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A B S T R A C T   

Objective: Patients who undergo a temporal lobectomy for drug-resistant epilepsy more frequently complain 
about postoperative headache compared to patients who undergo a craniotomy in any other region. The path-
ophysiological mechanism is not well understood. It is hypothesized that a relatively high density of sensory 
nerve fibers in the temporomesial dura underlies a higher sensitivity to pain upon stimulation. The objective of 
this study was to address this hypothesis by comparing the nerve fiber density in the temporomesial dura to that 
in the temporolateral dura. 
Methods: Temporomesial (n = 6) and temporolateral (n = 6) dura mater samples (2.5 × 2 cm) were dissected 
from the middle cranial fossa of 5 formalin fixed human cadavers. Paraffin embedded specimens were cut in a 
sagittal direction into 5 µm sections (temporomesial group n = 106, temporolateral group n = 113), and 
immunohistochemically stained for S100 as a marker of myelinated nerve fibers. The number of S100- 
immunoreactive nerve fiber bundles was counted in an anterior-posterior direction by a blinded observer, 
expressed as mean ± standard error of the mean per cm for each group, and statistically analyzed by a linear 
mixed-effects model. To assess potential observer bias, a randomized subset of the sections (n = 28) was eval-
uated by a second blinded observer and statistically analyzed by intraclass correlation coefficient (ICC). 
Results: The temporomesial dura expressed 4.1 ± 2.1 and the temporolateral dura displayed 1.0 ± 0.7 nerve fiber 
bundles per cm (β = 3.2, SE= 0.30, 95% CI [2.6, 3.8], p < 0.001). There is a significant decrease in nerve fiber 
bundle density in the mesial to lateral direction (mean difference − 0.1, SE= 0.0, 95% CI [− 0.1, − 0.2], p <
0.001). The ICC was 0.69. 
Conclusions: The density of myelinated nerve fiber bundles is about 4 times higher in the temporomesial dura, 
than in the temporolateral dura. Assuming that dural innervation primarily consists of sensory trigeminal fibers, 
this observation suggests that a summation of stimuli to surpass the threshold to convey pain is reached sooner in 
the temporomesial than in the temporolateral dura mater.   

1. Introduction 

New-onset post-craniotomy headache is a common type of secondary 
headache, occurring within seven days after surgery (Headache Classi-
fication Committee of the International Headache, S (2013)). The re-
ported incidence of new-onset headache after craniotomies in general is 
40%, and is mainly related to the site of the surgical scar. Within three 

months, 10.7% of headaches are resolved, whereas 29.3% persists after 
three months (Rocha-Filho et al., 2008). Epilepsy surgery is an estab-
lished, curative treatment option for patients with drug-resistant chronic 
epilepsy (Engel et al., 2012; Wiebe et al., 2001). The most frequently 
carried out type of epilepsy surgery in adults is temporal lobectomy with 
or without amygdalohippocampectomy. Afterwards, patients complain 
about a pain located deep inside the head. The reported associated risk 
of chronic post-craniotomy headache after temporal lobectomy for 
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epilepsy patients, whereby headaches deep inside the head persist for 
more than 1 year, and the majority even needs analgetic drugs or reports 
to experience medically uncontrollable headache, is 11.9% (Kaur et al., 
2000). These findings combined, indicate that the experienced 
new-onset post-craniotomy headache is not simply pain of the wound. 

Current treatment of new-onset post-craniotomy headache is based 
on symptom control, whereby various systemic (mostly opioids and 
acetaminophen) and local treatments (scalp infiltration) have been 
compared (Guilfoyle et al., 2013; Lutman et al., 2018; Molnar et al., 
2014). Scalp infiltration, applied pre- and postoperatively, reduces 
direct postoperative pain on the visual analog scale (VAS) for 1–12 h 
postoperatively (Biswas & Bithal, 2003; Bloomfield et al., 1998; Guil-
foyle et al., 2013), but does not lead to significant permanent headache 
reduction (Zhou et al., 2016), which is consistent with the fact that 
patients complain about a pain located deep inside the head. Most 
theories on its pathophysiology are based on manipulation of the dura, 
injury to cranial nerves and/or nerve entrapment, and/or central 
sensitization (Lutman et al., 2018; Molnar et al., 2014; Rocha-Filho, 
2015). During a temporal lobectomy, the anterior part of the lateral 
and/or mesial temporal lobe is removed by suction, coagulation, and 
aspiration. Tissue is aspirated down to the skull base of the middle 
cranial fossa, whereby the overlying dura mater is frequently touched by 
micromanipulation with different surgical instruments. Lv et al. (2014) 
describe that the excitability of neurons in the intracranial dura mater 
can be increased by ‘punctuate probing, stroking or traction’, potentially 
contributing to the relatively high incidence of new-onset post--
craniotomy headache after temporal lobectomy. 

Intracranial dural innervation is provided by afferent fibers from the 
ophthalmic (V1), maxillary (V2) and mandibular (V3) branches of the 
trigeminal nerve, as well as by the sensory fascicles of the upper three 
cervical spinal nerve roots, and sympathetic fibers from several upper 
cervical ganglia and the sympathetic trunk (Andres et al., 1987; Bauer 
et al., 2005; Kemp et al., 2012; Lee, Hwang, et al., 2017; Lee, Shin, et al., 
2017). The dural innervation can roughly be subdivided into the 
following main anatomical regions: the anterior, middle and posterior 
cranial fossae, the falx cerebri, the tentorium and the dura overlying the 
temporal, parietal, occipital and frontal regions of the skull convexity. 
Three major dural nerves have first been identified in rats, and later in 
humans: the anterior ethmoidal (V1), spinosus (V3) and tentorial (V1) 
nerves, all arising from trigeminal branches (Andres et al., 1987; Bauer 
et al., 2005). 

The dura mater overlying the middle cranial fossa is innervated by 
the nervus spinosus and the middle meningeal nerve arising from V2. 
The nervus spinosus has been described recently (Lee, Hwang, et al., 
2017; Schueler et al., 2014), and earlier in relation to headache by 
Penfield and McNaughton (1940) and Steiger et al. (1982). It re-enters 
the cranium through the foramen spinosum together with and parallel 
to the middle meningeal artery. It mainly innervates the posterior and 
lateral part of dura mater overlying the middle cranial fossa, whereby it 
does not enter the anterior cranial fossa, terminating before reaching the 
sphenoparietal sinus (Bauer et al., 2005; Kemp et al., 2012; Lee, Hwang, 
et al., 2017; Lee, Shin, et al., 2017; Penfield & McNaughton, 1940; 
Steiger et al., 1982). The middle meningeal nerve also runs parallel to 
the middle meningeal artery and mainly innervates the anterior dura of 

the middle cranial fossa and the dura over the lesser wing of the sphe-
noid bone (Bauer et al., 2005; Kemp et al., 2012; Lee, Shin, et al., 2017; 
Penfield & McNaughton, 1940; Steiger et al., 1982). 

Detailed knowledge on nerve fiber density in different dural regions 
is lacking, yet here we hypothesize that the temporomesial dura mater in 
the middle cranial fossa contains more myelinated nerve fibers 
compared to the temporolateral dura. Surgical micromanipulation of 
this richly innervated dura can be an etiological factor explaining the 
high incidence of new onset headache after temporal lobectomy. The 
objective of this study was to quantify the density of myelinated nerve 
fibers in the human temporomesial and temporolateral dura of the 
middle cranial fossa. 

2. Materials and methods 

2.1. Subjects 

Six specimens of dura mater were obtained from five human ca-
davers (female n = 3) provided by the Department of Anatomy and 
Embryology, Maastricht University, Maastricht, The Netherlands. Do-
nors gave informed consent to donate their body for teaching and 
research purposes, according to the Dutch law for the use of human 
remains for scientific research and education (“Wet op lijkbezorging” 
BWBR0005009). A handwritten and signed codicil from the donor is 
archived at the Department of Anatomy and Embryology. 

Human cadavers, fixed in 10% phosphate buffered formalin, were 
stored at 4 ◦C. Prior to dissections the cadavers were washed for at least 
one hour in running tap water. The dura mater overlying the middle 
cranial fossa, including dura mater attached to the foramina rotundum, 
ovale and spinosum, was carefully dissected from the skull base. Both 
full pars meningealis and pars periostalis were preserved. One tempor-
omesial and one lateral block of dura mater (minimally 2.5 ×2 cm) was 
cut out and both were sized to fit in an embedding cassette. The tem-
poromesial block was cut out as a rectangle with the medial border 
measured through the foramina rotundum, ovale and spinosum, and the 
lateral border at least 2 cm more lateral to the mesial border. The 
temporolateral block was cut out as a rectangle measured from the far 
lateral side of the entire cut out dura mater specimen, with the medial 
border at least 2 cm more medial from the far lateral side (Fig. 1). 
Markings were attached to identify the posterior-lateral corner of both 
the mesial and lateral blocks. Thereafter, blocks were processed and 
embedded in paraffin, after which sagittal histological sections were cut 
using a microtome (Leica, RM2245). Every 1000 µm, a 5 µm section was 
cut and mounted on a polysine coated glass slide (n = 17–20). Sections 
were dried in an oven at 40 ◦C overnight and at 70 ◦C for at least an 

Nomenclature 

CI Confidence interval 
ICC Intraclass correlation coefficient 
PBS Phosphate buffered saline 
V1 Ophthalmic branch of trigeminal nerve 
V2 Maxillary branch of trigeminal nerve 
V3 Mandibular branch of trigeminal nerve  

Fig. 1. Sampling of human dura mater. Left: the intact dura overlying and 
partly lifted from the middle cranial fossa, with a dashed line indicating the 
dissected part. Middle: temporomesial sampling (A), with blue indicating the 
innervation region of the middle meningeal nerve and red indicating the 
innervation region of the nervus spinosus. Right: temporolateral sampling (B). 
See methods section for landmark criteria. 

J.C.T. Sloekers et al.                                                                                                                                                                                                                           



Journal of Chemical Neuroanatomy 121 (2022) 102082

3

additional hour before staining. 

2.2. Immunohistochemistry 

To identify all myelinated nerve fibers, sections were immunohis-
tochemically stained for S100 at room temperature. S100 belongs to the 
family of calcium binding proteins. The antibody to S100 stains, among 
others, neurons and myelinated nerve fibers, Schwann cells and other 
glial cells. From each of the six dura mater specimens, 34–40 sections 
were stained (temporomesial (n = 17–20) and temporolateral 
(n = 17–20)). First, sections were deparaffinized with xylene for 5 min 
twice. Endogenous peroxidase was blocked for 10 min with 3% 
hydrogen peroxide (H2O2) in methanol. Then, sections were rehydrated 
by incubations in a gradient of ethanol from 100% to 50%, and washed 
in 0.1 M phosphate buffered saline (PBS). Next, sections were incubated 
30 min in Teng-T (10 mM Tris, 5 mM EDTA, 0.15 M NaCl, 0.25% 
gelatin, 0.05% Tween 20) with 10% normal goat serum (NGS; Gibco, 
16210–072) to block nonspecific binding of antibodies, 60 min with 
S100 (anti-S100, DAKO, Z0311; 1:1000 diluted in Teng-T with 10% 
normal goat serum), and then 30 min with biotinylated goat anti-rabbit 
IgG (Vector, BA1000; 1:500 diluted in PBS with 0.1% Tween-20) as 
secondary antibody. Finally, horseradish peroxidase-coupled avidin- 
biotin complex enhancement (HRP-ABC; Vector, PK6100) was applied 
for 30 min, followed by 3,3′-diaminobenzidine (DAB; Sigma Aldrich, 
D5905) chromogen staining. Between all steps, sections were washed 3 
times for 5 min in PBS with 0.1% Tween-20. Finally, sections were 
dehydrated by incubation in a gradient of ethanol from 50% to 100%, 
then incubated in xylene and mounted with Entallan (MERCK) and 
cover slip. Positive controls were made with paraffin embedded sections 
of human ileum (5 µm sections), of which the nervous plexus is known to 
stain positive for S100 (Gfroerer et al., 2010). Negative controls con-
sisted of dura sections that were submitted to the same staining pro-
cedure, without the primary antibody S100. Staining was done in 
batches of 40 sections (20 temporomesial and 20 temporolateral) and a 
positive and negative control were included in every batch. 

2.3. Analysis 

Section labels were covered, mixed and re-numbered to enable ran-
domized and blinded analysis. Using MBF Bioscience Stereo Investigator 
software (version 11.03.1, MicroBrightField Inc.) with an Olympus 
(Olympus, BX51) microscope at 10x enlargement, equipped with an LEP 
3′′x2′′ stepper motorized stage (Ludl Electronic Products, SS9000) and 
an MBF Bioscience digital camera (MicroBrightField Inc., CX9000), 
length of the dura mater was traced and nerve fiber bundles were 
marked and counted in all sections. Dura mater length was traced at the 
side of the inner dural blade lining the arachnoid, as this side consis-
tently showed to be most continuous in the sections. A nerve fiber 

bundle was marked as such, when at least 3 positive stained cross- 
sectioned fibers were visible, located adjacent in a group together at 
10x enlargement. A nerve fiber bundle was marked by this definition to 
prevent counting false positive staining as nerve bundles. When nerve 
fiber bundles were sectioned lengthwise, they were marked as one 
bundle. When a lengthwise bundle was sectioned multiple times, with a 
continuous dividing strip of connective tissue in between, they were 
marked as multiple bundles (Fig. 2). When a large bundle consisted of 
multiple sections, with a continuous dividing strip of connective tissue 
in between, each section was counted as one bundle. Density was 
calculated as nerve fiber bundles per cm dura mater length to enable 
quantitative analysis. Finally, nerve fiber bundle densities were aver-
aged per quartile in both anterior-posterior and mesial-lateral direction 
per section, translating into an overview of the distribution of nerve 
fiber bundle density over the studied sections for both the tempor-
omesial and -lateral blocks in all six dura specimens. A second blinded 
observer evaluated 28 randomized sections to assess inter-observer 
reliability. 

2.4. Statistical analysis 

Statistical analysis was performed in SPSS Statistics (version 25.0, 
IBM Corp, New York). Characteristics of the sections were described as 
mean and standard error of the mean (SEM). A linear mixed-effects 
model was used to assess the association between location of temporal 
dura mater (mesial vs lateral) and the density of nerve fiber bundles per 
cm. The linear-mixed effects model is a linear regression that takes the 
clustering of data within study subjects into account. Study subject and 
section number were added to the model, whereby section number 
enabled the analysis of gradient in nerve fiber bundle density over the 
mesial-lateral direction within sampled sections from both the lateral 
and the mesial temporal dura mater. Results were described as mean 
difference with 95% confidence interval (CI). Differences were consid-
ered statistically significant at p < 0.05. Furthermore, an inter-observer 
reliability assessment was performed using a two-way random, consis-
tency, single-measures intraclass correlation coefficient (ICC). 

3. Results 

A total of 219 sections was used for analysis (temporomesial 
(n = 106) and temporolateral (n = 113). All values were normally 
distributed. The average anterior-posterior-length of all temporomesial 
sections was 28.2 mm (SE= 0.4) and of all temporolateral sections 
28.4 mm (SE=0.3). As visualized in overview Fig. 3, the nerve bundle 
densities in the medial, anterior and posterior regions were higher than 
those observed in the lateral and central regions within the tempor-
omesial dura. In contrast, an overall lower and more equal distribution 
was observed in the subregions of the temporolateral region. 

Fig. 2. Photomicrographs of S100-immunoreactive nerve fiber bundles in the temporomesial dura mater. Fiber bundles presented as lengthwise sectioned and 
surrounded by connective tissue. An arrow marks an individual counted nerve fiber bundle, a red asterisk marks positive stainings that were not counted as a nerve 
fiber bundle. Photomicrographs a and b in magnification x 10, with the scalebar indicating 250 µm. Photograph c representing the square box in photograph b, in 
magnification x 20, with the scalebar indicating 75 µm. 
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The mean nerve fiber bundle density for the temporomesial location 
was 4.1 (SE= 2.1) bundles/cm and for the temporolateral location 1.0 
(SE= 0.7) bundles/cm (Fig. 4; mean difference 3.2, SE= 0.3, 95% CI 
[2.6, 3.8], p < 0.001). This difference stayed highly significant when we 
analyzed the association between section number and nerve fiber bundle 
density in either the lateral or mesial location (mean difference − 0.1, 
SE= 0.0, 95% CI [− 0.1, − 0.2], p < 0.001), indicating that there is a 
significant decrease in nerve fiber bundle density over all sections from 
one location in the mesial to lateral direction (Fig. 5). This effect 
remained significant if the product of study subject and section number 
was added to the model (mean difference − 0.3, SE= 0.0, 95% CI [− 0.2, 
− 0.4, p < 0.001), indicating there is also an interaction between nerve 
fiber bundle density and section number within all study subjects 
separately. Results are summarized in Table 1. Inter-observer reliability 
was good, according to Cicchetti’s interpretation of an ICC between 0.60 
and 0.75 as good, with an ICC of 0.69 (Cicchetti, 1994). 

4. Discussion 

A moderate to high incidence of new-onset post-craniotomy head-
ache after temporal lobectomy for drug-resistant epilepsy is frequently 
reported. The pathophysiological mechanism for new-onset post-crani-
otomy headache is not well understood, although a possible explanation 
consists of an increased excitability of nociceptive myelinated nerve fi-
bers by surgical manipulation of the dura mater (Lutman et al., 2018; Lv 
et al., 2014; Molnar et al., 2014; Rocha-Filho, 2015). 

Our study demonstrated that the nerve fiber density of the dura 
mater is statistically significantly higher in the temporomesial region 
than in the lateral region (Fig. 3), which supports the possible expla-
nation abovementioned. 

The overview images with numerical averages portray the clear 
difference in nerve fiber density between the two regions. This appears 
to correspond to the location of two major sensory nerves innervating 
the dura mater of the middle cranial fossa: the nervus spinosus (V3), and 
the middle meningeal nerve. The nervus spinosus enters the dura mater 
through the foramen spinosum (Penfield & McNaughton, 1940; Steiger 
et al., 1982), while the middle meningeal nerve originates from the 
maxillary nerve (V2) in proximity of the foramen rotundum (Kemp et al., 
2012; Penfield & McNaughton, 1940). The dense segments medially in 
the overview (Fig. 3) correspond with the points of origin of these two 
nerves: the anterior dense segment corresponds with the middle 
meningeal nerve whereas the posterior dense segment corresponds with 
the nervus spinosus, respectively (Kemp et al., 2012; Lee, Hwang, et al., 
2017; Schueler et al., 2014). 

After its entry into the dura mater, the nervus spinosus aims towards 
the sphenoparietal sinus, innervating the middle cranial fossa oriented 
anteriorly in the direction of the pterion. This has been demonstrated by 
Lee, Hwang, et al. (2017) and Penfield and McNaughton (1940), who 
have both described that the nervus spinosus terminates before reaching 
the sphenoparietal sinus. Since the middle meningeal nerve is located 
anteriorly of the nervus spinosus, there is no innervation in the middle 
cranial fossa posterior of the nervus spinosus. The innervation of dura 
mater of the more posteriorly located tentorium cerebelli is supplied by 
the tentorial nerve (V1). Only rarely it crosses the transverse sinus to 
supply the lateral convexity (Lee, Shin, et al., 2017). So, since the nervus 
spinosus aims anteriorly and the tentorial nerve posteriorly, it can be 
deduced that the region in between, the temporolateral region aiming 
towards the lateral convexity, is only sparsely innervated. In a study 
focusing on catecholaminergic fibers in the dura mater, Cavallotti et al. 
(1998) concluded that innervation of the dura mater covering the skull 
base is more dense than the dura mater covering the skull convexity. 
However, because the dura mater is not only innervated by catechol-
aminergic fibers (Lv et al., 2014), the added value of our study is the 

Fig. 3. Overview with numerical averages of the estimated distribution of mean nerve fiber bundle density throughout the temporomesial and temporolateral blocks 
of dura mater studied of the 6 specimens. Mean values for the nerve fiber bundle density for each quartile are depicted in the anterior (A) to posterior (P) and mesial 
(M) to lateral (L) direction, and written inside. Averages of all specimens were calculated not by averaging all averages in above displayed overviews, but by 
averaging all raw nerve bundle counts. Foramen rotundum (R), foramen ovale (O) and foramen spinosum (S) are indicated in the averaged overview. 

Fig. 4. Distribution of nerve fiber bundle densities in the temporomesial 
(n = 106) and temporolateral (n = 113) dura samples. 
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staining and quantification of all myelinated nerve fibers in the tem-
poromesial and lateral region, which to our knowledge has not been 
performed so far. Our study delivered evidence that the temporolateral 
region, towards the lateral skull convexity, is much more sparsely 
innervated than the temporomesial dura mater overlying the skull base 
of the middle cranial fossa. 

In animal (rat and cat) studies it has been demonstrated that most 
nerve fibers in the cranial dura mater branch away from their primary 
myelinated nerve of origin and end as free unmyelinated nerve terminals 
in the connective tissue of the dura mater (Messlinger et al., 1993; 
Strassman et al., 2004). Therefore, presumably, a higher density in nerve 
fiber bundles in the temporomesial region of dura mater subsequently 
indicates a higher density in free unmyelinated nerve endings. Previous 
studies have shown that the density of nerve fibers in dermal tissue 
correlates with the sensory function of the skin, whereby a higher 
intra-epidermal nerve fiber density results in a better detection of 
stimuli and a better tactual acuity (Johansson & Vallbo, 1979; Mouraux 
et al., 2012). A lower intra-epidermal nerve fiber density resulted in 
higher pain thresholds (Schley et al., 2012). Therefore, a higher density 
in free nerve endings in the connective tissue would presumably lead to 
a higher nociceptive potentiality. However, this has not been confirmed 
with clinical data from studies with dural tissue. It is in line with a recent 
observational study regarding awake craniotomies by Fontaine et al. 
(2018), who concluded that the mesial dura mater overlying the skull 
base of the middle cranial fossa and the dura of the falx cerebri are quite 
sensitive to mechanical stimuli, provoking pain. A similar observation, 
with patients undergoing awake craniotomy for epilepsy and tumors in 
the temporal lobe, has been made in our center. Intraoperative feedback 
from our patients indicates that they experience an intense pain as soon 
as we touch the temporo-basal dura on the skull base, which decreases 
once the dura is no longer touched. Previous research also confirmed 
that stimulation or surgical manipulation of especially the skull base 

dura mater evokes pain (Fontaine & Almairac, 2017; Fontaine et al., 
2018; Ray & Wolff, 1940). During a resection of the 
amygdala-hippocampal complex in the temporo-mesial region, the skull 
base dura mater of the middle cranial fossa will be manipulated by 
suction and coagulation, which intrinsically belongs to this type of 
surgery. The lateral convexity dura will be touched upon only sparsely. 
Therefore, as the temporo-lateral dura is continuous with the extra-
temporal convexity dura and we rarely encounter these headache 
complaints in patients surgically treated in extratemporal regions, we do 
believe the crux of the difference is the inclusion or not of the 
temporo-mesial dura in the surgical procedure. Studies specifically 
comparing these two approaches do, to our knowledge, not exist in 
current neurosurgical literature. 

Mechanosensitive neural receptors in the dura mater can be acti-
vated by local stroking or traction, as performed during microsurgical 
procedures with dural coagulation and manipulation by bipolar forceps 
or suction tubes (Lv et al., 2014). These mechanically insensitive affer-
ents in the connective tissue of the dura mater may become mechani-
cally sensitive and play a role as a nociceptive source in inflamed tissues 
(Lv et al., 2014; Messlinger et al., 1993). In the introduction we describe 
that injury to nerves and/or nerve entrapment, and/or central sensiti-
zation are the mechanisms on which theories for long lasting post 
craniotomy headache are based (Lutman et al., 2018; Molnar et al., 
2014; Rocha-Filho, 2015). There is, most probable, more than one factor 
leading to central sensitization. Some are predisposing factors like 
pre-existing pain thresholds, partly due to multiple genetic factors 
(Phillips & Clauw, 2011), or psychophysiological factors like the 
stress-response. There is direct experimental evidence on humans 
showing a relationship between stress and lowering of pain thresholds 
(Rivat et al., 2010). It can be assumed that dural manipulation with local 
stroking and traction may cause the abovementioned damage and 
mechanisms leading to long lasting post craniotomy headache. As far as 

Fig. 5. Multiple line mean of fixed predicted values by section number and location of dura mater, depicting a significant negative linear relationship between nerve 
fiber bundle density and mesial to lateral distance over the sampled sections per location (p < 0.001). 

Table 1 
Estimate effects of the linear mixed model analysis. Model 1 shows a mean difference of 3.2 bundles/cm between the temporomesial and temporolateral dura mater. 
Model 2 shows a decline of 0.1 bundles/cm from the medial to lateral side of the temporomesial and temporolateral dura mater, indicating a difference in density from 
the medial to lateral side of the dura mater cutouts. And model 3 indicates that this decline is significant within each study subject separately.  

Parameter Model 1 Model 2 Model 3  

Mean difference (SE) 95% CI P Mean difference (SE) 95% CI P Mean difference (SE) 95% CI P 
Location dura mater 3.2 (0.3) 2.6 – 3.8 < 0.001 3.1 (0.3) 2.6 – 3.7 < 0.001 5.7 (0.6) 4.7 – 6.8 < 0.001 
Section number    -0.1 (0.0) -0.2–0.1 < 0.001 -0.6 (0.1) -0.4 to − 0.7 < 0.001 
Section number per person       -0.3 (0.0) -0.2 to − 0.4 < 0.001  
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we know, there is currently no literature regarding the correlation be-
tween post craniotomy headache and surgery outcomes like seizure 
freedom. Ives-Deliperi and Butler (2017) describe that quality of life 
improves significantly after epilepsy surgery, together with a reduction 
in depressive symptoms. However, they describe that quality of life was 
not significantly related to seizure freedom after epilepsy surgery and, as 
we mentioned above, the relation of headache to these outcomes has not 
been described. 

Finally, the majority of myelinated axons have a sensory function 
(Strassman et al., 2004), and combined with our novel finding of a 
higher density of myelinated nerve fiber bundles in the temporomesial 
dura mater, this supports the presumption of a higher nociceptive po-
tentiality of the temporomesial skull base dura compared to the lateral 
dura of the convexity. 

To summarize, repeated surgical micromanipulation of the mecha-
nosensitive neural receptors in the temporomesial dura mater delivers a 
probable pathophysiological mechanistic explanation for, and which via 
the concept of central sensitization can be cause and effect of, new-onset 
post-craniotomy headache after temporal lobectomy. 

4.1. Limitations and recommendations for further research 

The main limitation of our study is that we did not quantify the 
density of unmyelinated nerve fibers and free nerve endings in the dural 
connective tissue. Therefore, further studies could be designed with 
fluorescent immunohistochemistry. Either neurofilament protein or 
protein gene product 9.5 may be used as neuronal marker for unmy-
elinated nerve fibers, whereby as little variation in staining intensity as 
possible should be aimed for. Subsequently, optical densimetry and 
randomized computerized counting methods can be applied to quanti-
tatively analyze the density of unmyelinated nerve fibers. Another 
limitation is that we have no clinical data to corroborate our laboratory 
findings. We do have a large personal experience based on surgeries 
performed in our center, which we have described in the discussion 
above. It is our intention to prepare a clinical study comparing temporo- 
lateral versus temporo-mesial dura mater manipulation in temporal 
versus extratemporal lobe surgery. 

5. Conclusion 

This study is the first, to our knowledge, that quantified densities of 
myelinated nerve fiber bundles in the temporomesial and temporo-
lateral region of the human dura mater overlying the middle cranial 
fossa. In addition to a different expression between these two regions, 
we also observed a decreased nerve fiber bundle density from mesial to 
lateral direction in each section, which remained significant when 
analyzed within each study subject separately. Assuming the dural 
innervation primarily consists of sensory afferent trigeminal nerve fi-
bers, the assumption can be made that the temporomesial dura mater is 
more pain sensitive than the temporolateral dura mater. Surgical 
micromanipulation of the temporomesial dura during temporal lobec-
tomy for drug-resistant epilepsy can contribute to the moderate to high 
incidence of new-onset post-craniotomy headache after temporal lobe 
surgery and should be avoided as much as possible. 
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