fibrous bundles of 

the external oblique abdominis or the inguinal ligament (Figures 4.1C, 4.2a and 4.2b). 

 

Figure 4.2. Three adjacent transverse plastinated sections at the levels of the anterior superior iliac 
spine (ASIS) (A and B) and the upper thigh (C). Panels a, b and c are the confocal images 
corresponding to the area shown in the boxes in A, B and C. Single arrows indicate the LFCN; 
double arrows, the aponeurotic fibres of the internal oblique abdominis (IOA); triple arrows, the 
epimysium of the sartorius muscle (Sar); double arrowheads, the aponeurotic fibres of the external 
oblique abdominis (EOA); and single arrowheads, the iliolata ligaments. DCIA = deep circumflex 
iliac artery; FA = femoral artery; FN = femoral nerve; FV = femoral vein; GMe = gluteus medius; 
GMi = gluteus minimus; IP = iliopsoas muscle; Pe = pectineus; RF = rectus femoris; TA = 
transversus abdominis; TFL = tensor fasciae latae; The crossed arrows indicate the orientation (A 
= anterior; M = medial). Bars = 1mm. 
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4.3.2 The adipose compartment and “iliolata ligaments” 

Inferiorly to the ASIS, the superficial aponeurotic fibres of the external oblique abdominis 

extended inferiorly to the thigh and contributed to the fascia lata (Figures 4.1A and 4.3B). The 

inferior aponeurotic extension of the external oblique abdominis covered the medial part of the 

sartorius muscle and had a free lateral border inferior to the ASIS (Figures 4.2C and 4.2c). After 

exiting the tendinous canal (Figure 4.3B), the LFCN passed under the inferior aponeurotic 

extension of the external oblique abdominis and entered into an adipose compartment, which 

was sandwiched in between the fascia lata and the epimysium of the sartorius muscle (Figures 

 

Figure 4.3. Four adjacent sagittal plastinated sections from medial to lateral (A-D) at the level of 
the ASIS. Single arrows indicate the LFCN; double arrowheads, the aponeurotic fibres of the 
external oblique abdominis (EOA); and single arrowheads, the iliolata ligaments. GMi = gluteus 
minimus; IOA = internal oblique abdominis; IP = iliopsoas muscle; RF = rectus femoris; Sar = 
sartorius muscle; TA = transversus abdominis; TFL = tensor fasciae latae; VL = vastus lateralis. The 
crossed arrows indicate the orientation (S = superior; A = anterior). Bars = 10mm. 
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4.1C, 4.2C, 4.2c and 4.3B-D). This part of the fascia lata was formed by 2-3 curtain strip-like 

ligaments which were termed “iliolata ligaments” in this study. The iliolata ligaments superiorly 

inserted to the ASIS (Figures 4.1B, 4.1C, 4.2A, 4.2B, 4.3C and 4.3D), inferiorly (Figures 4.3C 

and 4.3D) and medially (Figures 4.2C and 4.2c) contributed to the fascia lata, and laterally 

fanned out and continued as skin ligaments in the subcutaneous tissue (Figures 4.2A and 4.2B).  

 

4.3.3 The ligamental canal 

The LFCN coursed the adipose compartment inferiolaterally (Figures 4.1C, 4.2C and 4.2c), 

pierced one of the iliolata ligaments along the lateral border of the sartorius muscle (Figure 

4.1B) and ran in a longitudinal ligamental canal, which was between the iliolata ligaments and 

medial to the tensor fasciae latae (Figures 4.1B and 4.3D). 

 

4.3.4 The localisation of the tendinous and ligamental canals  

All LFCNs were coursed within 4.6 cm medially to the ASIS in this study. The distances from 

the ASIS to the point where the LFCN crossed the inguinal ligament or pierced the iliolata 

ligament along the lateral border of the sartorius muscle were 2.15± 0.94 cm and 5.07±1.59 cm, 

respectively. The angle between two lines from the ASIS to the cross points was 40 ± 23˚.  
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4.3.5 Ultrasonography evaluation 

The course of the LFCN around its pelvic exit was evaluated in 34 healthy volunteers. On the 

transverse sonogram, the LFCN appeared as a hypoechoic round or elliptical structure with 

hyperechoic round or linear signals within it. In the pelvis, the LFCN ran within hyperechoic 

signals over the iliacus muscle. The hyperechoic signals had a clear continuation medially with 

the transverse and internal oblique abdominis muscles and laterally passed under the external 

oblique aponeurosis and inserted to the ASIS (Figures 4.4A and 4.4B). At the level of the 

tendinous canal, the nerve was within the internal oblique aponeurotic fibres and medial to the 

sartorius and under the external oblique aponeurotic fibres (Figure 4.4C). At the level of the 

ligamental canal, the nerve was sandwiched in between the iliolata ligaments, lateral to the 

 

Figure 4.4. Transverse sonogram views of the LFCN within the tendinous canal (A-C) and 
ligamental canal (D). The LFCN (arrows) appears as a hypoechoic round or elliptical structure 
with hyperechoic round or linear signals within it. Arrowheads indicate the iliolata ligaments. 
EOA = external oblique abdominis; GMi = gluteus minimus; IOA = internal oblique abdominis; 
IP = iliopsoas muscle; RF = rectus femoris; Sar = sartorius muscle; TFL = tensor fasciae latae; 
The crossed arrows indicate the orientation (A = anterior; M = medial). 
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sartorius and medial to the tensor fasciae latae (Figure 4.4D). The iliolata ligaments and the 

LFCN were better to be visualised on a transverse sonogram view (Figure 4.4D). 
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Figure 4.5. 3D images reconstructed from one set of the plastinated sections showing the course 
of the LFCN (yellow arrows) and its neighbouring structures near the ASIS. A: 3D image with 2D 
image of a plastinated section. EOA: external oblique abdominis; GM: tendinous sheet of gluteal 
muscles; GMa = gluteus maximus; GMe = gluteus medius; GMi = gluteus minimus; IF = iliac 
fascia; IL = iliolata ligaments; IOA = internal oblique abdominis; IP = iliopsoas muscle; RA = 
rectus abdominis; TA = transversus abdominis; TF = transversalis fascia. B: The intrapelvic LFCN 
between the iliopsoas muscle and iliac fascia. The iliac fascia is continuous with the transversalis 
fascia and reinforced by the tendinous fibres of the transversus abdominis. Sar = sartorius muscle; 
TFL = tensor fasciae latae; VL = vastus lateralis. The crossed arrows indicate the orientation (S = 
superior; M = medial). C: The LFCN pierces the internal oblique-iliac fascia septum (white dash-
lined circle) and enters the adipose compartment on the sartorius muscle. D and E: The LFCN 
runs over the sartorius muscle and under the inferior extension of the external oblique aponeurosis 
(EOA-inf) or iliolata ligaments (IL1) and enters into the ligamental canal between the iliolata 
ligaments (IL1, IL2 and IL3). EOA-ing: inguinal ligament part of the external oblique aponeurosis. 
F: Soft tissues surrounding the LFCN are illustrated translucently to demonstrate the entrance 
points of the tendinous (white dash-lined circle) and ligamental (red dash-lined circle) canals. The 
distances from the ASIS to the entrance of the tendinous (white dash line) and ligamental (red dash 
line) canals are about 2cm and 5cm, respectively and the angle between the 2 lines is approximately 
40°. 
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4.4 Discussion 

This study revealed the fibrous configuration of the perineural fascial sheath of the LFCN at its 

pelvic exit, identified and traced the nature, origin and insertion of these fibres. Figure 5 is a 

3D image generated from one set of the plastinated slices (Figure 4.5A) and illustrates the 

principal findings of this study. (1) The LFCN exits the pelvis via a tendinous canal within the 

internal oblique-iliac fascia septum (Figures 4.5B and 4.5C). (2) Inferiorly to the ASIS, the 

LFCN runs in an adipose compartment over the epimysium of the sartorius muscle and under 

the inferior extension of the external oblique aponeurosis (Figure 4.5D) and the curtain strip-

like iliolata ligaments which contribute to the fascia lata (Figure 4.5E). (3) Between the 

sartorius and tensor fasciae latae, the LFCN runs in a longitudinal ligamental canal bordered by 

the iliolata ligaments (Figures 4.5E and 4.5F).  

 

4.4.1 The tendinous canal of the lateral femoral cutaneous nerve 

Although the variability of the LFCN course near the ASIS has been extensively reported 

(Aszmann et al., 1997; Majkrzak et al., 2010; Ropars et al., 2009; Üzel et al., 2011), it has been 

commonly accepted that the LFCN exits the pelvis under or through the inguinal ligament 

(Tomaszewski et al., 2016). Gray’s anatomy (Standring, 2015) states that the inguinal ligament 

is the inrolled and rounded lower border of the external oblique aponeurosis and has its inferior 

extension inferiorly continuous with the fascia lata. The iliac fascia and internal oblique 

aponeurosis form a common septum (or iliopubic tract) between the inguinal ligament and the 

hip bone (Standring, 2015). Therefore, the LFCN must pierce the internal oblique-iliac fascia 

septum to exit the pelvis. The present study confirmed this assumption and revealed that the 

septum was located deep and internal to the external oblique aponeurotic fibres and was 

dominated by the internal oblique aponeurotic fibres which fused and intermingled with the 

iliac fascia and inserted to the ASIS (Figure 4.5C). The LFCN pierced the septum, forming a 

tendinous canal, and then passed under the external oblique aponeurosis, including its inferior 

extension.  

The tendinous canal identified in this study was different from the previous reports which 

described the LFCN going through a tunnel or narrow canal between 2 “slips of attachment” 

from the inguinal ligament (Jefferson & Eames, 1979; Keegan & Holyoke, 1962). The present 

study demonstrated that the tendinous canal was fully encircled by the horizontally-orientated 

fibres from the internal oblique and iliac fascia, which was also reinforced by the transverse 
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abdominis aponeurosis. Therefore, the abdominal muscles, particularly the internal oblique and 

transversus abdominis, must have a significant impact on the tendinous canal because the 

stretching of these muscles may tighten and narrow the canal.  

 

4.4.2 Iliolata ligaments and the ligamental canal of the lateral femoral cutaneous 
nerve 

Using epoxy sheet plastination and confocal microscopy techniques to identify and trace fibrous 

origin and configuration, the present study revealed that the part of the fascia lata inferior to the 

ASIS was composed of the iliolata ligaments and the inferior extension of the un-inrolled* 

superficial fibres of the external oblique aponeurosis (*The fibres of the external oblique 

aponeurosis have two patterns. One part is inrolled and forms the inguinal ligament. The other 

part is un-inrolled and extends to the upper thigh to form the fascial lata). The iliolata ligaments 

were 2-3 curtain strip-like ligamental structures which superiorly inserted to the ASIS, 

inferiorly and medially interwoven with other parts of the fascia lata, e.g. the inferior extension 

of the inguinal ligament, and laterally fanned out and continued as skin ligaments in the 

subcutaneous tissue of the thigh. The iliolata ligaments may have been represented as those 

multiple layers of the fascia lata in the previous reports (Nielsen et al., 2018; Patijn et al., 2011). 

Most recently, Hanna reported that a complete fascial canal surrounded the LFCN and started 

from the inguinal ligament to the terminal branches of the nerve in the thigh (A. Hanna, 2017). 

The present study detailed the fibrous configuration of Hanna’s fascial canal of the LFCN. On 

the medial side of the sartorius, after piercing the tendinous canal, the LFCN ran between the 

epimysium of the muscle and the inferior extension of the inguinal ligament. On the lateral side 

of the sartorius, the nerve was between the epimysium of the muscle and the iliolata ligaments. 

As one of the iliolata ligaments intermingled with the epimysium of the sartorius along the 

lateral border of the muscle, the LFCN pierced the ligament and entered a longitudinal lenticular 

canal which was bordered by the iliolata ligaments, filled with fat and termed as the ligamental 

canal of the LFCN in this study. Thus, the LFCN fascial canal defined by Hanna may actually 

consist of three segments: a tendinous canal within the internal oblique-iliac fascia septum, an 

adipose compartment over the sartorius muscle, and a ligamental canal between the iliolata 

ligaments.  

 



89 
 

4.4.3 Theoretical surgical strategy for the lateral femoral cutaneous nerve 
decompression 

One of the surgical management for MP is to decompress the entrapped LFCN. In addition to 

neurectomy, several strategies have been suggested for neurolysis, such as simple 

decompression, a combination of superficial and deep decompressions, decompression with the 

iliac fascia incision, and medial transposition (de Ruiter et al., 2012; de Ruiter & Kloet, 2018; 

A. Hanna, 2017; Hanna, 2018; Hanna & Hanna, 2018; Keegan & Holyoke, 1962). To date, 

there is no consensus as to what is being decompressed in actuality (de Ruiter & Kloet, 2018; 

Hanna & Hanna, 2018). The lack of understanding of the precise anatomy of the fascial 

configuration around the nerve appears to be part of the current debate on the optimal 

management strategy (Hanna, 2018).  

The present study precisely defined that the internal oblique-iliac fascia septum and iliolata 

ligaments were two major anatomical structures that may make the LFCN susceptible to 

mechanical entrapment near the ASIS. Therefore, based on their fibrous origin and 

configuration, we propose a theoretical strategy for decompression of the LFCN. The main aims 

are 2-fold: to eliminate the muscular stretching of the tendinous canal medial to the ASIS and 

to diminish the tension of iliolata ligaments inferior to the ASIS. The key surgical technical 

points to pinpoint the potential mechanical entrapment sites are 1) to incise the internal and 

external oblique aponeurosis and iliac fascia medial to the tendinous canal of the LFCN in order 

to relax the tension generated from the abdominal muscles and 2) to free the iliolata ligaments 

from the ASIS. The technique of the 360˚ decompression of the LFCN at its pelvic exit 

demonstrated by Hanna, in which the aponeurotic fibres of the tendinous canal were fully cut, 

would appear to meet this theoretical strategy (Hanna, 2018). A slightly lateral extension to cut 

the iliolata ligaments can be considered for further modification of the 360˚ decompression 

technique as it may further diminish the tension generated by iliolata ligaments (or fascia lata).   

Ultrasound evaluation for the LFCN localisation has been mainly focused on its segment in the 

adipose compartment over the sartorius and in the ligamental canal (Hanna, 2018; Hanna et al., 

2017; Zhu et al., 2012). For example, on both transverse and longitudinal ultrasound views, 

Hanna demonstrated the LFCN in the ligamental canal which was bordered by the iliolata 

ligaments (A. Hanna, 2017). Since the pelvic exit of the LFCN was at the internal oblique-iliac 

fascia septum, we performed the ultrasound evaluation specifically at this spot in the present 

study.  
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The results indicate that using the internal and external oblique muscles, sartorius muscle and 

ASIS as the landmarks, the tendinous canal can be identified and visualised with ultrasound. 

Three technical recommendations are (1) to use the quantitative data provided in this study to 

surface-mark the LFCN (Figure 4.5F), (2) to scan along the external (or inguinal ligament) and 

internal oblique muscles laterally to the ASIS, and (3) to identify the LFCN inferomedial to the 

ASIS, deep to the inguinal ligament and within the internal oblique aponeurosis. 

 

4.4.4 Limitations 

This study has at least two limitations. Firstly, the number of cadavers for the epoxy sheet 

plastination was small. The pattern of fibrous configuration revealed in this study may vary in 

different anatomical variations of the LFCN course, such as when the nerve rides over the ASIS 

or iliac crest (A. Hanna, 2017; Keegan & Holyoke, 1962; Nahabedian & Dellon, 1995). Second, 

care should be taken to clinically confirm the feasibility and efficacy of the theoretical surgical 

strategy for the LFCN decompression proposed in this study, although there is some indirect 

evidence to support the proposal. For example, at the level of the inguinal ligament, increasing 

evidence has shown that the patients experienced better results when deep decompression with 

cutting the fascia underlying the nerve is added to superficial decompression (de Ruiter & Kloet, 

2018; Hanna, 2018; Nahabedian & Dellon, 1995; Siu & Chandran, 2005). At the level of the 

iliolata ligaments, clinical improvement was observed even in patients with surgery for MP 

where no LFCN was found (Carai et al., 2009), suggesting that the nerve may have been 

decompressed by surgical “blind” dissection of the iliolata ligaments. 

 

4.4.5 Conclusions 

This study defined that the pelvic exit of the LFCN was within the internal oblique aponeurosis 

and the iliolata ligaments formed by the part of the fascia lata over the LFCN and upper sartorius. 

These results suggest that the internal oblique-iliac fascia septum and iliolata ligaments may 

make the LFCN susceptible to mechanical entrapment near the ASIS. To surgically decompress 

the LFCN, it may be necessary to incise the oblique aponeurosis and iliac fascia medial to the 

LFCN tendinous canal and to free the iliolata ligaments from the ASIS. The fascia septum and 

iliolata ligament can also be used as landmarks to localise the LFCN for the ultrasound-

guidance LFCN block. 
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Chapter 5 

Configuration of the neurofascial sheath in the lumbar 

intervertebral foramina 

5.1 Introduction 

The proximal segment of the spinal nerve courses from the spinal cord, through the spinal canal 

and IVF and to the paravertebral gutter. Chapters 3 and 4 have revealed the anatomy of the NFS 

of the distal segment of the lumbar spinal nerve up to the level of the paravertebral gutter, e.g. 

the FIC. This chapter is to investigate the origin and configuration of the NFS of the proximal 

segment of the lumbar spinal nerve and its relationship with the surrounding structures.  

The NFS in the lumbar IVF is different from the NFS in the distal segment of the spinal nerve 

because there is no intact paraneurium (extraneural fascia) encloses the proximal segment of 

the spinal nerve. We believe that all the contents outside the epineurium in the lumbar IVF 

should be defined as the extraneural fascial layer of the NFS. 

The introduction section of this chapter consists of 3 parts: (1) the anatomy of the lumbar IVF, 

(2) a literature review of the nerve root block at the IVF, and (3) the hypothesis and objectives 

of this part of the study. 

The results in this study have been published in the journal “Journal of Neurosurgery: Spine” 

(Xu, Lin, et al., 2020). I was the first author of this paper and contributed to the conception and 

design of the study, acquisition of data, analysis and interpretation of data, and drafting and 

revising the manuscript.   

 

5.1.1 Anatomy of the lumbar intervertebral foramina 

The IVF services as the principal route for the spinal neurovascular structures entering and 

exiting from the vertebral canal. The boundaries of the IVF are, anteriorly, from above 

downwards, the posterolateral aspect of the superior vertebral body, the posterolateral aspect of 

the intervertebral symphysis (including the disk), and a small posterolateral part of the body of 

the inferior vertebral; posteriorly, a part of the ventral aspect of the fibrous capsule of the facet 

synovial joint; superiorly, the compact bone of the deep arched inferior vertebral notch of the 
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vertebra above; inferiorly, the compact bone of the shallow superior vertebral notch of the 

vertebral below (Lee et al., 1988).  

A lumbar IVF contains a spinal nerve and its NFS, spinal artery, plexiform venous connections 

between the internal and external vertebral venous plexuses, and adipose tissue. The dorsal and 

ventral roots of the spinal nerve are enclosed by the arachnoid and dura mater in the lateral zone 

of the vertebral canal. Each root pierces the dura separately, taking an arachnoid sleeve with it, 

before joining within the dural prolongation just distal to the spinal ganglion. The dural sheath 

of the spinal nerve fuses with the epineurium, within or slightly beyond the IVF. The arachnoid 

prolongation within the dural sheath does not extend as far distally as its dural sheath, but the 

subarachnoid space extends sufficiently distally to form a radiologically demonstrable root 

sleeve for each spinal nerve (Standring, 2015).  

A spinal artery divides into the postcentral, radicular, and prelaminar branches, from anterior 

to posterior, respectively (Standring, 2015). The lumbar artery gives off the primary periosteal 

and equatorial branches to the vertebral body, and a major dorsal branch which further gives 

off a spinal branch that enters the IVF.  

 

5.1.2 Nerve block at the intervertebral foramina in the lumbar spine  

The nerve block at the IVF area is to block the proximal segment of the spinal nerve and 

includes the epidural injection and the paravertebral block. The epidural injection and the 

paravertebral block are commonly performed as interventional treatments for spine-related pain, 

particularly the low back pain (Quattrone et al., 2008).  

 

5.1.2.1 The epidural injection 

The epidural or extradural space is located between the spinal dura and the ligamentum flavum 

and the periosteum of the surrounding vertebral arches. It contains the spinal nerve roots 

enclosed by the dural sac, blood vessels, lymphatics and adipose tissue. The epidural space 

communicates with the paravertebral gutter. Near the spinal ganglia and via the arachnoid 

granulations, it is intimately connected with the subarachnoid space (Miller et al., 2014).  
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The epidural injection is to directly deliver the LA or the steroid into the epidural space for 

either spinal anaesthesia (Miller et al., 2014) or an epidural nerve block (Dold et al., 2014). 

Several approaches have been applied in the lumbar epidural injections. Common posterolateral 

approaches to the lumbar IVF are the Kambin’s triangle approach and the safe triangle approach 

(Kambin et al., 1996; Rivera, 2018; Tumialán et al., 2019) (Figure 5.1). The Kambin’s triangle 

is utilized for both endoscopic surgery and epidural injection (Rivera, 2018; Tumialán et al., 

2019) whereas the safe triangle is used for epidural injections only (Rivera, 2018). 

 

Figure 5.1. Spinal nerve root anatomy and the “Kambin’s triangle” and the “safe triangle”. [Copied 
from (Manchikanti et al., 2018)] 
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5.1.2.2 The Kambin’s triangle 

The Kambin’s triangle was initially defined as an extrapedicular working zone on a 

posterolateral view at 35º- 45º, bordered by the exiting spinal nerve anteriorly, the superior 

articular process (SAP) posteriorly and the superior margin of the lower vertebra inferiorly 

(Kambin, 1992; Kambin & Brager, 1987; Kambin & Gellman, 1983). In the “Kambin’s triangle” 

approach for the epidural injection, the needle/catheter is usually approached to near the SAP 

(Gil et al., 2019). The “Kambin’s triangle” was firstly used for “partially evacuated and 

decompressed a bulging disc through a cannula at L4-5 level” in 1983 by Kambin (Kambin & 

Gellman, 1983). It was described as a working triangle for the transforaminal microdiscectomy 

and interbody fusion (Dalbayrak et al., 2015; Wang & Grossman, 2016).  

Hoshide et al. quantified the dimensions and area of the Kambin’s triangle in 2 cadavers and 

suggested that the Kambin’s triangle was a feasible landmark for accessing the lumbar 

intervertebral disc (IVD) (Hoshide et al., 2016). Lertudomphonwanit et al. measured the area 

of the true working space in the IVD via the “Kambin’s triangle” in 5 cadavers and suggested 

that the limited trapezoidal perspective of the working zone should be considered when 

developing the tools and instruments for the posterolateral endoscopic surgery 

(Lertudomphonwanit et al., 2016). Ozer et al. investigated the “Kambin’s triangle” type in 

surgical views and cadaver studies. They suggested that a large and safe room of the triangle 

may not exist in some patients. The anatomical variations in Kambin’s triangle may be the main 

reason for nerve root damage during endoscopic lumbar disc surgery (Ozer et al., 2017). 

Hardenbrook et al. suggested that the working triangle was the triangle between the exiting 

nerve root and the traversing nerve root which is the exiting nerve root of the lower level and 

the superior margin of the inferior pedicle, the safe zone in the working triangle was the 

trapezoid bound by the widths of the superior and inferior pedicles between the exiting and 

traversing nerve root. They measured the dimensions of the working triangle and the safe zone 

of the transforaminal lumbar interbody fusion in cadavers and suggested that the working 

triangle in the lumbar neural foramen was a relatively large area and the safe zone which just 

superior to the pedicle, was free of nerve structures (Hardenbrook et al., 2016). Hurday et al. 

also analysed the working zone and the relationship of the nerve root to corresponding IVD for 

transforaminal percutaneous approaches by MRI, X-rays. They found that the nerve root-disc 

distance increased from L2-3 to L5-S1 whereas nerve root -pedicle distances decreased and 

suggested the exiting nerve root was at risks of injury at lower lumbar levels (Hurday et al., 

2017).  
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The currently described Kambin’s triangle has been expanded as a 3D access corridor to the 

intraforaminal and spinal canal areas. The boundaries of this 3D corridor are the dural sac and 

traversing nerve roots medially, the exiting spinal nerve superiorly, the superior margin of the 

lower vertebra inferiorly, the IVD and vertebral bodies anteriorly and the SAP posteriorly 

(Hardenbrook et al., 2016; Kambin, 1992; Mirkovic et al., 1995; Rivera, 2018; Tumialán et al., 

2019). 

5.1.2.3 The “safe triangle” 

The “safe triangle” is a subpedicular zone, bounded by the upper vertebral body anteriorly, the 

inferior margin of its pedicle superiorly, and the exiting spinal nerve inferiorly (Derby et al., 

1992; Glaser & Shah, 2010; Rivera, 2018). The needle in the “safe triangle” approach is 

advanced towards the periosteum of the dorsal vertebral body, and inserted into the anterior 

epidural space (Mandell et al., 2017). The "safe triangle" was considered as a safe zone within 

the lumbar IVF, because the lumbar spinal nerve roots exit under the pedicle with a downward 

course of 40 to 50 degrees from the horizontal plane and occupy the superior portion of the IVF 

(Lew et al., 2004; Manchikanti, 2000). However, Glaser et al. suggested that the “Safe triangle” 

approach to transforaminal epidural injections is not safe because the artery of Adamkiewice 

might enter in mid-thoracic, lower thoracic and lumbar foramen, and injury to the artery can 

lead to paraplegia. They recommended that the transforaminal injections should be performed 

at the Kambin’s triangle (Glaser & Shah, 2010). Their views were fully agreed with other 

researchers (Ruan & Chiravuri, 2011).  

5.1.2.4 Other approaches in the intervertebral foramina 

Other approaches, e.g. the “subpedicular approach”, “posterolateral approach”, “preganglionic 

approach” and “retrodiscal approach” are those modified the above two approaches. For 

example, the “posterolateral approach” is a modification of safe triangle approach with the 

needle tip remaining in the posterior portion of the neural foramen and slightly inferior 

compared with the safe triangle approach (Lee et al., 2007). The “preganglionic approach” is a 

supplementary injection technique for patients who demonstrate the poor rostral spread of 

injectate toward the nerve root, and it accesses the supra pedicle level (Lew et al., 2004). The 

“retrodiscal approach” is to advance the needle into the inferior aspect of the foramen (Jasper, 

2007).  

Shim et al. suggested that for the lumbar transforaminal injection, the needle tip tends to be 

placed at the lateral half of the foramen as seen on the anteroposterior view, with minimal risk 

for a dural puncture in the safe triangle approach. For the posterolateral approach, the needle is 
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to be inserted just lateral to the SAP or the pars interarticularis on a 10°-30° oblique view, the 

needle tip should not be advanced into the anterior third of the neural foramen on the lateral 

view, and it should not be advanced beyond the midpedicular line (6-o’clock position) on the 

anteroposterior view (Shim et al., 2017). Under ultrasound-guided, the needle is placed under 

the pedicle in the lateral view and under the middle of the corresponding pedicle in the anterior-

posterior view, and then pushed forward in the foramen. Hashemi et al. found that the success 

ratio in L5-S1 level was 100%, in L4-5 was 80% and in L3-4 level was 100%. They reported 

the failed cases in which the needle tip was positioned inappropriately, too close to the midline 

(Hashemi et al., 2019). Manchikanti et al. placed the needle inferior to the pedicle and 

superolateral to the exiting spinal nerve in the safe triangle under a posteroanterior view under 

fluoroscopy (Manchikanti et al., 2004). 

5.1.2.5 Comparison between the “Kambin’s triangle” and the “safe triangle” approaches 

Park et al. compared the short-term therapeutic effects and patient satisfaction before and after 

injection, they found no significant difference between the two approaches in initial pain, pain 

after 2 weeks and pain changes after two weeks. The complications during the injections have 

also been reported. Five cases of nerve root pricking, four instances of intravascular injection, 

two cases of the injections were injected into disk have been encountered in the “safe triangle” 

approach, but there were only three cases of intravascular injection in the “Kambin’s triangle” 

approach, and there was no case of nerve root pricking and injection into the disk. The contrast 

spread pattern, which includes the diffusion to the anterior epidural space or the posterior 

epidural space or both have also been compared, and no statistical difference was found (Park 

et al., 2011). The safety was the primary concern in the comparison. Glasser et al. suggested 

that the artery of Adamkewicz might be injured by the safe triangle injection and the injury to 

the artery can lead to paraplegia (Glaser & Shah, 2010). Therefore, they strongly recommended 

that the transforaminal injections should be performed at the inferior aspect of the foramen 

which was known as the “Kambin’s triangle”. Murthy et al. reviewed the intraforaminal 

location of the artery of Adamkiewicz within the neural foramen and concluded that the artery 

was overwhelmingly located in the superior aspect of the neural foramen. Therefore, the safest 

needle placement for an epidural injection, particularly at L3 and above, may not be in the 

superior aspect of the foramen, but rather in an inferior and slightly posterior position within in 

the foramen and relative to the nerve (Murthy et al., 2010). Alturi et al. checked the needle 

position in the 18 cases of paralysis and found that the needle in the superior part of the foramen 

was 77.7%, the needle in the anterior part of the foramen was 71.4%, and the needle in the 

midzone which was neither in the superior nor inferior zone was 22.2%. They proposed to place 
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the needle as inferior and as posterior as possible in the neural foramen for safety (Atluri et al., 

2013). Desai et al. reported that the efficacy of the “safe triangle” approach which was the 

superior-anterior epidural injection was demonstrated to be superior to the superior-posterior 

injection with regards to the ventral epidural flow and patient-reported pain relief (Desai et al., 

2011). In general, the “Kambin’s triangle” approach seems better than the “safe triangle”, 

although the “safe triangle” may be better than other approaches and still be widely used in the 

clinic. 

Despite the efficacy, safety, and optimal surgical procedures of the “Kambin’s triangle” and 

the “safe triangle” have been extensively studied and compared (Karaman et al., 2011; Mirkovic 

et al., 1995; Park et al., 2012), no consensus has been reached on the optimal transforaminal 

approach, in particular its underlying anatomical mechanism (Glaser & Shah, 2010; Park et al., 

2012; Tumialán et al., 2019). For example, the safe working space of the Kambin’s triangle is 

restricted by the neural structures and varies between spinal levels (Kim et al., 2019; Tumialán 

et al., 2019). Because of the surgical complications caused by the restricted space, some authors 

refrain to recommend this transforaminal technique unless “decisive technical improvements” 

were made (Jacquot & Gastambide, 2013). It has also been argued that the “safe” triangle is 

not, in fact, safe as it contains rich neurovascular structures, prone to be injured (Glaser & Shah, 

2010). 

Thorough knowledge of the underlying 3D IVF anatomy is paramount to develop proficient 

technical skills and to avoid dural, neural and vascular injuries during the transforaminal 

approach (Depauw et al., 2018; Wiese et al., 2004). So far, several clinical and anatomical 

studies have investigated the extent of the safe zone in the IVF (Hardenbrook et al., 2016; 

Hurday et al., 2017; Mirkovic et al., 1995; Zhang et al., 2019). However, those studies mainly 

focused on its dimensions (Hasegawa et al., 1995) and cross-sectional areas (Fujiwara et al., 

2001) along either sagittal (Hardenbrook et al., 2016; Min et al., 2005) or coronal planes 

(Mirkovic et al., 1995) rather than investigating in a 3D space (Khiami et al., 2015). Besides, 

deformation of nerves and other structures during dissection might have biased the estimated 

data (Min et al., 2005). Moreover, very little study defined the fine configuration of 

neurovascular and adipose tissues in the IVF and their relationship with the surrounding 

structures, e.g. vertebral bodies, pedicles, SAP, IVD, intervertebral joint (IVJ), ligamentum 

flava, dural sac and spinal epidural space, particularly at different levels of the lumbar spine.  
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5.1.3 Hypothesis and objectives of the study 

The hypothesis to be tested in this study is that the NFS of the proximal segment of the spinal 

nerve has a consistent fibrous configuration in the lumbar IVF. 

Two research questions to be addressed in this study are: What is the configuration of the NFS 

within the lumbar IVF? How to optimally perform the transforaminal approach?  

The objective of this study is to identify and map the configuration of the NFS in the lumbar 

IVF.  

The results of this study may provide a better understanding of the anatomical basis for 

optimising the transforaminal approach for the surgery or injection in the lumbar IVF. 
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5.2 Materials and methods 

A total of 22 embalmed cadavers (12 females, 10 males, age range, 46-89 years) were used in 

this study. None of the cadavers had any known history of spinal injury or surgery. Approval 

for the use of the cadavers was granted by the University of Otago Human Ethics Committee 

(Health) (Reference code: H18/027) in conjunction with Māori consultation being sought from 

the Ngāi Tahu Research Consultation Committee and by the Medical Ethics Committee of 

Anhui Medical University (Reference number: 20190532). 

 

5.2.1 Epoxy sheet plastination and staining 

Of the 22 examined cadavers, 16 lumbar spines were prepared as a series of transverse (10 sets), 

sagittal (5 sets) and coronal (1 set) slices. The other 6 spines were prepared as ultrathin 

plastinated slices with a thickness of 0.25 mm.  

Refer to Section 2.2.2 for the detailed procedure of the epoxy sheet plastination technique. The 

ultra-thin slices were stained with Stevenel’s blue and Alizarin red S (Maniatopoulos et al., 

1986).  

 

5.2.2 Three-dimensional reconstruction of the lumbar intervertebral foramina 

To help the understanding and interpretation of those 2D plastinated slices, the 3D architecture 

of one L2-3 IVF was reconstructed from 29 ultrathin serial sections at the level of L2-3 of one 

transverse set. The lumbar vertebrae, IVDs, dural sac, spinal nerves, vessels and adipose tissue 

space were manually segmented, then reconstructed and displayed as 3D images in Thermo 

Scientific Amira Software (Amira 6.9.0, Thermo Fisher Scientific). Refer to Section 2.2.4 for 

the details of the 3D reconstruction. 

 

5.2.3 Quantification of the lumbar intervertebral foramina 

The volume of the lumbar IVF was estimated in 30 IVFs in 3 transverse sets of the plastinated 

slices. Each set included 10 IVFs (5 pairs) from T12-L1 to L4-5. The area of the IVF on a 

transverse section was measured in the ImageJ software (an open-source Java image processing 

program inspired by NIH Image; https://imagej.net/ImageJ). The height of an IVF was 
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estimated by multiplying the number of the sections which contained the IVF by the thickness 

of the section and the interval. The volume of the IVF was calculated by multiplying the average 

area of the lumbar IVF by the height.  

  

5.2.4 Statistics 

Quantitative data were analysed using the SPSS version 25 (IBM corporation, New York, USA) 

and reported as means ± standard deviation. The Kolmogorov-Smirnov test was used to test the 

normality of data. One-way ANOVA test and Tukey’s post-hoc test were used for comparing 

the overall difference and a difference between the two groups. Pearson Correlation was used 

for evaluating the correlations among the variables. 
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5.3 Results 

 

5.3.1 Boundaries of the lumbar intervertebral foramina 

The anterior, posterior, superior and inferior boundaries of the IVF were the vertebral bodies 

and IVD, the SAP and the ligamentum flava which contributed to the anterior fibrous capsule 

of the IVJ, the upper and lower pedicles, respectively (Figures 5.2A and 5.2B). The lateral 

boundary of the IVF was defined as a sagittal plane which passed from the posterolateral margin 

of the vertebral body and IVD to the most lateral aspect of the IVJ. The medial boundary of the 

IVF was a sagittal plane which was parallel to the lateral boundary and passed the most lateral 

aspect of the dural sac (Figure 5.3).  

5.3.2 Subdivisions of the lumbar intervertebral foramina 

A horizontal level along the inferior border of the dorsal root ganglion (DRG) was used to 

subdivide the IVF into a superior and an inferior compartment. This was based on three 

anatomical considerations. (1) Of the 89 lumbar IVFs from the 13 cadavers examined in this 

study, all the DRGs were within the foramina, and the inferior border of the majority of the 

DRGs (85 out of 89) was at or above the level of the superior endplate of the IVD (Table 5.1). 

(2) At this level, transforaminal fibrous bundles (TFB) from the annulus fibrosus were anchored 

to the pars interarticularis and the neighbouring fibrous capsule of the IVJ, the ligamentum 

flava, SAP, transverse process and pedicle (Figures 5.2C and 5.3C). (3) Around this level, the 

spinal artery gave off its transforaminal branches (Figure 5.2D).   

Table 5.1. Correspondence between the inferior border of the dorsal root ganglion (DRG) and the 
superior endplate of the intervertebral disc (IVD). 

Superior Endplate Above At Below Total 
T12-L1 8 1  9 

L1-2 6 4  10 
L2-3 11 1 2 14 
L3-4 15 2 1 18 
L4-5 17 2 1 20 

L5-S1 17 1  18 
Total 74 11 4 89 
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In the lumbar spine, the anterior and posterior roots of the spinal nerve and the associated dural 

sleeve traversed the epidural space superiorly beyond the inferior margin of the upper pedicle. 

 

Figure 5.2. Sagittal (A) and transverse (B-D) views of the lumbar intervertebral foramina 
(IVF). A: A sagittal plastinated section showing the lumbar IVFs. The transforaminal 
structures and borders of the L2-3 IVF are labelled in detail. B-D: Three transverse plastinated 
sections at the level of the superior endplate of the intervertebral disc (IVD) where the dorsal 
root ganglion (G) of the spinal nerve (SN) (B), transforaminal fibrous bundles (TFB) of the 
annulus fibrosus (C) and spinal artery (SA) and its three main branches (D) are located. The 
asterisk in C indicates the fibrous capsule of the intervertebral joint (IVJ) which is contributed 
by the ligamentum flava (LF). DA = dorsal branch of lumbar artery; dr = dorsal root of spinal 
nerve; DS = dural sac; IAP = inferior articular process; IVP = internal vertebral venous plexus; 
L = lumbar vertebrae; LA = lumbar artery; LV = lumbar vein; PcA = postcentral branch of 
spinal artery; Ped = pedicle; PI = pars interarticularis; PlA = prelaminar branch of spinal artery; 
RA = radicular branch of spinal artery; S = sacrum; SAP = superior articular process; SN = 
spinal nerve; SP = spinous process; T = thoracic vertebrae; TFB = transforaminal fibrous 
bundle; TP = transverse process; vr = ventral root of spinal nerve. Crossed-arrows = orientation 
of the figure (S = superior; P = posterior; L = left; R = right; A = anterior; M = medial); Bars 
= 5mm. 
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Thus, the part of the epidural space between the opening of the dural sleeve and the inferior 

margin of the upper pedicle was termed the superomedial extension of the IVF (Figure 5.3A).

 

Figure 5.3. Four serial transverse plastinated sections at the levels of the superomedial extension 
(A), superior (B) and inferior (C and D) compartments of the L2-3 intervertebral foramina, 
showing its medial and lateral boundaries (dashed lines) defined in this study. The sections were 
stained with Stevenel’s blue and Alizarin red S. dr = dorsal root of spinal nerve; DS = dural sac; G 
= dorsal root ganglion; IAP = inferior articular process; IVD = intervertebral disc; IVP = internal 
vertebral venous plexus; L = lumbar vertebra; LF = ligamentum flava; PcA = postcentral branch 
of spinal artery; Ped = pedicle; SA = spinal artery; SAP = superior articular process; SN = spinal 
nerve; TP = transverse process; TFB = transforaminal fibrous bundle; vr = ventral root of spinal 
nerve. Crossed-arrows = orientation of the figure (A = anterior; M = medial); Bars = 5mm. 
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5.3.3 Neurovascular and adipose zones in the lumbar intervertebral foramina 

The 3D configuration and localisation of the neurovascular and adipose zones in the IVF were 

different between the upper (Figures 5.4A, 5.4B and 5.4D-5.4G) and lower (Figures 5.4C and 

5.4H-K) lumbar spine. To help better understand and interpret those 2D sectional images, a 3D 

model of an L2-3 IVF was reconstructed from a series of 0.25mm thick transverse sections and 

illustrated the general fine configuration of the IVF (Figures 5.5A-5.5E). In particular, the 

infraneural adipose zone was the main adipose corridor in a lumbar IVF and gradually tapered 

and rotated from the infero-postero-lateral aspect to the supero-antero-medial aspect (Figure 

5.5E for its 3D view and Figure 5.4A for its 2D coronal view). The visualisation of this 

infraneural adipose zone varied at different angles (Figures 5.6A-D). An optimal angle to 

visualise the zone ranged from 45º to 60º in reference of the P-A (Posterior-Anterior) axis to 

the posterior coronal plane of the IVD (Figures 5.5E and 5.6B). 

 

5.3.3.1 Fine architecture in the upper lumbar spine (intervertebral foramina L1-2 & L2-3) 

In the superomedial extension, the nerve roots and vessels were enclosed within a dural sleeve 

(Figures 5.3A and 5.4D), traversed the epidural space and entered the superior compartment 

Figure 5.4. Comparison of the architecture and location of neurovascular and adipose zones 
between the upper (A, B, D-G) and lower (C, H-K) lumbar intervertebral foramina (IVF). A: 
A coronal plastinated section of the L1-2 IVF at the level indicated by the black dashed line in 
E. The coloured dots outline an infraneural adipose zone in the inferior (IC; red dots) and 
superior (SC; blue dots) compartments. The insert is a higher magnification view of the dashed 
line box of A, showing the neurovascular structures within the area of the “safe” triangle. B: A 
sagittal plastinated section of the L1-2 IVF at the level indicated by the green dashed line in E, 
showing that the adipose zone in the inferior compartment (red dots) is further 
compartmentalized by the trasforaminal fibrous bundles (TFB). C: A sagittal plastinated 
section of the L4-5 IVF at the level indicated by the green dashed line in I, showing that the 
adipose zone (red dots) occupies its inferior compartment. D-G and H-K: Four serial transverse 
plastinated sections at the levels of the superomedial extension (D; H), superior (E; I) and 
inferior (F and G; J and K) compartments of the L1-2 or L4-5 IVF, respectively. The dashed 
lines in E and I indicate the levels of the coronal (black) and sagittal (green) sections of A-C. 
DA = dorsal branch of lumbar artery; dr = dorsal root of spinal nerve; DS = dural sac; DV = 
dorsal tributary of lumbar vein; G = dorsal root ganglion; IAP = inferior articular process; IVD 
= intervertebral disc; IVJ = intervertebral joint; VP = vertebral venous plexus; L = lumbar 
vertebra; LA = lumbar artery; LF = ligamentum flava; LP = lumbar plexus; LV = lumbar vein; 
PcA = postcentral branch of spinal artery; Ped = pedicle; PlA = prelaminar branch of spinal 
artery; RA = radicular branch of spinal artery; RV = radicular vein; SA = spinal artery; SAP = 
superior articular process; SN = spinal nerve; SV = spinal vein; TP = transverse process; vr = 
ventral root of spinal nerve. Crossed-arrows = orientation of the figure (S = superior; M = 
medial; P = posterior; A = anterior); Bars = 5mm. 
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along the inferior margin of the pedicle (Figure 5.4A). The epidural space was almost entirely 

occupied by the venous plexus with sparse adipose tissue (Figures 5.3A, 5.4A and 5.4D). 

In the superior compartment, the nerve roots, DRG and vessels travelled obliquely in an infero-

antero-lateral direction and occupied the most space (Figures 5.2B, 5.2D, 5.3B, 5.4A, 5.4B, 

5.4E). The adipose zone was mainly localised medial and inferior to the nerve roots and DRG 

(Figure 5.2B, 5.2D, 5.4A, 5.4E and 5.5E). The space of the “safe” triangle which was anterior 

and superior to the neural structures was very limited and fully occupied by the radicular and 

postcentral arteries and venous plexus (Figures 5.2B, 5.2D and insert of 5.4A).  

In the inferior compartment, the TFBs of the annulus fibrosus further compartmentalized the 

region into a small anteroinferior adipose pocket and a large posterosuperior neurovascular 

zone (Figures 5.4A, 5.4B and 5.4F). The spinal nerve passed the edge of the neurovascular zone 

(Figures 5.5A and 5.5B). The remaining space of the neurovascular zone was occupied by the 

venous plexus (Figures 5.4B and 5.5F) and the adipose tissue which was continuous with the 

aforementioned large adipose zone in the superior compartment (Figure 5.4A).  
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The TFBs of the annulus fibrosus in the upper lumbar IVFs were intermingled with the 

neurovascular sheaths (Figure 5.2C) and anchored to the fibrous capsule, ligamentum flava 

(Figure 5.3C), SAP, transverse processes (Figures 5.4B and 5.4G) and pedicle (Figure 5.4G).

 

Figure 5.5. A three-dimensional (3D) image of the architecture of the L2-3 intervertebral foramina 
(IVF). A: a lateral view of the image which was reconstructed from a series of the plastinated 
horizontal sections. The dashed line indicates the level of the inferior border of the dorsal root 
ganglion (G) which is the demarcation between the superior (SC) and inferior (IC) compartments of 
the IVF. B: same as A but without the vessels outside the IVF. The light-yellow colour highlighs the 
3D IVF defined in this study. C and D: showing the main transforaminal neural and arterial structures 
and transforaminal fibrous bundle of the annulus fibrosus (TFB) in the IVF. E: a postero-infero-
lateral view of the IVF with the extraforaminal arterial structures at 45º in reference of the P-A axis 
to the posterior coronal plane of the IVD, showing the infraneural adipose corridor. F: a superolateral 
view of the superomedial extension (SmE) of the IVF which medial border is indicated by a dashed 
line. DA = dorsal branch of lumbar artery; DS = dural sac; ISP = inferior articular process; IVP = 
intervertebral venous plexus; LA = lumbar artery; LF = ligamentum flava; LV = lumbar vein; PcA 
= postcentral branch of spinal artery; Ped = pedicle; PI = pars interarticularis; SA = spinal artery; 
SAP = superior articular process; SP = spinous process; TP = transverse process. Crossed-arrows = 
orientation of the figure (S = superior; P = posterior); Bars = 10mm. 
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Figure 5.6. Visualisation of the superior (blue dashed circles) and inferior (red dashed circles) compartments of the lumbar intervertebral foramina (IVF) 
from 90º to 15º in reference of the P-A axis to the posterior coronal plane of the IVD. The upper panel (A-D) is the 3D reconstructed image of a L2-3 IVF 
as shown in Figure 5C but without the dorsal artery. The middle (E-H) and lower (I-L) panels are the L1-2 and L4-5 IVFs displayed in the skeletal lumbar 
spine. DS = dural sac; G = dorsal root ganglion; IAP = inferior articular process; IVD = intervertebral disc; L = lumbar vertebra; PcA = postcentral branch 
of spinal artery; Ped = pedicle; SAP = superior articular process; SN = spinal nerve; SP = spinous process; TP = transverse process. Crossed-arrows = 
orientation of the figure (S = superior; P = posterior); Bars = 10mm. 
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5.3.3.2 Fine architecture in the lower lumbar spine (intervertebral foramina L3-4 and L4-5) 

Compared to the upper lumbar spine, the configuration and location of the neurovascular and 

adipose zones in the lower lumbar spine displayed three main differences (Figures 5.2A, 5.4C 

and 5.4H-K). (1) The adipose tissue almost fully occupied the inferior compartment (Figure 

5.2A and 5.4C), and the TFBs were anchored to the anterior part of the pedicle only (Figures 

5.2A and 5.4K). (2) The neurovascular structures were limited within the superior compartment 

(Figures 5.2A, 5.4C and 5.4I). (3) A single infraneural adipose zone gradually tapered and 

rotated from the inferior compartment (Figure 5.4C) to the medial part of the superior 

compartment (Figures 5.4I and 5.4J) and further to the superomedial extension (Figure 5.4H).  

 

Table 5.2. The average height, area and volume of the intervertebral foramina (IVF). 

IVF* SmE SC IC Total 
T12-L1     

Height (mm) 3.4 ± 0.0 7.9 ± 1.8 7.4 ± 1.4 18.7 ± 2.8 
Area (mm2) 18.0 ± 9.0 67.0 ± 3.0 93.0 ± 15.0 67.0 ± 11.0 
Vol (mm3) 60.0 ± 30.0 520.0 ± 70.0 670.0 ± 110.0 1230.0 ± 160.0 

Proportion of total vol 5% 41% 54% 100% 
L1-2     

Height (mm) 3.4 ± 0.0 7.9 ± 1.8 9.1 ± 1.8 20.4 ± 3.0 
Area (mm2) 23.0 ± 14.0 72.0 ± 13.0 79.0 ± 18.0 64.0 ± 11.0 
Vol (mm3) 80.0 ± 47.0 570.0 ± 110.0 690.0 ± 120.0 1300.0 ± 180.0 

Proportion of total vol 6% 42% 52% 100% 
L2-3     

Height (mm) 3.4 ± 0.0 9.1 ± 0.2 10.8 ± 1.4 23.2 ± 2.6 
Area (mm2) 23.0 ± 10.0 91.0 ± 12.0 85.0 ± 18.0 77.0 ± 12.0 
Vol (mm3) 80.0 ± 30.0 830.0 ± 200.0 920.0 ± 220.0 1800.0 ± 410.0 

Proportion of total vol 4% 46% 50% 100% 
L3-4     

Height (mm) 6.8 ± 0.0 7.9 ± 1.8 11.3 ± 1.8 26.1 ± 3.5 
Area (mm2) 40.0 ± 7.0 108.0 ± 8.0 101.0 ± 15.0 89.0 ± 10.0 
Vol (mm3) 270.0 ± 40.0 860.0 ± 200.0 1160.0 ± 320.0 2330.0 ± 490.0 

Proportion of total vol 12% 37% 51% 100% 
L4-5     

Height (mm) 10.2 ± 0.0 9.1 ± 1.8 10.2 ± 0.0 29.5 ± 1.8 
Area (mm2) 47.0 ± 6.0 110.0 ± 14.0 117.0 ± 13.0 92.0 ± 16.0 
Vol (mm3) 480.0 ± 60.0 1010.0 ± 290.0 1190.0 ± 130.0 2740.0 ± 620.0 

Proportion of total vol 18% 38% 44% 100% 
P value† ＜0.001 ＜0.001 ＜0.001 ＜0.001 

IC: inferior compartment of IVF; SC: superior compartment of IVF; SmE: superomedial extension of IVF. 
* The height (mm), area (mm2) and volume (mm3) are presented as means ± SD. The percentage represent 
the proportion of the total volume. 
†p values for the comparison of the volumes amongst 5 IVFs (T12-L1 to L4-5) using one-way ANOVA 
test. 
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5.3.4 Volumes of the lumbar intervertebral foramina and its subcompartments 

From the upper to the lower lumbar spine, the average height, area and volume of the IVF 

gradually increased (P＜0.001 for the comparison of volume amongst 5 IVFs) (Table 5.2 and 

Figure 5.7). The increase in the volume of the IVF from the upper to lower lumbar spine was 

correlated with that of the subcompartments of the IVF (r=0.746, 0.917 and 0.919, respectively; 

P＜0.001) (Figure 5.7; Table 5.2). No difference was found between the left and right sides 

(P=0.906). 

 

Within a lumbar IVF, the volumes of the superior and inferior compartments were similar (p > 

0.05) (Table 5.2; Figure 5.7). The proportion of the superomedial extension was very small in 

 

Figure 5.7. Comparison of the volume (A) and correlation (B) between the lumbar intervertebral 
foramina and its subcompartments. SmE: superomedial extension; SC: superior compartment; IC: 
inferior compartment; P values for the comparison of the volumes amongst 5 intervertebral foramina 
(Tukey post-hoc test). 
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the upper lumbar IVF (4-6%) but relatively larger in the lower lumbar IVFs (12-18%) (Table 

5.2). Its height ranged from 3.4 mm in the upper lumbar spine to 6.8-10.2 mm in the lower 

lumbar spine. 
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5.4 Discussion 

Despite many benefits, transforaminal endoscopic surgery and epidural injection do have 

limitations and drawbacks. Thorough knowledge of the 3D anatomy of the lumbar IVF is 

paramount to negotiate a steep learning curve of the techniques and to avoid dural, neural and 

vascular injuries (Depauw et al., 2018; Wiese et al., 2004). Using the novel epoxy sheet 

plastination technology, this study precisely defined the 3D boundaries of the lumbar IVF and 

its subdivisions, identified the fine configuration of the neurovascular and adipose zones and 

revealed the differences between the upper and lower lumbar spine. To help better understand 

and interpret those 2D sectional images and conceptualise an optimal transforaminal approach 

from a 3D perspective, the 3D architecture of one L2-3 IVF was reconstructed as an illustration 

instead of a commonly used drawing for the comparison between the upper and lower lumbar 

IVFs (Figures 5.5 and 5.6).  

 

5.4.1 Three-dimensional boundaries of the lumbar intervertebral foramina 

To understand the 3D architecture of the IVF, it is necessary to define its 3D boundaries. The 

superior, inferior, anterior and posterior boundaries of the IVF have been well documented 

(Standring, 2015). However, confusion arises regarding the IVF’s lateral and medial boundaries. 

Some studies limit the IVF to the space between the lateral and medial borders of the pedicle 

(Lee et al., 1988; Xu et al., 2014). As the posterolateral IVD and the lateral border of the IVJ 

are far lateral to the pedicle, the present study defined the lateral boundary of the IVF as a 

sagittal plane which passes from the posterolateral margin of the vertebral body to the most 

lateral aspect of the IVJ. Its parallel sagittal plane along the most lateral aspect of the dural sac 

was defined as the medial boundary of the IVF.  

The 3D boundaries of the lumbar IVF defined in this study may have three advantages. (1) The 

newly defined IVF is corresponding to the zoning of the lateral lumbar spinal canal (Lee et al., 

1988) but with a more precisely defined lateral boundary. (2) It contains all the transforaminal 

structures associated with commonly-used transforaminal surgical or injection procedures, 

including the extrapedicular working zone originally described by Kambin and Brager (Kambin 

& Brager, 1987). (3) It may facilitate the comparability of future studies on the 3D architecture 

of the IVF both in cadavers and living subjects as all the boundaries are detectable in medical 

imaging.  
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5.4.2 Subdivisions of the lumbar intervertebral foramina 

Clinically, the IVF has been depicted as a mid-zone of the lateral lumbar spinal canal which 

consists of the entrance-zone (lateral recess), mid-zone (IVF) and exit-zone (Lee et al., 1988). 

The zoning of the lateral spinal canal was based upon the neural structures which come off the 

dural sac and terminate where the spinal nerve emerges laterally from the canal. The mid-zone 

contains the DRG and ventral root of the spinal nerve (Lee et al., 1988). On its posterolateral 

view, the mid-zone is further divided into the Kambin’s triangle and the safe triangle (Choi et 

al., 2017; Rivera, 2018). However, both triangles as well as other transforaminal access routes 

described in current literature are not defined within the mid-zone of the lateral spinal canal, 

and expanded medially to the dural sac and laterally beyond the lateral border of the pedicle.  

Considering the clinical importance of the current concepts of the lateral spinal canal and 

transforaminal access routes and also a better understanding of the differences in 3D 

configuration between the upper and lower lumbar IVFs, further subdivisions of the IVF were 

proposed in this study. In addition to the 3D boundaries of the IVF, the inferior border of the 

DRG and the opening of the dural sleeve were selected as two additional landmarks. The level 

of the inferior border of the DRG was used to subdivide the IVF into superior and inferior 

compartments as the DRG in the lumbar spine is always within the foramen, and its inferior 

border corresponds to the level of the superior endplate of the IVD, the bifurcation of the spinal 

artery and the main TFBs of the annulus fibrosus.   

 

5.4.3 Different fine architectures between the upper and lower lumbar 
intervertebral foramina  

The distribution and localisation of the neurovascular (or “dangerous zone”) and adipose (or 

“safe working zone”) tissues within the lumbar IVF have been qualitatively and quantitively 

studied in both living subjects and cadavers. Most of these studies were performed in a 2D 

plane (Hardenbrook et al., 2016; Hurday et al., 2017; Mirkovic et al., 1995) or limited to the 

space bordered by the pedicles (Khiami et al., 2015). From a 3D perspective, this study 

systematically examined the fine architecture of the IVF and found that the 3D configuration 

and localisation of the neurovascular and adipose zones were different between the upper and 

lower lumbar IVFs.  

In addition to the increase in height, area and volume of the IVF (Table 5.2) and decrease in the 

angle between the exiting spinal nerve and the inferior endplate (Min et al., 2005), the main 
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different configuration of the neurovascular and adipose zones between the upper and lower 

lumbar IVFs appeared to be determined by the alteration of the TFB attachment. In the upper 

lumbar IVFs, the TFBs of the annulus fibrosus traversed the foramen and were anchored to the 

pars interarticularis and its neighbouring structures, including the neurovascular sheaths. These 

TFBs further subdivided the inferior compartment into a small anteroinferior adipose pocket 

and a large posterosuperior neurovascular zone. In the lower lumbar IVFs, the TFBs were 

anchored to the anterior part of the pedicle only, and thus the whole inferior compartment was 

almost entirely occupied by the adipose tissue whereas the neurovascular structures were 

limited in the superior compartment.  

 

5.4.4 Conceptualising an optimal transforaminal approach in the upper and lower 
lumbar intervertebral foramina 

Although in general, the infraneural adipose zone in a lumbar IVF gradually tapered and rotated 

from the infero-postero-lateral aspect to the supero-antero-medial aspect, zoning in the upper 

lumbar IVFs is much more complex than that in the lower lumbar IVFs. Therefore, the planning 

of an optimal transforaminal approach should be different between the upper and lower lumbar 

IVFs. Based on the findings of this study, we propose a theoretical strategy to plan an optimal 

transforaminal approach in the upper and lower lumbar IVFs. (1) In general, it should always 

be through the inferior compartment, which is below the inferior border of the DRG or the 

superior endplate of the IVD. The DRG and the endplate of the IVD are detectable in 

preoperative medical imaging. If the posteromedial IVD is a target point, reaming the SAP is 

mandatory; otherwise, more lateral access is necessary (Ruetten et al., 2005). (2) In the upper 

lumbar IVF, the optimal transforaminal approach appears to be at 60º without reaming the SAP 

(Figure 5.6B and 5.6F) or 30º with at least partially reaming the SAP (Figure 5.6C and 5.6G). 

(3) In the lower lumbar IVF, the optimal transforaminal approach seems better at 30º with or 

without reaming the SAP (Figure 5.6K) as the “nose” of the transverse process of the lower 

lumbar vertebra may block the approach at 60º (Figure 5.6J).  

 

5.4.5 Limitations 

The present study has at least two limitations: the specimens from elderly cadavers, and small 

sample size for quantitative estimation. It is well known that the size of the IVF undergoes 

changing in 3D planes under both physiological and pathological conditions, e.g. anatomical 
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variations (Masharawi et al., 2008), movements of the spine (Inufusa et al., 1996), degeneration 

of the vertebra and IVD during aging, as well as osteoarthritis and other diseases (Cho et al., 

2017). Therefore, the results of this study warrant to be further verified in the living subject, 

various age groups and clinical practice. 

 

5.4.6 Conclusions 

This study highlights differences of the fine 3D architecture of neurovascular and adipose 

tissues between the upper and lower IVFs with related effects on the transforaminal approaches. 

The findings may contribute to optimise the surgical approaches through the IVF at different 

lumbar spinal levels and help to shorten the learning curve of the transforaminal techniques. 

The main finding in this study also suggests that the “safe triangle” is not safe, and all operations 

should be away from the triangle. 
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Chapter 6 

Configuration of the neurofascial sheath of the trigeminal nerve in 

Meckel’s cave 

6.1 Introduction 

The peripheral nerve system consists of the spinal and cranial nerves. In Chapters 3-5, the origin 

and configuration of the NFS of the proximal and distal segments of the spinal nerve have been 

systematically investigated. This chapter aims to investigate the origin and configuration of the 

NFS of the intracranial (proximal) segment of the TN (Refer to Section 1.5.2: Specific objective 

3). 

The intracranial segment of the TN consists of the roots, ganglion and three divisions. Its course 

centres in Meckel’s cave (MC). The introduction section of this chapter consists of 4 parts: (1) 

the basic anatomy of the TN, (2) a systematic literature review of the original studies on the 

meningeal architecture of MC and its relationship with the roots, ganglion and divisions of the 

TN, (3) a narrative literature review on the embryological development of the TG and its 

associated meninges and oncology, and (4) the hypothesis and objectives of this part of the 

study. 

 

6.1.1 The course of the trigeminal nerve 

TN is the largest cranial nerve. Its sensory and motor roots come out of the pons at its junction 

with the middle cerebellar peduncle. The sensory roots are large and connect with the TG, 

whereas the motor roots are small and pass along the medial side of the sensory roots and TG. 

The roots of the TN traverse the subarachnoid space and enter MC through the porus trigeminus 

(the opening of MC). The TN roots from the porus trigeminus to the proximal edge of the TG 

is termed the triangular plexus (Bernard et al., 2019). Distally, the TG continues with three 

divisions of the TN - ophthalmic (V1), maxillary (V2) and mandibular (V3) nerves. The motor 

roots contribute to the mandibular nerve only. V1, which passes through the superior orbital 

fissure, is the smallest of the three divisions and is purely sensory. The branches of the V1 

supply the conjunctiva, the skin over the forehead, upper eyelid and much of the external 

surface of the nose. V2 is intermediate in size and is purely sensory. It courses through the 

pterygopalatine fossa (PPF) and the foramen rotundum before entering the cranial cavity. The 
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branches of V2 supply the skin of the lower eyelid, the prominence of the cheek, the alar part 

of the nose, part of the temple, and the upper lip. V3 is the largest division and is a mixed cranial 

nerve. It passes through the foramen ovale. The sensory branches supply the skin over the 

mandible, the lower lip, the fleshy part of the cheek, part of the auricle of the ear and part of 

the temple via the buccal, mental and auriculotemporal nerves. The motor branches supply the 

muscles of temporalis, masseter, medial and lateral pterygoids, tensor veli palatine, tensor 

tympani, mylohyoid, and the anterior belly of the digastric muscle (Standring, 2015).  

 

6.1.2 Systematic literature review: The meningeal architecture of Meckel’s cave and 
its relationship with the trigeminal roots, ganglion and divisions 

6.1.2.1 Literature search methodology 

Five databases (PubMed, Web of Science Core Collection, Scopus, Embase via Ovid and 

Medline via Ovid) were searched on 23/01/2020. Keywords were “trigeminal OR Gasserian 

OR cranial” AND “meninge OR dura* OR arachnoid OR MC OR wall OR layer” AND 

“anatomy OR histology”. Keywords were used for search in the title and abstract. The search 

results were limited to the English language. A total of 5328 references (592 in PubMed, 294 

in Scopus, 1000 in Web of Science, 1427 in Medline and 2015 in Embase) were retrieved. The 

references were exported to EndNote reference management software (X 8.2, Clarivate 

Analytics, London, UK). After further analyse by the keywords, “human or cadaver” AND 

“nerve or ganglion” (n=362) and removing duplicates (n=83), a total of 279 references were 

retained. After removal of review articles and irrelevant studies, e.g. animal or molecular 

studies, 29 were retained for full-text reading. Figure 6.1 outlines the identification, screening, 

eligibility and included articles.  
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Twenty-nine reviewed references (Table 6.1) included 388 adult cadaveric heads, 109 human 

embryos and fetuses, 10 baboons, 377 patients, and 2 healthy volunteers. The methods used in 

the references included dissection, histological sectioning, plastination, CT and MRI scanning. 

Of the 29 references, 16 studies used dissection or microdissection, 6 studies used endoscopic 

dissection, 11 studies used histological sectioning, 2 studies used plastination and 6 studies used 

CT or MRI scanning. The reviewed references have direct descriptions or evidence on the 

meningeal architecture of MC and TN were summarized in Table 6.1. 

 

 

Figure 6.1. Preferred reporting items for review and study selection flow diagram. 
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Table 6.1. Summary of the references which have direct descriptions or evidence on the meningeal architecture of Meckel’s cave (MC). 

Author-year Material Methods Trigeminal Roots Trigeminal Ganglion 
(TG) Divisions Comments/Main points 

Dura Arachnoid Dura Arachnoid Dura Arachnoid 

Kapila-1984 
 

1 cadaveric 
head; 20 
patients 
 

Dissection and 
CT - - - - - - 

The subarachnoid sheath within MC 
extends a variable distance along with the 
TG and the proximal roots. Lack of direct 
evidence.  

Chui-1985 
 

50 patients 
 CT - - - - - - 

The dural relationship of the TG is 
complicated; the TG is surrounded by a 
dural-arachnoid envelope. Lack of direct 
evidence. 

Rubinstein-
1990 
 

20 cadavers; 
2 healthy 
volunteers 
 

CT and MRI - - - - - - 

Single membrane, which was presumed to 
represent the dura, was seen at the lateral 
border of MC. Lack of direct evidence. 
 

Downs-1996 
 

20 cadaveric 
heads; 57 
patients 
 

MRI and CT - - - - - - Less information on the dura and arachnoid 
of MC. Lack of direct evidence. 

Kawase-
1996 
 

10 cadaveric 
heads 
 

Dissection and 
histological 
sectioning 

- - - - - - Arachnoid villi are observed on the medial 
wall of the cave.  

Kehrli-
1997a 
 

14 cadaveric 
heads; 10 
baboons. 
 

Microdissection 
and histological 
sectioning 

Yes Yes Yes Yes No No Similar to the “Kehrli-1997b”. 

Kehrli-
1997b 
 

9 cadaveric 
heads; 9 
human 
embryos 
and fetuses 
 

Microdissection 
and histological 
sectioning 

Yes Yes Yes Yes No No 

The dura and arachnoid stop at the TG and 
do not extend the three branches of the TN. 
The dura was firmly attached to the TG, on 
its lateral part. Summarized the three 
models of dura and arachnoid of MC. 
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Marinkovic-
2001 
 

5 cadaveric 
heads; 20 
fetuses 
 

Microdissection - - - - - - Less information on the dura and arachnoid 
of MC. 

Ziyal-2004 
 

5 cadaveric 
heads 
 

Dissection and 
histological 
sectioning 

- - - - - - 
No discrete solid tissue corresponding to 
the “TG”. Clear figures of histological 
sections. 

Vucetic-
2005 
 

80 fetuses 
 

Microdissection 
and histological 
sectioning 

- - - - - - Less information on the dura and arachnoid 
of MC. 

Yousry-
2005 
 

22 patients 
 MRI - - - - - - 

The subarachnoid space extends upward to 
approximately the level of the midportion 
of the TG.  

Youssef-
2006 
 

15 cadaver 
heads 
 

Dissection and 
histological 
sectioning 

Yes Yes Yes Yes No No 

The TG tightly adheres to the overlying 
arachnoid and dura propria of MC without 
any potential subarachnoid space; the pia-
arachnoid becomes the perineurium that 
invests each fascicle of the TN divisions; 
Paper diagrams: MC ends at the anterior 
margin of the TG.  

Janjua-2008 
 

10 cadaveric 
heads 
 

Dissection and 
histological 
sectioning 

Yes Yes Yes Yes Yes No 

The dura of MC continued distally over the 
divisions, adherent to them although 
separable. The arachnoid mater covered 
the TN circumferentially but was not 
distinguishable as a separate layer beyond 
the termination of the dural sleeve which 
was not extended beyond the ganglion.  

Pensak-2009 
 

2 cadaveric 
heads 
 

Dissection and 
histological 
sectioning 

- Yes - Yes - - 

The subarachnoid space extends forward 
within MC to approximately the 
midportion of the TG.  
 

Campero-
2010 
 

42 cadaveric 
heads 
 

Dissection - - - - - - Less information on the dura and arachnoid 
of MC. 
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Kobayashi-
2010 
 

9 cadaveric 
heads 
 

Microdissection 
and histological 
sectioning 

- - - - - - 

An arachnoid layer follows the cranial 
nerves into dural sleeves, such as MC and 
continues as the perineurium investing 
nerve fascicles. Lack of direct evidence.  
 

Muto-2010 
 

8 cadaveric 
heads; 37 
patients 
 

Histological 
sectioning Yes Yes Yes Yes No No 

At the TG, the TN adheres tightly to the 
overlying arachnoid and dura. Important 
reference. 

Sabanci-
2011 
 

15 cadaveric 
heads 
 

Dissection and 
histological 
sectioning 

Yes Yes Yes Yes Yes No Emphasize the individual differences in the 
termination.  

Arslan-2012 
 

15 cadaveric 
heads 
 

Dissection Yes - Yes - - - 
The relationship of the TG to the dura was 
complicated – the difference between the 
superior and inferior surface of MC wall. 

Komatsu-
2012 
 

10 cadaveric 
heads 
 

Endoscopic 
dissection - - - - - - Less information on the dura and arachnoid 

of MC. 

Ajayi-2013 
 

30 cadaveric 
heads 
 

Dissection - - - - - - Less information on the dura and arachnoid 
of MC. 

Liang-2014a 
 

26 cadaveric 
heads 
 

Dissection and 
plastination Yes - Yes - Yes - 

V1 nerve bundles penetrate the bottom of 
MC and bring together some dural fibres 
from the cave wall. 

Liang-2014b 
 

19 cadaveric 
heads 
 

Plastination Yes Yes Yes - Yes - 
Some dural trabeculae from MC 
longitudinally and loosely accompany a 
branch of nerve V1. 

Dolci-2015 
 

30 cadaveric 
heads 
 

Endoscopic 
dissection - - - - - - Less information on the dura and arachnoid 

of MC. 

Li-2016 
 

8 cadaveric 
heads 
 

Endoscopic 
dissection Yes - Yes - Yes - Cribriform area of dura in anterior 

ganglion. 

Abhinav-
2017 

5 cadaveric 
heads 

Endoscopic 
dissection - - - - - - Less information on the dura and arachnoid 

of MC. 
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Pescatori-
2018 
 

10 cadaveric 
heads; 24 
patients 
 

Endoscopic 
dissection - - - - - - Less information on the dura and arachnoid 

of MC. 

Tsutsumi-
2018 
 

167 patients 
 MRI - - - - - - Less information on the dura and arachnoid 

of MC. 

Kurucz-
2019 
 

50 cadaveric 
heads 
 

Anatomic 
examinations of 
membranes 

- Yes - Yes - - 

The outer arachnoid layer is not perforated 
by the TN at its entrance into the Meckel 
cave, but it covered the nerve within the 
cave and formed a sheath-like structure up 
to the level of the TG. 

“-” means “Not mentioned.” 
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6.1.2.2 Definition of Meckel’s cave 

MC is a meningeal dural recess in the middle cranial fossa evaginated from the tentorium 

cerebelli under the superior petrosal sinus. It was named after the German anatomist Johann 

Friedrich Meckel described the course of the TN as it “enters into a special canal of the dura 

matter” in 1832 (Meckel, 1832). Hovelaque (Hovelacque, 1927) was the first author who 

designated a dural and an arachnoidal component to MC. Ferner (Ferner, 1948) confirmed the 

dural and arachnoidal walls of MC and further observed that both meningeal and periosteal 

dura contributed to MC dural wall. Currently, although MC is defined as a cleft-like dura-

arachnoid pocket, the architecture of the dural and arachnoidal walls of MC and its relationship 

with neighbouring structures remain controversial (Joo et al., 2014; Sabancı et al., 2011). MC 

contains the subarachnoid space, the cerebrospinal fluid and the roots, ganglion and three 

divisions of the TN.  

 

6.1.2.3 Meningeal architecture of Meckel’s cave and trigeminal nerve 

The meningeal architecture of MC and its relationship with the trigeminal roots, ganglion and 

divisions remain controversial. Three models were proposed (Figure 6.2) [cited by (Kehrli et 

al., 1997)]: (1) Paturet’s model in which the arachnoid and dura enclose the roots, TG, and 

divisions to the foramen in the skull base, (2) Lazorthes’ model in which the arachnoid stops at 

the TG but the dura continues over the divisions, and (3) Ferner’s model in which the dura and 

arachnoid are fused and stopped at the TG, but it is not clear whether the trigeminal branches 

are embedded in dura propria or a peripheral sheath. Some authors further argue that the level 

of the dural and/or arachnoid cessation along the TN varies in different individuals (Sabancı et 

al., 2011). 
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Dural wall: Of the three models proposed above, description of the relationship between the 

dural wall of MC and 3 trigeminal divisions is relatively consistent although a slightly different 

terminology, e.g. the dural sheath vs epineurium, was used. Some studies suggested that the 

dural wall of MC extended distally over the three divisions as far as the periosteal dura of their 

respective foramina (Janjua et al., 2008; Li et al., 2016; L. Liang et al., 2014; Liang Liang, Fei 

Gao, et al., 2014; Sabancı et al., 2011), whereas others believed that the dural wall of MC 

stopped at the TG and then was continuous with the epineurium of the three divisions (Kehrli 

et al., 1997; Muto et al., 2010; Youssef et al., 2006). In 2008, Janjua et al. reported that the 

superior dural wall of MC was adherent to the TG but can be dissected off in some specimens. 

It continued distally over the 3 divisions of the TN as a dural sheath which was adherent to the 

divisions although separable (Janjua et al., 2008). Li et al. found that the intersection between 

the dural wall of MC and the dural sheaths of the divisions appeared as a “cribriform area” 

where the 3 peripheral dural sheaths communicate with MC by a few small openings rather 

than a sizeable opening (Li et al., 2016). Sabanci et al. believed that the three divisions of the 

TN were covered by a thin periosteal dural layer of MC which extended to their respective 

foramina (Sabancı et al., 2011). 

MC was situated between an inferomedial periosteal dura and a superolateral meningeal dura 

which may stop at different parts of the TG (Sabancı et al., 2011). Kehrli et al. reported that the 

meningeal dura clearly ended at the proximal part of TG as it was impossible to dissect the dura 

off the lateral part of the TG (Kehrli et al., 1997). Youssef et al. demonstrated that the trigeminal 

roots and TG were enclosed by two layers of the dura with an inner periosteal dural layer from 

 

Figure 6.2. Representation of the meningeal coverings of the trigeminal nerve, trigeminal 
ganglion and its branches. The green colour indicates the dura and the purple indicate the 
arachnoid. A: Arachnoid and dura continue along the V1, V2 and V3 up to the foramen. Adapted 
from Paturet. B: Arachnoid stops at the ganglion; dura continues alone along the trigeminal 
branches. Adapted from Lazorthes. C: Arachnoid and dura fused at the ganglion, arachnoid 
forms granulations on the anterior part of the ganglion. Adapted from Lang and Ferner. 
[Modified from (Kehrli et al., 1997)] 
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the posterior cranial fossa and an outer meningeal dural layer from the middle cranial fossa. 

The dura layers stopped at the distal edge of the TG (Youssef et al., 2006), which was supported 

by the observation of Muto et al. on histological sections (Muto et al., 2010). Muto et al. also 

described the various origins of the dural wall of MC: the lateral wall from the tentorium, the 

superior medial wall from the inner dural layer of the cavernous sinus, and the inferior medial 

wall from the petrolingual ligament (Muto et al., 2010). 

Arachnoid wall: The main debate on the relationship between the arachnoid and the TG focuses 

on whether the arachnoid terminates at (Kehrli et al., 1997; Youssef et al., 2006) or beyond the 

proximal edge of the TG (Janjua et al., 2008). Both radiological and cadaveric studies revealed 

their difference along the superficial-lateral and deep-medial surfaces of the TG (Kapila et al., 

1984; Sabancı et al., 2011; Yousry et al., 2005).  Janjua et al. reported that the subarachnoid 

space extended an average of 4.9 mm (range 2–8 mm) over the deep-medial surface of the TG 

but 1.7 mm (range 0.5–3 mm) over its superficial-lateral surface; along the deep-medial surface 

of the TG, the subarachnoid space further extended to the first division of the TN (Janjua et al., 

2008). However, Kehrli et al. found that the arachnoid stopped at the TG and did not extend to 

the 3 divisions. But arachnoid granulations were found around the divisions or even among 

their fascicles (Kehrli et al., 1997). In 15 cadaveric heads, Sabanci et al. noticed that there was 

an individual variation in the termination of the subarachnoid space. The arachnoid membrane 

terminated at variable places in different specimens (Sabancı et al., 2011). Indeed, delineation 

of the arachnoid was difficult with gross dissection (Arslan et al., 2012). 

 

6.1.3 Narrative literature review: The embryological development of the trigeminal 
ganglion, the meninges and the associated oncology   

The nature and architecture of the meningeal covering of the TN are closely related to the 

embryological development of the TG and meninges. The understanding of their embryological 

development may explain the oncology associated with the TG and meninges. Therefore, we 

undertook a narrative literature review on these three topics.  

 

6.1.3.1 Embryological origins of the trigeminal ganglion 

The proximal and distal trigeminal ganglion originate from two distinct cell populations.  

During embryological development, the large sensory TG of the TN originates from two 

distinct cell populations; migratory neural crest cells and neurogenic placodal cells (Barlow, 
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2002). Clusters of neural crest cells situated in the dorsolateral neural tube at the diencephalon 

and mesencephalon regions migrate ventrally, interposed between the mesoderm of developing 

somites laterally and the neural tube medially (Fillmore & Seifert, 2015; Pensak et al., 2009). 

This migration is complete by the 7 to 13-somite stage (Janjua et al., 2008). The neuroglial 

subpopulation of these neural crest cells settle above the 1st branchial arch and give rise to the 

neurones that occupy the proximal half of the TG (Begbie, 2008; Fillmore & Seifert, 2015; 

Pensak et al., 2009; Steventon et al., 2014). 

The distal portion of the TG arises from the trigeminal placode located dorsolaterally on the 

ectodermal surface between the embryonic midbrain and hindbrain dorsally and also between 

the otic and optic placodes laterally (Fillmore & Seifert, 2015; Park & Saint-Jeannet, 2010). It 

comprises a diffuse region of thickened columnar, epithelial cells that are inducted and 

specified to contribute to the ganglia of the TN (form neurones) (Fillmore & Seifert, 2015). The 

trigeminal placode itself is created following the development and fusion of two transient 

anlages, the ophthalmic and maxillomandibular placodes to form a single unit (Fillmore & 

Seifert, 2015; Park & Saint-Jeannet, 2010; Steventon et al., 2014). These neurogenic placodal 

cells within the trigeminal placode are the precursors to the population of sensory neurones in 

the distal half of the TG (Begbie, 2008; Fillmore & Seifert, 2015; Janjua et al., 2008; Park & 

Saint-Jeannet, 2010; Pensak et al., 2009; Steventon et al., 2014).  Induction of the placodal cells 

for a neuronal fate is hypothesised to be mediated by interactions with the neighbouring 

pharyngeal endoderm (Barlow, 2002). Additionally, the germination centre of the TN is located 

near to the trigeminal placode (Fillmore & Seifert, 2015). Steventon et al. (Steventon et al., 

2014) also note that the neuronal differentiation of the distal placodal cells occurs before that 

of the proximal neural crest cells in the prospective trigeminal ganglia.  The motor neurones of 

the TN originate from the dorsal rhombomeres 2 and 3 (Fillmore & Seifert, 2015). 

In summary, the proximal and distal halves of the TG are composed of a lineage of neurones 

that originate from neural crest cells and placodal cells, respectively (Steventon et al., 2014). 

Neural crest cells and placodal cell interactions  

A temporal and geographical overlap exists between the concurrent migratory streams of neural 

crest cells and placodal cells as they travel to populate the inchoate TG region (Barlow, 2002; 

Begbie, 2008). The neural crest cells play a crucial role in this process and interact in a number 

of ways with the vicinal placodal cells (Barlow, 2002; Steventon et al., 2014).  Ablation of 

trigeminal neural crest cells results in disrupted placodal neurone differentiate and 

gangliogenesis which indicates that as well as contributing to the formation of the TG, neural 
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crest cells act as ‘pathfinders’ to 1) guide the migration of placodal neuroblast cells 2) mediate 

condensation of these cells in the distal ganglion and 3) establish appropriate targeted 

connections back to the hindbrain (Barlow, 2002; Begbie, 2008; Steventon et al., 2014).  This 

neural crest cell-mediated guiding of placodal cells is achieved via multiple molecular signals 

that include Shh (Sonic Hedgehog), Hox transcription factors, BMP (Bone Morphogenetic 

Protein), FGF (Fibroblast Growth Factors) and Wnt (Wingless and Int-1) signalling, especially 

(Fillmore & Seifert, 2015). 

 

6.1.3.2 Embryological origins of the meninges associated with the trigeminal nerve 

Timeframes for nervous and dural development of trigeminal nerve 

By embryonic week 4, the TG is a discernible entity that is well demarcated from the 

mesenchyme tissue surrounding it (Janjua et al., 2008). At 6 weeks, the TN, TG, and its three 

divisions are well developed and observable (Janjua et al., 2008; Kehrli et al., 1997; Pensak et 

al., 2009). Nerve fibres grow out from the proximal ganglion in week 7 to penetrate the marginal 

zone of the neural tube anterior to the apex of the pontine angle (Janjua et al., 2008). During 

week 8, the meninges and subarachnoid space around the ganglion are well established, and in 

week 10 a dural pouch from the posterior cranial fossa (the precursor to MC) materialises 

around the TG (Kehrli et al., 1997). By week 12, the arachnoid membrane is well developed 

and both MC and the course of whole TN have attained their adult shape (Kehrli et al., 1997). 

Formation of the wall of Meckel’s cave 

Occurring in tandem with the development of the TN and TG is the formation of the 

surrounding dural elements.  The meninx pimitiva, deriving from the embryonic mesoderm, 

differentiates into the endomeninx from which the pia and arachnoid mater originate and the 

ectomeninx which gives rise to the dura mater (Pensak et al., 2009). Kehrli et al. (Kehrli et al., 

1997) further proposed that the formation of the arachnoid layer in embryos is induced by the 

overlying dura mater. While the formation of MC is still largely a mystery, Ferner suggested 

that during development, the TG is initially surrounded by dura in the posterior cranial fossa 

which then assumes MC morphology when it is dragged anteriorly into the middle fossa by the 

migrating ganglion (Ferner, 1948; Pensak et al., 2009). 
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6.1.3.3 Tumours associated with the trigeminal nerve and its meningeal covering 

Tumours of the TN are sporadic, comprising only 2% of all intracranial tumours (de Benedittis 

et al., 1977). The origin, growth and spread of the TN tumour are closely related to the 

meningeal coverings of the TN (Williams, 1999; Yuh et al., 1988).  

Primary tumour of the trigeminal nerve 

The primary tumour of the TN is a tumour growing at the anatomical site of the TN, where the 

tumour progression began and processed. Neurinomas and meningiomas are the most common 

primary tumours in the TN (Beck & Menezes, 1987; Sabancı et al., 2011).  

Neurinomas are the tumours originating from Schwann cells of the sensory root and usually 

benign, isolated and slow-growing (Liu et al., 2009). Malignant neurinomas also exist, but 

extraordinarily rare (Bowers et al., 2011). Neurinomas in MC may arise either posteriorly from 

the posterior fossa, having a dumbbell shape, or anteriorly from the 3 divisions of the TN in the 

middle fossa (Youssef et al., 2006). The TN tumour may extend extracranially. Goel et al. 

reported 28 cases of trigeminal neurinoma, 6 of which had an extracranial extension. They 

found that both intracranial and extracranial components of the tumours were located in an 

interdural space between the meningeal and periosteal dural layers, and a well-defined 

perineural/meningeal covering of the extracranial component was continuous with that in the 

middle cranial fossa. Interestingly, they observed that in 7 cases, the tumour in the posterior 

cranial fossa was not enclosed in the arachnoid in nature, but had a well-defined dural covering. 

They assumed that the dural covering probably arose from the dura of the middle cranial fossa 

and bulged posteriorly into the posterior cranial fossa or arose from the dura of the petrous apex 

(Goel et al., 2010). During the subtemporal interdural approach to the trigeminal neurinoma, 

Youssef et al. noticed that the TG and trigeminal roots were covered by two layers of the dura 

and these two layers continued distally as a cleavage plane between the epineural sheaths of the 

trigeminal divisions and the dura propria of the middle fossa, and the cleavage plane served as 

a landmark for an interdural exposure of MC (Youssef et al., 2006).  

Meningiomas are dura-original tumours and purely benign disease (Buerki et al., 2018). 

Meningiomas in MC include the primary MC meningiomas originated from the dura of MC 

and the secondary MC meningiomas from the dura of the cranial base (Samii et al., 1997). 

Meningiomas in MC may be imping the TG, trigeminal roots and divisions, and other cranial 

nerves in the cavernous sinus (Larson et al., 1995; Nijensohn et al., 1975). 

The perineural tumour spread of the trigeminal nerve  
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The second and third divisions of the TN (V2 and V3) are most commonly affected by PNTS. 

The first division (V1) may also be involved, but is less common (Ginsberg, 1999). The PPF is 

a pathway of the maxillary nerve (V2) and is used as a landmark for the PNTS of the TN (Curtin 

et al., 1985). The tumours can follow the TN branches to the PPF. For example, tumours of the 

face may follow the infraorbital nerve to the PPF; tumours of the palate follow the palatine 

nerves through the palatine foramen and the pterygopalatine canal to the PPF; tumours of the 

maxillary sinus follow the superior alveolar nerves, passing along the posterior wall of the sinus 

and entering the PPF. The PPF contains very rich fat which can be easily detected by medical 

imaging; thus, the obliteration of fat in the PPF may suggest a pathology of the PNTS. Tumours 

in any area supplied by V3 can spread to the trunk of the mandibular nerve via the PNTS. Skin 

cancer of the lower lip or chin can spread along the mental nerve to the inferior alveolar branch 

of V3 and then the main trunk of V3. Parotid or lateral facial tumours can spread along the 

auriculotemporal branch of V3 to the main trunk of V3 (Ginsberg, 1999). The tumours spread 

to the mandibular nerve may extend through the foramen ovale and affect MC. The PNTS from 

MC can affect the cavernous sinus and subsequently V2. 

In summary, the meningeal coverings of the TN play an essential role in the occurrence and 

development of the PNTS. The study of the architecture of the meningeal coverings of the TN 

may help to better understand the mechanism of the PNTS spread. 

 

6.1.4 Hypothesis and objectives of the study 

The hypothesis to be tested in this study is that the meningeal architecture of the TN has a 

consistent fibrous configuration along with the trigeminal roots, ganglion and divisions.  

There are two main research questions to be addressed in this study: What is the configuration 

of the NFS of the intracranial TN? What is the architecture of the wall of MC?  

The objective of this study is to investigate the origin and configuration of the NFS of the 

intracranial (proximal) segment of the TN.  

The results of this study may provide a better understanding of the anatomical basis for the 

tumour growth pattern in the area and optimise the surgical approaches to MC. 
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6.2 Materials and Methods 

A total of 22 cadavers (10 females, 12 males; age range, 45-87 years) were studied. The 

cadaveric dissection was part of the previous study (L. Liang et al., 2014) but not published. 

The candidate was in the same research group with Liang and was involved in the dissection 

study. The study was performed in accord with our institutional ethical guidelines and approved 

by the Human Research Ethics Committee at the University of Otago (Reference code: H18/027) 

and the Anhui Medical University (Reference number: 20190532). 

The E12 epoxy sheet plastination slices were gradually built up in the supervisor’s lab during 

the last decades. Four of the 14 sets plastination slices used in this part of the study were 

prepared by the candidate. 

6.2.1 Cadaveric dissection 

In eight cadavers (3 females, 5 males; age range, 45-75 years), the TN and its surrounding 

structures were exposed under a surgical microscope (Leica M300, Wetzlar, Germany). The 

cadavers were fixed with a 10% formalin solution via the femoral artery perfusion within 36 

hours after death. The red and blue coloured latex solutions were injected into the bilateral 

internal carotid arteries, vertebral arteries and internal jugular veins of the cadaver, red for the 

artery and blue for the vein. The floor of middle cranial fossa with intact dural layer was 

exposed by removing the brain and other structures. The dural layer in the middle cranial fossa 

was cut at the roof of MC via layer-by-layer dissection to expose the arachnoid mater and TN. 

Blue ink was injected into the subarachnoid space from the site of the TN rootlets in posterior 

cranial fossa to observe the distribution of the subarachnoid space.  

 

6.2.2 Epoxy sheet plastination and confocal microscopy 

A series of transverse (6 sets), sagittal (4 sets) and coronal (4) plastinated slices from 14 

cadavers (7 females, 7 males; age range, 54-87 years) had been pre-prepared over the last two 

decades for use in various research projects.  

Refer to Section 2.2.2 for the detailed procedure of the epoxy sheet plastination technique. The 

relevant plastinated sections were examined under a confocal laser scanning microscope.  

Refer to Section 2.2.3 for the details of confocal microscopy and image collection and analysis.   
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6.3 Results 

6.3.1 Three distinct dural layers are dissectible over Meckel’s cave 

MC was in the middle cranial fossa (Figure 6.3A). Its dural roof was split up into at least three 

layers by dissection (Figure 6.3B). Underneath the dural roof were the arachnoid mater and 

trigeminal rootlets, ganglion and divisions (Figure 6.3C). Blue ink irrigation in the SAS 

(Subarachnoid space) revealed that the ink spread into MC and extended to the ganglial zone 

(Figure 6.3D).  
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6.3.2 Trigeminal rootlets are enclosed by centrally-reflected arachnoid sleeves 

Within MC, the trigeminal rootlets traversed centrally towards the porus trigeminus and then 

the pons (Figure 6.4A, 6.4B and 6.4C). Except a very short segment immediately adjoining the 

ganglion, the trigeminal rootlet was enclosed by a centrally reflected arachnoid sleeve (Figure 

6.4D, 6.4E and 6.4F). The sleeve peripherally opened up to the ganglions and centrally was 

tapered along the rootlet, forming the covering or epineurium of the trigeminal rootlet in the 

SAS (Figure 6.4F). The sizes of the rootlets varied (Figure 6.4E and 6.4F) and they entered into 

the arachnoid sleeves within MC at various extents (Figure 6.5A and 6.5B). Microscopically, 

thus, the interface between the centrally reflected arachnoid sleeves and the trigeminal ganglial 

zone was irregular (Figures 6.4E, 6.4F and 6.5B). 

 

Figure 6.3. Layered dissection of Meckel’s cave (MC). A: The floor of the middle cranial fossa 
(MCF) with coloured latex injection of the arterial (red) and venous (blue) structures. B: The MC 
dural roof was split into 3 layers (DM), mainly based on anterior-posteriorly orientated fibers lateral 
to the free edge of the tentorium (Ten). C: The arachnoid mater (AM) in MC after removal of its 
dural roof. D: Spread of the blue ink in MC after an injection into the subarachnoid space. AM = 
arachnoid mater; BV = bridging vein; CS = cavernous sinus; DM = dural mater; ICA = internal 
carotid artery; II = optic nerve; III = oculomotor nerve; IV = trochlear nerve; MC = Meckel’s cave; 
MCF = middle cranial fossa; PCA = posterior cerebral artery; SPS = superior petrosal sinus; Ten = 
tentorium; TG = trigeminal ganglion; V = trigeminal nerve; V1 = ophthalmic nerve; V2 = maxillary 
nerve; V3 = mandibular nerve. Bar = 2.5 mm. 
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6.3.3 Trigeminal ganglions are sandwiched in between the arachnoid and dura
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The trigeminal ganglial neuron bodies were outside the SAS and not enclosed or covered by 

the arachnoid mater (Figures 6.4D, 6.4E and 6.4F). They were not enclosed by the dura either 

(Figure 6.5C and 6.5D). Their peripheral processes clustered into nerve bundles with various 

sizes and then pierced MC dural wall. During piercing, the nerve bundle carried a thin layer of 

the dural fibres, forming a peripherally elongated dural sheath (the inset of Figure 6.5D). 

Therefore, the interior surface of the dural wall of MC appeared as a cribriform dural plate 

(Figure 6.5D). 

The fibrous orientation of the peripheral dural sheath was longitudinally along with the nerve 

bundle and was almost perpendicular to MC dural wall. The dural sheath contributed to the 

epineurium and perineurium of the division (Figure 6.5C and 6.5D) but extended only up to the 

level of the extracranial exit of the nerves (Figure 6.6A and 6.6B). Beyond the skull base, the 

dura-derived epineurium gradually fanned out and continues with the adipose meshwork 

(Figure 6.6C).  

 

 

Figure 6.4. The trigeminal rootlets and the centrally reflected arachnoid sleeve. A-C: Meckel’s cave 
(MC) (C) is magnified and viewed (the dotted box in B) from a transverse plastinated section (A) 
in which the arachnoid was stained with haematoxylin via the subarachnoid space. D: the 
microscopic view of the dotted box in C, showing that the arachnoid (arrows) encloses the 
trigeminal rootlets (r1, r2 and r3) centrally to the trigeminal ganglial zone (G). The dotted line 
indicates the arachnoid limit. E: the mirror 3-dimensional confocal image of the dotted box in D, 
showing that the arachnoid (arrows) does not enclose the trigeminal ganglions (G; asterisks) and 
their adjoining segments of the trigeminal rootlets (r1, r2 and r3). The dotted line corresponds to 
that in D. F: the mirror 3-dimensional confocal image of the box in C, showing that the arachnoid 
encloses the rootlet (r) and forms a centrally reflected sleeve (the dotted line) which peripherally 
opens towards the ganglions (G) and centrally tapers along the rootlet. Arrows point to pores in the 
arachnoid. ACP = anterior clinoid process; BA = basilar artery; CS = cavernous sinus; DS = dorsum 
sellae; G = trigeminal ganglion; PG = pituitary gland; IAM = internal auditory meatus; ICA = 
internal carotid artery; II = optic nerve; III = oculomotor nerve; IV = trochlear nerve; MC = 
Meckel’s cave; mD = meningeal dura; Pe= petrous part of temporal bone; rt = rootlet; SAS = 
subarachnoid space; SphS = sphenoid sinus; Tem = temporal lobe; V1 = ophthalmic nerve; VI = 
abducens nerve. Scale bar = 0.5 mm. 
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6.3.4 The dural wall of Meckel’s cave originates from the meningeal dura  

 

Figure 6.5. The trigeminal ganglions and meningeal dural wall of Meckel’s cave (MC). A: a 
sagittal plastinated section at the level of the ophthalmic nerve (V1). B: the mirror confocal image 
of the dotted box in A, showing that the relationship among the meningeal dural wall (mD), the 
subarachnoid space (SAS) in MC and the rootlets (rt), ganglions (TG) and nerve bundles of the 
V1. C: a sagittal plastinated section at the level of the maxillary (V2) and mandibular (V3) nerves. 
D: the mirror 3-dimensional confocal image of the dotted box in C, showing that the peripheral 
processes (V2) of the TG piece the meningeal dural wall (mD) of MC, forming the dural sleeves 
(arrows) which contribute to the epineurium of the nerves. The insert is a close-up view of the 
dotted box in D. E: a sagittal plastinated section lateral to C. F: the mirror confocal image of the 
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At the porus trigeminus (Figure 6.5E), the meningeal dura consisted of multiple layers (Figure 

6.5F). Each layer was woven of both anteroposteriorly orientated and transversely or obliquely 

orientated dural fibres. Between the layers were venous structures or loose fibrous tissue 

(Figure 6.5F). The superficial one or two layers continued from the tentorium to the floor of the 

middle cranial fossa while the underneath meningeal dural layer formed MC dural wall. At the 

floor of the porus trigeminus, the meningeal and endosteal dural layers merged and lined on the 

sphenoid bone. 

The MC dural wall, excluding the TG and arachnoid components, appeared as a half-crescent 

shape with a wide superficial-lateral edge and a thin deep-medial edge. It extended from the 

porus trigeminus anterior-inferior-medially (Figure 6.5B, 6.5D, 6.6D, 6.6E and 6.6F) and 

gradually became thinner as its fibres sheathed the TN bundles, departed away peripherally and 

served as the epineurium and perineurium of the TN bundles. Thus, at the most inferior - medial 

part of the dural wall between MC and the abducent nerve, the dural wall almost (if not all) 

disappeared (Figure 6.6F).  

The mandibular nerve (V3) including its motor roots traversed the inferior-medial part of MC 

(Figure 6.7A and 6.7D) where the meningeal dura dispensed out and merged with endosteal 

dura (Figure 6.7B, 6.7C and 6.7E). 

 

dotted box in E, showing that the meningeal dural wall of MC is continuous with the tentorium and 
has multiple anterior-posteriorly orientated fibrous layers (arrows) underneath which are either 
transversely (arrowheads) or obliquely (double arrowheads) orientated fibrous layers. ACP = anterior 
clinoid process; CS = cavernous sinus; DM = dural mater; DS = dorsum sellae; ICA =  internal 
carotid artery; II = optic nerve; MC = Meckel’s cave; MCF = middle cranial fossa; OC = optic 
chiasma; PPF = pterygopalatine fossa; rt = root; SAS = subarachnoid space; Sph = sphenoid bone; 
SphS = sphenoid sinus; Ten = tentorium; TG = trigeminal ganglion; TL = temporal lobe; V1 = 
ophthalmic nerve; V2 = maxillary nerve; V3 = mandibular nerve; v = vein. Scale bar = 2.5 mm. 
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Figure 6.6. The epineurium of the trigeminal nerve and meningeal dural wall of Meckel’s cave 
(MC). A: a close-up view of the box in Figure 6.5E, showing that the maxillary nerve (V2) passes 
through the foramen rotundum into the pterygopalatine fossa (PPF). B and C: the mirror confocal 
images of the box (B) and dotted box (C) in A, showing that the dura-derived epineurium (epi) 
fans out and continues with the adipose meshwork (asterisks) in the PPF. D: a transverse 
plastinated section at the level of the trigeminal root (V). E: the mirror confocal image of the box 
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in D, showing that the anterior and medial extensions (arrows) of the meningeal dural wall of MC 
gradually become thinner as the dural fibers contribute to the epineurium of trigeminal nerve (V1). 
F: the mirror 3-dimensional confocal image of the dotted box in D, showing that the meningeal dural 
wall (arrows) of MC is almost absent adjacent to the abducens nerve (VI). epi = epineurium; ICA = 
internal carotid artery; MC = Meckel’s cave; PG = pituitary gland; PPF = pterygopalatine fossa; rt = 
root; SAS = subarachnoid space; Sph = sphenoid bone; SphS = sphenoid sinus; SPS = superior 
petrosal sinus; TG = trigeminal ganglion; TL = temporal lobe; V1 = ophthalmic nerve; V2 = 
maxillary nerve; VI = abducens nerve; vp = venous plexus. Scale bar = 2.5 mm. 
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Figure 6.7. The dural architecture at the inferior and medial part of Meckel’s cave (MC). A and D: 
the coronal plastinated sections at the level of the foramen ovale; D is anterior to A. The arachnoid 
was stained with haematoxylin via the subarachnoid space. B, C and E: the mirror confocal images 
of the box (B) and dotted box (C) in A and D, showing that the meningeal dural fibers (mD) dispense 
out from MC roof (arrows) and merged with the periosteal dura (pD). ICA = internal carotid artery; 
MC = Meckel’s cave; MCF = middle cranial fossa; mD = meningeal dura; pD = periosteal dura; SAS 
= subarachnoid space; Sph = sphenoid bone; TG = trigeminal ganglion; V2 = maxillary nerve; V3 = 
mandibular nerve; VI = abducens nerve; vp = venous plexus. Scale bar = 2.5 mm. 
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6.4 Discussion 

Three novel findings are reported in this chapter. (1) The TG is sandwiched in between the 

arachnoid and dural walls of MC. (2) The rootlets and divisions of the TN are enclosed in the 

centrally reflected arachnoid sleeves and the peripheral dural sheaths, respectively, and (3) the 

dural wall of MC originates from the meningeal dura and appears as a half-crescent shape with 

a thick superficial-lateral edge and a thin deep-medial edge which merges with the endosteal 

dura of the middle cranial fossa. 

 

6.4.1 The centrally reflected arachnoid sleeves in Meckel’s cave 

This study shows that the centrally reflected arachnoid sleeves enclose the trigeminal rootlets 

but not the TG in MC. At the microscopic level, the interface between the TG and the arachnoid 

sleeves is irregular as some clusters of the TG neurons protrude into the subarachnoid space in 

MC. This finding is consistent with the observation in an embryological study in which the 

arachnoid and the subarachnoid space stopped at the posterior part of the TG (Kehrli et al., 

1997). As reviewed in Section  6.1.3.2, during development, the TG is initially surrounded by 

the dura in the posterior cranial fossa and then dragged anteriorly into the middle cranial fossa 

by the migrating ganglion (Ferner, 1948; Pensak et al., 2009). Therefore, the TG is more tightly 

integrated with the dura rather than the arachnoid, whereas the arachnoid covers only the 

trigeminal rootlets.  

There are very few original studies on the fine architecture of the arachnoid mater in the adult 

MC (Janjua et al., 2008; Sabancı et al., 2011) possibly because the delineation of the arachnoid 

is difficult with gross dissection (Arslan et al., 2012). Most of the descriptions on the arachnoid 

mater in literature are from the speculation or assumption (Muto et al., 2010; Pensak et al., 

2009). Sabanci et al. (Sabancı et al., 2011) reported that the arachnoid membrane from the pons 

continued along the trigeminal rootlets as far as the TG, and the arachnoid was incorporated in 

the dura of MC and fused with the dura at the distal edge of the TG. They also noticed that the 

level of the arachnoid termination varied in different specimens. Youssef et al. argued that the 

meningeal architecture of the TG was identical to that of the spinal ganglion, with the dura and 

pia-arachnoid becoming epineurium and perineurium of the spinal nerve (Youssef et al., 2006). 

Janjua et al. (Janjua et al., 2008) believed that the arachnoid mater covered the TN 

circumferentially but was not distinguishable as a separate layer beyond the termination of the 
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dural sheath. They proposed that the arachnoid and the subarachnoid space were not 

accompanied with the dura to extend beyond the proximal edge of the TG. 

  

6.4.2 The dural wall of Meckel’s cave and the peripheral dural sheaths of the 
trigeminal divisions 

Three dissectible dural layers in the roof of MC: MC is a dural recess extending from the 

posterior fossa and is situated between an inferomedial periosteal dura and a superolateral 

meningeal dura (Kapila et al., 1984; Sabancı et al., 2011). The superolateral dural roof of MC 

may have multiple meningeal dural layers which originate from the tentorium and the 

meningeal dura of the posterior cranial fossa (Ajayi et al., 2013). Janjua et al. observed that the 

dural roof of MC was thicker than its floor, and there was an intermediate dural layer between 

the two meningeal dura layers. The intermediate layer extended anteriorly to the superior orbital 

fissure and posteriorly fanned out and partially covered MC and blended into the tentorium. 

The fibre direction in the intermediate layer was nearly perpendicular to that in the other two 

meningeal dural layers (Janjua et al., 2008). The results of the present study demonstrated that 

the superolateral dural roof of MC was split up into at least three layers which fibres had 

different orientations and woven with each other. The superficial two layers were continuous 

with the tentorium and the dura of the posterior cranial fossa and contributed to the meningeal 

dura of the middle cranial fossa. The deep layer formed the dural wall of MC. Between the 

layers were venous structures and/or loose fibrous tissue. 

The peripheral dural sheaths of the trigeminal divisions: It has been debated where the dural 

wall of MC terminates. Most people support the assumption that the dural wall of MC 

accompanies the TN divisions peripherally up to their corresponding foramina in the skull base 

(Janjua et al., 2008; Sabancı et al., 2011; Youssef et al., 2006). For example, Youssef et al. 

indicated that the main dural wall of MC stopped at the distal edge of the TG, whereas the dura 

propria of MC became the epineurium of the TN divisions. Janjua et al. believed that the dural 

wall of MC continued distally over the TN divisions, adherent to them although separable. Li 

et al. reported that the NFS of the TN divisions were directly continuous with the dural wall of 

MC and presented as a cribriform area rather than the tubular communication between MC and 

the NFS (Li et al., 2016). The results of our study support Li et al.’s description and are 

consistent with the previous reports (L. Liang et al., 2014; Liang Liang, Fei Gao, et al., 2014). 

We confirmed that the dural wall of MC was originated from the meningeal dura and was 

pierced by the bundles of the TN. A thin layer of the dural fibres accompanied the piercing 
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nerve bundle and formed a dural sheath which extended peripherally. The peripheral dural 

sheath served as the epineurium and perineurium of the nerve and extended to the level of the 

extracranial exit of the nerve. 

  

6.4.3 The trigeminal ganglion is sandwiched in between the arachnoid and dural 
walls of Meckel’s cave  

The current study revealed that the TG was not enclosed by the dura and arachnoid. The wall 

of MC was a three-layered structure, and the TG was sandwiched in between the dural and 

arachnoid layers. This architecture may reflect the embryonic localisation of the TG. The TG 

contains the pseudounipolar sensory neuron which axon split into a peripheral and a central 

process. The central processes form the TN sensory rootlets, whereas the peripheral processes 

cluster as the 3 divisions of the TN. During development, the processes grow out from the 

neuron body, penetrate the marginal zone of the neural tube and course either centrally towards 

the pons (for the central processes) or peripherally towards the foramen of the skull base (for 

the peripheral processes) (Janjua et al., 2008). Therefore, both interfaces between the TG zone 

and dural or arachnoid wall of MC appear as a cribriform plate with the peripherally reflected 

dural sleeves or the centrally reflected arachnoid sleeves. The cribriform plate on the dural side 

of MC is dissectible and has been described by Li et al. (Li et al., 2016).  

  

6.4.4 Implications of the results: The perineural tumour spread and the meningeal 
architecture of Meckel’s cave 

Neurinomas and meningiomas are the most common primary tumours of the TN and closely 

related to the coverings of NFS (Beck & Menezes, 1987; Sabancı et al., 2011). The neurinomas 

is originated from the Schwann cells of the sensory roots; therefore, its growth certainly is 

affected by the coverings of NFS. The meningiomas is originated from the dura, which is a part 

of NFS. They may spread by the PNI and the PNTS. The PNTS is a distinct tumour growth 

pattern in which tumour disseminates from a primary tumour site to a secondary site via the 

NFS of a nerve or nerve plexus (Stambuk, 2013). The PNTS usually involves those larger, 

typically named nerves (Lee et al., 2019). The TN, particularly the V2 and V3, is one of the 

most commonly affected cranial nerves by the PNTS (Ginsberg, 1999; Paes et al., 2013).  

Very little research has investigated the anatomical relationship between the PNTS and the NFS. 

Brown suggested that the PNTS may involve the perineurium and the endoneurium when 
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clinically evident PNTS is manifest. The perineurium is believed to provides a significant 

barrier because the initial reaction to tumour invasion is perineural cell hypertrophy with the 

production of more extracellular matrix creating thicker collagen-rich layers effectively 

reinforcing the walls of the perineural space, and if a tumour eventually breaches the perineural 

space, it encounters a further dense connective tissue barrier, the epineurium. Thus, the tumour 

is more likely to grow along with the perineural spaces than to invade directly through the 

epineurium (Brown, 2016). The results of this study demonstrate that the dura contributes to 

the NFS of the 3 divisions of the TN, whereas the TN rootlets in MC are enclosed by the 

arachnoid-derived perineurium and endoneurium only. Therefore, the tumour growth patterns 

of the TN along its centrally reflected arachnoid sleeves and along its peripheral dural sheaths 

may be different. 

The PPF is an adipose space along the pathway of the maxillary nerve (V2) and is used as a 

landmark for the PNTS of the TN (Curtin et al., 1985). The tumours can follow the TN branches 

from the face, the palate, and the maxillary sinus to the PPF. The PPF contains prosperous fat 

which can be easily detected by medical imaging; thus, the obliteration of fat in the PPF may 

suggest the PNTS. In the present study, the peripheral dural sheaths of MC contributed to the 

NFS of the TN divisions but extended only up to the level of their extracranial exits of the 

nerves. As demonstrated in Figures 6.5E and 6.6A-C, within the PPF, the dura-derived 

epineurium gradually fanned out and continued with the adipose meshwork. The architecture 

of the NFS of this part of the TN indicates that the perineural space of the V2 may become open 

in the PPF and have a less barrier for the PNTS. 

 

6.4.5 Limitations 

The present study has at least two limitations: the number of the specimen and the elderly 

cadavers. The aging may have a significant effect on the fibrous configuration of the NFS. The 

individual variation of the level of the arachnoid termination in MC has been reported by  

Sabanci et al. (Sabancı et al., 2011). Therefore, the results of this study warrant to be further 

verified in the living subject, various age groups and clinical practice. 
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6.4.6 Conclusions 

This study identifies the origin and fine architecture of the meningeal coverings of the TN in 

MC. These findings will contribute to a better understanding of the nature and growth pattern 

of the TN tumour and may provide guidance on the precise surgical approach to TN in the 

future. Understanding of the multiple-layered MC wall and its relationship with the trigeminal 

roots, ganglion and divisions will provide precise guidance to target a specific part of the TG 

in the percutaneous trigeminal rhizotomy which is a safe, simple and effective surgery for 

trigeminal neuralgia. 
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Chapter 7 

General Discussion and Conclusion 

7.1 General discussion 

The “Fast Track Surgery” promotes more demands of the regional anaesthesia for the surgical 

anaesthesia and pain relief (Pozzi et al., 2012). The PNB is one of the main techniques for 

regional anaesthesia. However, many controversies and doubts remain, e.g. the optimal needle 

placement, the spread pattern of the injected LA, the difference of the anaesthetic effect, and 

the localisation under ultrasound-guidance. Some controversies and doubts are ultimately due 

to the unclear knowledge of the NFS, a key anatomical structure related to the PNB. This thesis 

systematically investigated the architecture and nature of the NFS in the peripheral nerve 

system.  

The results of this study demonstrate that the origin and fibrous configuration of the NFS of a 

peripheral nerve vary in a region-dependent pattern. The proximal cranial/spinal nerve obtains 

its NFS from the tubular prolongation of the spinal/cerebral dural mater which fans out and 

continues with the fibrous meshwork at or near the exit of the skull base or the IVF. The NFS 

of the distal spinal nerve originates from the neighbouring tendinous or ligamental structures, 

particularly the PFAS of the muscles by which the nerve passes.  

These findings will not only help to optimise PNB techniques, but also provide a better 

understanding of the minimally invasive surgical approach and the perineurial tumour spread 

pathway. Most importantly, we proposed several clinical management strategies to overcome 

current clinical problems. Thus, our clinical anatomy study is ahead of the clinical research, 

rather than to verify a successful clinical treatment. The results also indicate that for any given 

peripheral nerve, the NFS of different segments of the nerve should be studied specifically in a 

region-dependent manner in the future.  

  

7.1.1 Neurofascial sheath of the distal spinal nerve 

The first objective of this project was to clarify the fascial configuration of the NFS in the distal 

spinal nerve. The results show that the NFS of the femoral nerve and LFCN have different 

configurations at different locations in the trajectory of the nerves. The PFAS of the iliopsoas 

muscle contributes to the NFS of the nerves. The extraneural fascia of the femoral nerve and 
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LFCN in the iliac fossa forms the FIC which is a funnel-shaped adipose space between the 

fascia iliaca and the epimysium of the iliopsoas. The NFS configuration of the nerves is 

different between the areas of the pelvis and the upper thigh.  

The NFS configuration affects the needle placement and the dose of the LA in the PNB, thus 

closely associated with the anaesthetical efficacy. The LA was suggested to be injected into 

either the interior or exterior of the epineurium (De Jong, 1961; Franco, 2012). But what is the 

epineurium? Is it identifiable along a whole peripheral nerve? Is it detectable by medical 

imaging? The results of this study start to address these questions. The finding of the regional 

variation of the NFS of the distal peripheral nerve suggests that the mapping of the NFS 

configuration may have to be done one nerve by one nerve. 

 

7.1.2 Neurofascial sheath of the proximal spinal nerve 

The second objective of this project was to investigate the fascial configuration of the NFS in 

the proximal spinal nerve. This segment of the spinal nerve mainly traverses the IVF. The study 

focused on the lumbar IVF and revealed the 3D architecture of neurovascular and adipose 

structures in the upper and lower lumbar IVFs. The results show that the proximal spinal nerve 

together with its tubular meningeal prolongation is enclosed by the adipose tissue and vascular 

plexus in the IVF. The meningeal prolongation forms the coverings (epineurium, perineurium 

and endoneurium) of the nerve, including its roots and ganglion. All the structures exterior to 

the meningeal prolongation contribute to the extradural fascia of the nerve. 

To facilitate future studies in the area, the 3D boundaries of the IVF was defined in this study 

and the sub-zoning in the IVF was proposed. Our newly defined IVF boundaries and zonings 

provide better practicality in the guidance of transforaminal surgery or injection and facilitate 

future studies in the area.  

 

7.1.3 Neurofascial sheath of the cranial nerve 

The third objective of this project was to investigate the NFS of the cranial nerve. Specifically, 

the study was to investigate the meningeal architecture in the intracranial TN. This is a part of 

the ongoing research program in which the cranial nerves in the anterior, middle and posterior 

cranial fossa have been investigated or are being investigated. The results of the study revealed 

the origin and configuration of the NFS of the proximal (intracranial) segment of the TN and 
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its relationship with MC and found that (1) the TG was sandwiched in between the arachnoid 

and dural walls of MC, (2) the rootlets and divisions of the TN were enclosed in the centrally 

reflected arachnoid sleeves and the peripheral dural sheaths, respectively, and the peripheral 

dural sheath contributed to the epineurium and perineurium of the division but extended only 

up to the level of the extracranial exit of the nerves, and (3) the dural wall of MC originated 

from the meningeal dura and appeared as a half-crescent shape with a wide superficial-lateral 

edge and a thin deep-medial edge which merges with the endosteal dura of the middle cranial 

fossa. These findings will contribute to a better understanding of the nature and growth pattern 

of the TN tumour. 

 

7.2 Conclusion 

The findings of this study reject the central hypothesis of this thesis that the NFS of a peripheral 

nerve has a consistent fibrous configuration along its whole course. The origin and fibrous 

configuration of the NFS of a peripheral nerve vary in a region-dependent pattern. The origins 

of the NFS may have either been known or majorly anticipated that it was from the meningeal 

coverings and/or from neighbouring muscles, tendinous or ligamentous, but the fine 

configuration of the NFS and its clinical significance are the key parts in this project. The results 

of this study will not only help to optimise PNB techniques, but also provide a better 

understanding of the minimally invasive surgical approach and the perineurial tumour spread 

pathway. The results also indicate that for any given peripheral nerve, the NFS of its different 

segments should be studied specifically in a region-dependent manner. 

The main limitations in this project include the small number of cadavers in some individual 

studies, the specimens from elderly cadavers, no statistical comparison of factors of age, gender 

and cadavers’ sources. The results from the cadavers from China and New Zealand were not 

compared because of the number of the specimens and the consistency of the results. The 21 

cadavers from China were mainly used for the dissection of the trigeminal nerve (8 sets) and 

the plastination of lumbar spine (13 sets); however, there was no dissection of the trigeminal 

nerve in New Zealand, and the cadavers for plastination of lumbar spine were 9 in New Zealand. 

The results of the 13 sets of plastinated specimens from China and eight specimens from New 

Zealand were consistent. The results were also consistent on the specimens from dissection and 

plastination in both male and female. And also the inter-observer error and the proposed clinical 

management strategies are needed to be verified in a prospective study.  
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