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Abstract. Background/Aim: Neurofibromatosis type 1 (NFI)
is an autosomal dominant hereditary disease that causes
tumors and many developmental disorders, e.g., cranial
dysplasia. The purpose of this retrospective study was to
analyse the pneumatisation of the sphenoid bone in NF1.
Patients and Methods: The anonymised lateral cephalograms
of 166 NF1 patients and 166 age- and sex-matched controls
were examined for anterior-posterior sphenoid pneumatisation.
The patient group analysis considered whether the patients had
been affected by a facial plexiform neurofibroma (FPNF).
Results: Sphenoid pneumatisation was significantly lower in
NF1 patients than in controls [odds ratio (OR)=0.184;
95%CI=0.11-0.32; p<0.001]. A FPNF statistically significantly
reduced sinus formation in patients (OR=0.38; p=0.002).
Conclusion: The condition ‘NF1’ has an effect on sphenoid
pneumatisation. The findings are relevant for planning surgical
procedures in this region and confirm current concepts to
evaluate NF1 as a histogenesis control gene. The examination
technique and basis of calculation presented here are easy-to-
use and low-irradiation exposure instruments for screening for
differences in sphenoid bone pneumatisation in defined
populations.
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Neurofibromatosis type 1 (NF1) is a relatively common
monogenic disorder with a plethora of findings and
symptoms (1). While the disease has been known for a long
time (2), there are many obvious and hidden skeletal
alterations in NF1 (3) of which the public is not aware (4,
5). NF1 patients usually have a lower-than-normal body
height (6), may show macrocranium (7), develop early
osteoporosis (8), may develop scalloping and pseudarthrosis
of bones (9, 10) and have skull defects (11). Particularly
striking findings of the skull are calvarial defects (11, 12)
and the diagnostically relevant sphenoid dysplasia (13). The
anterior skull defects and dysplasias are often (13), but not
always (14, 15), topographically related to a histologically
proven nerve sheath tumour that is characteristic for NF1:
plexiform neurofibroma (PNF) (16).

The NF1-associated pathognomonic bone dysplasia of the
cranial base affects the sphenoid wings (17) and the sella
turcica (18). A topographic correlation can be traced for both
skeletal alterations to adjacent unilaterally developed PNF of
the trigeminal nerve in the majority of patients (13, 19). The
sphenoid wings and sella turcica develop during embryonic
phases of coordinated cartilage and bone formation (20-22).
PNF is assumed to develop during prenatal phases of life
(23-26). Skeletal alterations in the area of the trigeminal
nerve of NF1 patients are frequently congenitally present and
are potentially caused or at least triggered by the adjacent
nerve (27, 28).

The sphenoid sinus is a well-defined structure of the
sphenoid bone that may show initial signs of development at
the time of birth (29). However, the sinus originates prior to
birth and is distinct to the region of the later osseous organ
as a pouch-like protuberance at the distal border of the
ethmoid mucosa. This primitive sinus lays anterior to the
pre-sphenoid (29-32). The actual development of the
sphenoid sinus occurs soon after birth (33-36), shows certain
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Figure 1. Schematic representation of sphenoid sinus size classification in anteroposterior direction (from left to right: post-sellar, sellar, pre-sellar,

and conchal; anterior is to the right).

growth spurt phases (37) and is highly variable in terms of
final total volume and spatial orientation of pneumatisation
(38). Previous studies on NF1-associated skull alterations
demonstrated dysplastic growth of hard tissue of the skull
base adjacent to a cranial nerve sheath tumour or arachnoidal
cyst (11, 13). Therefore, the question remains whether this
correlation between bone alteration and adjacent
neurofibroma in this region also applies to an intraosseous
bone transformation that becomes apparent only after birth.
The aim of this study was to determine sphenoid bone
pneumatisation on plain radiographs from NF1 patients. We
considered whether a potential influence on the sphenoid
pneumatisation can be defined as a general feature of the
disease or a local neurogenic tumour impact on the measured
item. We hypothesised that the disease influences
pneumatisation of the sphenoid sinus. Considering earlier
works on skeletal morphology of the paranasal sinuses in
neurofibromatosis (39, 40), we assumed that sphenoid
pneumatisation is less pronounced in NF1 patients,
especially in individuals with trigeminal PNF (41).

Patients and Methods

Group characteristics. The anonymised lateral cephalograms of 332
individuals were examined for anterior-posterior pneumatisation of
the sphenoid sinus. The total study population consisted of 166 NF1
patients and 166 control individuals.

Patient group. This study was conducted from February 1, 2019 to
January 31, 2020. NF1 patients were defined by updated diagnostic
criteria (3) [age: 5.39-78.33 years; 182 females and 150 males
(54.8%:45.2%); age group years (ys): 5 to <18: 92 (27.7%), 18 to
<40: 144 (43.4%), 40 to <60: 79 (23.8%), 60 to 80: 17 (5.1%)] and
are described elsewhere in detail (19, 41). The NF1 group was
differentiated according to disease-specific facial phenotypes (41).
NF1 patients who developed cutaneous neurofibromas of the
integument, optionally including the face, were defined as a group
termed ‘disseminated cutaneous neurofibroma’ patients (DCNF
group). By this definition, none of these patients had a facial
plexiform neurofibroma (FPNF). This diagnostic exclusion was
examined on the basis of histological findings in cases with
previous surgery in the facial area, supplemented by imaging of the
head and neck region, e.g., computed tomography and magnetic
resonance tomography, if available (19). The second NF1 group was
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characterised by a FPNF of a different size and extent (FPNF
group). In the vast majority of these patients, a clinical PNF
diagnosis was histologically confirmed in the context of tumour-
reductive and plastic-reconstructive interventions.

Reference group. This group was defined by randomly selected
cephalograms of individuals; one subject was matched to each NF1
patient by age and gender. Exclusion criteria for control radiographs
were patient history of known facial trauma or dysplasia or known
inherited disease. Furthermore, X-ray images with technical
deficiencies that impaired or made impossible the exact assessment
of the study region were excluded. The age of the selected controls
differed from the age of the NF1 patients for a maximum of +6
months, except for the small group of NF1 patients older than 60
years who were selected with an age difference of +4 years on
average. The X-ray controls were generated from the digital X-ray
archive of a dental practice for orthodontics, Hamburg (Hanna A.
Scheuer). These radiographs were archived after identification and
assignment to the complementary patient with age and gender
information, and personal data were replaced by sequential numbers
addressing radiographs for the NF1 patient and associated control.

Registration of cephalometric data. Lateral cephalograms were
performed according to a standard technique (42, 43). For digital
cephalometric evaluation, the X-ray images were scanned and
digitised as described elsewhere (41).

The X-rays were examined by the principle authors and an
orthodontist. The first and the senior author have over 30 years’
experience in the evaluation of cranial radiographs. If the definition
of a boundary of the sphenoidal sinus was ambiguous for the
individual, this item was determined by a consensus re-evaluation
of the X-ray image. The determination of the degree of
pneumatization was repeated after four weeks with 20
cephalograms. The results were in all cases consistent with the
assessment of the degree of pneumatization of the first examination.

Classification of the sphenoid sinus pneumatisation in lateral
cephalograms. The extent of sphenoid pneumatisation is defined
according to the relationship between cavity and sella turcica (29).
The typing of sphenoid bone pneumatisation used in this study is
widely implemented in anatomical and radiological diagnostics (44-
46) (Figures 1 and 2). In brief, staging of sphenoid bone
pneumatisation is related to the position of the cavity’s posterior
wall to the anterior sella border. Only the rudimentary
pneumatisation of the bone, which is by definition confined to areas
directly adjacent to the ethmoid, does not refer to the sella turcica;
it has become known as “conchal”. This term characterises the
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Figure 2. Sphenoid bone pneumatisation on lateral cephalograms (cropped images); A: post-sellar; B: sellar; C: pre-sellar; D: conchal; anterior

is to the right.

Table 1. Assignment of the pneumatisation stages to the respective diagnostic group (n=332).

Pneumatisation Conchal Presellar Sellar Postsellar Total
degree/group

N % N % N % N % N %
FPNF 12 16.2 17 23 29 39.2 16 21.6 74 100
DCNF 3 33 10 10.9 37 40.2 42 45.7 92 100
Co-FPNF 4 54 5 6.8 26 35.1 39 52.7 74 100
Co-DCNF 4 43 5 54 19 20.7 64 69.6 92 100
Total 23 6.9 37 11.1 111 334 161 48.5 332 100

N: Number; FPNF: facial plexiform neurofibroma; DCNF: disseminated cutaneous neurofibroma; Co-FPNF: control group of FPNF group;

Co-DCNF: control group of DCNF group.

relationship of a very small cavity to its origin from the ethmoid. A
sinus that reaches beyond the conchal region but does not attach to
the anterior sella’s border is referred to as laying in front of the sella
(“presellar”). A “sellar” pneumatisation is defined when the dorsal
boundary of the sphenoid sinus expands at least beyond the anterior,
with a slightly arched border towards the cup-like bottom of the
sella, but it ends prior to a line defined by the longitudinal axis of
the dorsum sellae and extends caudally into the body of the
sphenoid. A “postsellar” pneumatisation occurs when the
pneumatisation extends dorsally beyond this line.

The pneumatisation type was registered according to
topographical correlations, followed by numerical transfer into four
degrees in order of increasing dorsal pneumatisation: 1=conchal,
2=presellar, 3=sellar and 4=postsellar. A higher number represents
a more posterior pneumatisation. The value O for aplasia was not
assigned; even in the few cases with very low pneumatisation, there
was at least rudimentary radiotranslucency in the sphenoid body.
Radiological examination can detect the pneumatisation in only one
plane due to the selected projection. Therefore, side differences in
the pneumatisation of the bilaterally developed sphenoid bone were
neither recorded nor considered potential extensions of the
cavitation in other regions. The ordinal scaled values (see above)
were assigned to the study groups, and the data were prepared for
further statistical evaluations.

Age. Individual examinations were performed to determine the
influence of age on pneumatisation. The age limits of the group
definition included both the completed age of 14 (as the limit of
completed puberty) and the completed age of 18 (as the limit of
completed adolescence) in the calculations. Age limits were defined

by considering that pneumatisation is a developmental process that
extends over a well-documented period of time (35-37, 47).

Ethics. All patients provided informed consent to the scientific study
of X-ray images and evaluation of medical findings. The study
protocol was approved by the local University authority (Eppendorf
University Hospital, University of Hamburg, Hamburg, Germany,
17.05.2018) as a prerequisite to fulfil the requirement of a
dissertation in dentistry (Hannah T. Scheuer). All procedures in this
study involving human participants were performed in accordance
with the ethical standards of the institutional and/or national research
committee and with the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards. Data were anonymised
prior to analysis, and the investigators studying the radiographs were
blinded to diagnosis, identity of individuals and assignment of the
single case to a diagnostic group. The investigations of anonymised
data were performed in accordance with Hamburg Health Care Act
(Hamburgisches Gesundheitsdienstgesetz). According to the laws of
this federal state, studies of this type do not need to be assessed by
an ethics committee.

Statistical analysis. Chi-square test and Fisher’s exact test were
used to investigate differences in pneumatisation stages.
Continuous data were expressed as mean and standard deviation
[M (SD)] and compared with Student’s ¢-test. The estimators are
supplied with 95% confidence intervals (95%CI) and associated p-
values. Finally, an ordinal logistic regression model was used to
investigate the pneumatisation of the sphenoid bone, with group as
a factor: control, FPNF and DCNF. Statistical significance level
was set at p<0.05.

351



in vivo 35: 349-361 (2021)

Table II. Contribution of diagnostic groups to the total number of each pneumatisation stage (N=332).

Pneumatisation FPNF DCNF Co-FPNF Co-DCNF Total
degree/group

N % N % N % N % N %
Conchal 12 52.2 3 13 4 174 4 174 23 100
Presellar 17 459 10 27 5 135 5 135 37 100
Sellar 29 26.1 37 333 26 234 19 171 111 100
Postsellar 16 9.9 42 26.1 39 242 64 39.8 161 100
Total 74 223 92 27.7 74 223 92 27.7 332 100

N: Number; FPNF: facial plexiform neurofibroma; DCNF: disseminated cutaneous neurofibroma; Co-FPNF: control group of FPNF group; Co-

DCNEF: control group of DCNF group.

Results

The radiographs of 332 individuals were examined and
evaluated [182 females (54.8%) and 150 males (45.2%)]. The
age of the entire study group was between 5.39 and 78.33
years (ys) [females: 7.17-70.14 ys, M=32.92 (SD=14.06) ys;
males: 5.39-7833 ys, M=27.64 (SD=17.76) ys].

Differences in pneumatisation type frequencies were
obvious between the control and NF1 groups (Table I). More
than half of the conchal pneumatisations were diagnosed in
the FPNF group (Table II). Furthermore, almost half of all
presellar pneumatisations were also identified in this patient
group. Sellar pneumatisations were relatively common in all
groups. The number of cases with postellar pneumatisation
was low in FPNF patients (Table II).

General comparison of findings between diagnostic groups
showed that the degree of sphenoid bone pneumatisation in
NF1 patients was lower compared to controls.

The mean pneumatisation stage of the NF1 overall group
[n=166; mean: 3.01 (SD=0.94, SEM=0.07)] was lower
compared to the control group [n=166; mean: 4.46 (SD=0.8,
SEM=0.06)]. The difference was statistically highly significant
(p<0.001; 95%CI1=-0.65; —0.27; difference in means: —0.45).
The mean pneumatisation stage of the FPNF group [n=74;
mean: 2.66 (SD=0.1, SEM=0.12)] was lower than in the
corresponding control group [n=74; mean: 3.35 (SD=0.84,
SEM=0.1)]. The difference was statistically highly significant
(p<0.001; 95%CI=-0.99; —0.39; difference in means: 0.69).
The mean pneumatisation stage of the DCNF group [n=92;
mean: 3.28 (SD=0.79, SEM=0.08)] was lower than in the
corresponding control group [n=92; mean: 3.55 (SD=0.79,
SEM=0.08)]. The difference was statistically significant
(p=0.021; 95%CI=-0.5; —0.04; difference in means: —0.27).

There was a statistically significant difference in staged
sphenoid pneumatisation between males and females when
analysing the whole and the NF1 groups; this difference was
the slightest in the control group.

The mean pneumatisation stage of females in the entire
study group [n=182; mean: 3.38 (SD=0.78, SEM=0.058)]
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was more advanced than in males [n=150; mean: 3.05
(SD=1.02, SEM=0.083)]. This difference was statistically
highly significant (p<0.001; 95%CI=-0.53; —0.14; difference
in means: —0.331). The mean pneumatisation stage of female
NF1 patients [n=91; mean: 3.19 (SD=0.8, SEM=0.084)] was
more advanced than in male NF1 patients [n=75; mean: 2.29
(SD=1.04, SEM=0.12)]. This difference was statistically
significant (p<0.006; 95%CI=-0.68; —0.12; difference in
means: —0.4). The mean pneumatisation stage of the female
individuals in the control group [n=91; mean: 3.58 (SD=0.7,
SEM=0.073)] was more advanced than males of the control
group [n=75; mean: 3.32 (SD=0.92, SEM=0.11)] This
difference was statistically significant (p=0.044; 95%ClI=
-0.51; -0.014; difference in means: —0.262).

These comparisons did not consider age effects. Further
investigation demonstrated that the influence of the factor
‘gender’ is possibly an ‘age’ effect (¢-test: about 5 years age
difference, p=0.045).

The age comparison of females [n=91: mean: 32.99 ys
(SD=14.01, SEM=1.47)] and males [n=75; mean: 27.48 ys
(SD=17.7, SEM=2.04)] of the NF1 group shows a
statistically significant difference (p=0.026, 95%CI=-10.37;
—0.65; difference in means: —5.51). The age comparison of
females [n=91: mean 32.85 ys (SD=14.2, SEM=14.9)] and
males [n=75; mean: 27.81 ys (SD=17.95, SEM=2.07)] of the
control group shows a statistically significant difference
(p=0.045, 95%CI1=-9.97; —0.12; difference in means: —5.04).

Furthermore, the age difference between the FPNF group
[n=74; age: 27.09 ys (SD=16.23, SEM=1.89)] and the DCNF
group [n=92; age: 33.24 ys (SD=15.3, SEM=1.6)] was
statistically significant (z-test, age difference: —6.15 ys;
95%Cl=-11 to —1.3; p=0.013). The age difference between
the NF1 groups was due to the much earlier need for
treatment of FPNF patients. This phenomenon is due to the
more frequent indication for X-ray diagnosis earlier in life
in this patient group. To account for the age factor and the
developmental phase of the sinus, all groups were subdivided
according to the age criterion ‘completed eighteenth year of
life’. This analysis by individual groups revealed an increase
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Table III. Impact of age (=18 years versus <I8 years) on pneumatisation stage.

Calculated mean
pneumatisation degree

Group

Statistical comparison
(t-test)

Mean (SD) SEM Dift 95%Cl p-Value
FPNF <18 years 2.28 (0.92) 0.17 -0.64 -1.09; -0.18 0.007
(N=29)
FPNF =18 years 291 (0.97) 0.15
(N=45)
DCNF <18 years 2.59 (0.94) 0.23 -0.85 —1.24; -047 <0.001
(N=17)
DCNF =18 years 3.44 (0.66) 0.08
(N=75)
Co-FPNF <18 years 297 (1.02) 0.19 -0.64 -1.01; -0.26 0.001
(N=29)
Co-FPNF =18 years 3.60 (0.58) 0.09
(N=45)
Co-DCNF <18 years 2.82 (1.13) 0.27 -09 —1.28; -0.52 <0.001
(N=17)
Co-DCNF =18 years 3.72 (0.58) 0.07
(N=75)

N: Number; SD: standard deviation; SEM: standard error of the mean; CI: confidence interval; FPNF: facial plexiform neurofibroma; DCNF:
disseminated cutaneous neurofibroma; Co-FPNF: control group of FPNF group; Co-DCNF: control group of DCNF group; Diff: difference in means.

in pneumatisation for all groups; that is, the growth of the
cavity in the analysed projection was demonstrated for all
groups (Table III). Indeed, the difference in the FPNF group
between those over and under 18 years concerning the level
of pneumatisation is significant. It shows the age dependent
development of the sphenoid sinus. However, the degree of
pneumatisation in the FPNF group is significantly lower
even in young children and adolescents. The difference in
pneumatisation stages when comparing the age groups within
the FPNF group is smaller than in the DCNF group (Table
IIT). If the inclusion criterion of the analysis was age over 18
years, then there was no statistically significant difference in
the degree of sphenoid pneumatisation between the sexes in
either the control or NF1 groups (Tables IV and V). We also
identified interesting differences when comparing the groups
using this age criterion (Table VI):

The degree of sphenoid sinus pneumatisation did not differ
statistically significantly between the two control groups;

The pneumatisation stage was lower in both patient groups
compared to controls;

Sphenoid pneumatisation was significantly lower in the
FPNF group compared to the DCNF group.

Following these individual analyses, the measured values
and parameters were summarised and calculated in an ordinal
logistic regression model. The respective patient groups were
compared against the control group and with each other.
Prerequisite for the inclusion of a case in the calculation was
the completion of the pneumatisation of the sphenoid. We
decided to set the cut-off at 18 years to have safety margin to

the known range of terminal pneumatisation during puberty.
FPNF group showed an OR of 0.184 (95%CI=0.11-0.32;
p<0.001) compared to control, that means: a FPNF patient
had about one-fifth of the chance of a subject in the control
group to reach one step higher in pneumatisation degree
(DCNF group: OR=0.451; 95%CI1=0.27-0.75; p=0.002), i.e.
549% decreased chance to reach the next step in
pneumatisation compared to the control group). It follows that
the individual affected by NF1 is more likely to have a
considerably lower level of pneumatisation than the
representative of the age and gender-appropriate control
group, and this effect is further increased in patients with
FPNF. Adulthood, i.e., an age over 18 years resulted in an OR
of 4.8 (95%CI=0.34-7.9; p<0.001). Gender had no
statistically significant influence on the pneumatisation stage
(OR=1.51; 95%C1=0.98-2.34; p=0.063).

When comparing the patient groups (DCNF and FPNF)
with one another, the OR was 0.38 (p=0.002), that means
FPNF patients have a decreased chance to achieve a higher
degree of pneumatisation than the DCNF group by 62%.

Discussion

This study provides evidence for reduced sphenoid sinus
pneumatisation in the anterior-posterior direction, as
determined by lateral cephalograms of patients with the
syndromic disease NF1 compared to age- and sex-matched
controls. The difference in pneumatisation staging between
NF1 patients and controls became even greater when the
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Table IV. Impact of gender on pneumatisation stage in individuals aged =18 years.

Group Age Age Calculated mean Statistical comparison
comparison sphenoid of pneumatisation grade
(Mann- pneumatisation (r-test)
Whitney)
Female Male Female Male
N Mean Min; max N Mean Min; max p-Value N Mean SEM N Mean SEM Diff 95%CI p-Value
(years) (years) (years) (years) (SD) (SD)
FPNF
(N=45) 23 35 18.6;545 22 38 20.2;783 0.716 23 3.04(1.02) 021 22 277(0.92) 02 -0.27 -0.86;0.32 0.36
DCNF
(N=75) 51 387 184,635 24 375 19.3;66.7 0.555 51 341(0.7) 009 24 35(0.66) 0.14 0.09 -024;042 0.59
Co-FPNF
(N=45) 23 352 18.7;548 22 38 20.7;74 0.733 23 3.57(059) 0.12 22 3.64(0.58) 0.12 0.07 -0.28;042 0.69
Co-DCNF
(N=75) 51 385 18.1;70.1 24 387 20,762 0.883 51 3.69(0.65) 0.09 24 3.79(042) 0.085 -0.07 -0.53;0.39 0.75

N: Number; SD: standard deviation; SEM: standard error of the mean; CI: confidence interval; FPNF: facial plexiform neurofibroma, DCNF:
disseminated cutaneous neurofibroma; Co-FPNF: control group of FPNF group; Co-DCNF: control group of DCNF group; Diff: difference in means.

Table V. Differences in gender frequency in individuals aged =18 years in diagnostic groups and controls.

Age
Group Females Male p-Value?
N Mean (years) Min; max (years) N Mean (years) Min; max (years)

FPNF 23 35.22 18.6; 54.5 22 38.13 20.2;78.3 0.716
DCNF 51 38.74 18.3;63.5 24 37.5 19.3; 66.7 0.555
Co-FPNF 23 35.24 18.7; 54.8 22 38 20.7; 74 0.733
Co-DCNF 51 38.46 18.1; 70.1 24 38.7 20; 76.2 0.883
pb 0.554 0.993

aMann-Whitney (independent samples), statistically significant at level p<0.05; PKruskal-Wallis (independent samples), statistically significant at
level p<0.05. N: Number; FPNF: facial plexiform neurofibroma; DCNF: disseminated cutaneous neurofibroma; Co-FPNF: control group of FPNF

group; Co-DCNF: control group of DCNF group.

influence of a tumour pathognomonic in NF1, namely FPNF,
was considered. The pneumatisation grade of NF1 patients
with and without FPNF differed significantly.

Anterior skull base in NF1. There has been a great deal of
interest in the description of skull base dysplasia in NF1 (17,
48), in particular using imaging techniques (49, 50). While
initial descriptions refer to the study of individual or a few
cases [for review: (51)], there are several current studies
published on the radiographic morphology of the orbit and
the skull base in NF1 (52-55). However, the focus of studies
on skull base dysplasia in NF1 is on the pathognomonic
malformation of the sphenoid bone, especially the wings and
the sella turcica (18). Individual studies also focus on the
deformation of adjacent bones (11, 13, 54, 56), shortening of
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the anterior skull base (57), and they discuss surgical
procedures to correct orbital dysplasia (58-62). Some authors
are concerned with whether the sphenoid bone changes are
genuine skeletal malformations or the consequence of a
tumour manifestation, but they do not address the
pneumatisation of the bone (13, 63-65). Indeed, sphenoid
pneumatisation in NF1 patients has not been studied in
detail. Earlier radiological studies have already indicated that
pneumatisation of paranasal sinuses may be altered in
neurofibromatosis patients. However, this observation is only
supported by a cursory indication (66).

Altered paranasal sinuses in NFI. Systematic studies on the
radiological morphology of paranasal sinuses in the context
of NF1 were performed for the maxillary sinus (40). The
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Table VI. Comparison of pneumatisation stages for individuals =18
years old (NF1 versus control groups).

Group Pneumatisation Comparison (z-test)
Mean (SD) SEM Diff  95%Cl  p-Value

FPNF (N=45) 291 (0973) 0.145

Vs. Vs. Vs. -0.69 -1.02; 04 <0.001

Co-FPNF (N=45) 3.6 (3.6) 0.086

FPNF (N=45) 291 (0973) 0.145

Vs. Vs. Vs. -0.53 -0.83; -0.23 0.001

DCNF (N=75) 344 (0.663)  0.08

DCNF (N=75) 3.44 (0.66) 0.08

Vs. Vs. Vs. -0.28 —0.48;0.08 0.007

Co-DCNF (N=75) 3.72 (0.58) 0.07

Co-FPNF (N=45) 3.6 (0.58) 0.086

Vs. Vs. Vs. -0.12 -0,34;0.1 0.28

Co-DCNF (N=75) 3.72(0.58)  0.067

N: Number; NF1: neurofibromatosis type 1; SD: standard deviation;
SEM: standard error of the mean; CI: confidence interval; FPNF: facial
plexiform neurofibroma; DCNF: disseminated cutaneous neurofibroma;
Co-FPNF: control group of FPNF group; Co-DCNF: control group of
DCNF group; Diff: difference in means.

results suggest the relationship between unilateral
hypoplastic maxillary sinus and orbital deformation of the
same side. In these cases, the impact of a growing FPNF on
the enlargement of the orbit at the expense of the maxillary
sinus is discussed (39). Both the maxillary and sphenoid
sinus almost completely develop postnatally (29). Therefore,
comparison of impaired pneumatisation of these sinuses and
certain facial phenotypes in NF1 is evident. However, a
corresponding oval-like deformity of the increased orbit and
latero-caudal extension of orbital rim is very common in the
case of NF1-associated hypoplastic maxillary sinus (67). The
orbit is regularly affected by the invasion of a diffuse PNF
(13). These radiological signs indicate that the tumour may
have grown beyond the orbit into the face. In general, the
cheek is also largely infiltrated by the tumour, which
typically grows in continuity with the orbital mass (39, 40,
67). From this established constellation of morphological
findings, one can deduce that the hypoplastic maxillary sinus
in NF1 is usually not an independent or ‘spontaneous’ event.
It is much more likely the result of growth inhibition due to
the enlarged orbit and extensive FPNF growth (56).

Altered sphenoid bone in NFI. A direct relationship between
FPNF and skeletal dysplasia is described in detail for the
sphenoid wing (13). However, an adjacent tumour has not
been detected in all cases of surgically explored sphenoid
bone dysplasia (14, 15, 68). Alternatively, arachnoid cysts
may have the same inhibiting effects on bone formation or
preservation as an orbitally extending FPNF (11). Indeed, a

growing arachnoid cyst can — analogous to PNF growth —
contribute to the sometimes-progressive reduction of adjacent
bones and protrusion of soft tissues (68). From these
observations and studies on the malformation of the sphenoid
bone in NF1, it follows that topographically closely related
soft tissue alterations (FPNF and cyst) can usually be detected
in this bone deformity as well as in maxillary sinus
pathologies (deformity and hypoplasia). In contrast, the less
pneumatised sphenoid sinus of NF1 patients is not adequately
explained by an adjacent nerve sheath tumour because the
effect is already conspicuous in patients of the DCNF group.
In the FPNF group, this finding is slightly more pronounced.
Thus, the pathogenesis of reduced sphenoid pneumatisation
differs from the unilateral hypoplasia of the maxillary sinus
in NF1. The cause for the difference in pneumatisation of
sphenoid and maxilla in NF1 is unknown. Some authors
suggest a possible association between conspicuous
cephalometric findings, such as shortened anterior skull base,
and bone haploinsufficiency in NF1 patients (57).
Haploinsufficiency of the bone is an important factor for
pseudarthrosis of long bones in NF1 (10, 69). On the other
hand, the constitutive mutation of the NF/ gene may exert an
effect on cellular components of the mucous membrane of the
sinus that results in impaired aeration of the bone (70). We
have no experience with mucosal examination of the
sphenoid sinus in NF1. Database research did not yield any
results on this topic. In a single case, we observed a maxillary
sinus cyst in a child with NF1 that was not a cyst but rather
a diffuse neurofibroma of the mucosa of the maxillary sinus.
However, the tumour had no effect on the symmetrical
development of the sinus walls at the time of surgery. We
suspect this finding to be a rare case of a limited
neurofibroma arising in the maxillary sinus; it probably
originated postnatally in an already developed sinus.

Development of the sphenoid sinus. The sphenoid sinus
develops shortly after birth (29), although radiological proof
of a cavity does not exist until around the second year of life
in the majority of cases (36, 71, 72). In the formation of
paranasal cavities, uniform involuting processes occur in
preparation of the formation of the respective cavity (73).
Bone marrow conversion occurs prior to development of
intraosseous cavity formation. This process is visible in
cross-sectional imaging (33). Further formation of the cavity
occurs during childhood, and the definitive size of the sinus
is reached around the time of puberty (71, 74). Thus, we
assumed that determining the lower limit of 18 years of age
in evaluating sinus pneumatisation would ensure that no
individuals were included for whom substantial growth
spurts of the sinus would have been considered.

Some authors suggest that the paranasal sinus develops
completely different compared to the ethmoid (32).
Phylogenetic arguments for the separate development of the
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respiratory and olfactory organs exist regarding this
assessment (75). In particular, the occasional observable
arrest of pneumatisation of the paranasal sinus in healthy
subjects who show normal ethmoid development indicates
that the paranasal sinuses are not organs that merely develop
as a postnatal extension of the ethmoid (30, 76). As far as
can be assessed by the radiological projection of this study,
ethmoid pneumatisation was normal in both study groups.

Size and shape of the sphenoid sinus. The sphenoid sinus is
considered the most variable of the paranasal sinus (29).
There are variations in the sinus size range from aplasia to
the aeration of adjacent skull base bones. All these variants
are to be regarded as normal, unless further findings that are
to be regarded as pathological occur simultaneously in an
individual case. It follows that the size and shape of the
intact sphenoid sinus has no diagnostic value as a single
parameter. However, hypoplasia of the sinus that is
reproducibly associated with a disease can be used as a
diagnostic aid (see below). Agenesis of the sphenoid sinus is
rare outside syndromes (77, 78). Hyperaeration of the sinus,
for example, can cause functional and aesthetic impairments
by broad connection of the paranasal sinus to each other and
protrusion of the sinus walls beyond the natural borders of
the skull (79). Such extreme hyperaeration and/or hypoplasia
of the sinuses were absent in the study groups.

Nerve supply of sphenoid bone and sinus. The course of the
terminal branches of the trigeminal nerve that supplies the
sphenoid sinus reflects emergence of the sphenoid sinus from
the dorsal boundary of ethmoid (29). In early embryonic
phases, the branches of the trigeminal nerve and the
precursors of the sphenoid develop close together. For
example, the cartilaginous preformation of the trigeminal
nerve’s bony foramina rapidly follows the development of
the nerve branches (20-22, 80-82). A sphenoidal nerve
differentiates early in the foetal period as a communicating
branch between the otic and pterygopalatine ganglia (83). In
the course of both neural differentiation and cartilage
development, the nerve is extended and displaced by the
developing ala temporalis while remaining in close contact
with the hard tissue (84).

The sensory innervation of the sphenoid sinus occurs via
the trigeminal nerve (85). After leaving the Gasserian
ganglion, the branches of the nerve are embedded into
peripheral nerve sheath cells (86). The vessels of the
trigeminal branches are also surrounded by a dense network
of peripheral nerves (87). However, information on the neural
anatomy is inconsistent, specifically as to which branch of the
trigeminal nerve provides sensory supply to the sinus. Some
authors describe the innervation of the sphenoid sinus as the
property of terminal branches of the posterior ethmoidal
nerve (88), a branch of the nasociliary nerve, which in turn
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is a major branch of the ophthalmic nerve (85). Other authors
agree that the innervation occurs via terminal branches of the
first and second trigeminal nerve branch, in particular rami
orbitales (89, 90). These differences in anatomical description
may also be due to the fact that the posterior ethmoidal nerve
is not regularly developed or detectable (90). Regardless of
this assessment, the trigeminal nerve supplies the sphenoid
sinus mucosa. However, there are numerous communications
between the branches of the trigeminal nerve and the facial
nerve, especially for the maxillary nerve (91, 92). The
glandular secretion of the sphenoid sinus is controlled via
terminal branches of the facial nerve (89). As a bone nerve
(‘Knochennerv’), the spinosus nerve is described; it branches
off as the first branch of the mandibular nerve before or after
the passage of the main branch through the oval foramen and
innervates the sphenoid (93). The spinosus nerve also
supplies the adjacent meninges (94). These cursory references
to the neural anatomy of the sphenoid document the intimate
intertwining of the main branches of the trigeminal nerve
with the development of the sphenoid bone and adjacent soft
tissue (11, 13).

Classification of sphenoid sinus pneumatisation. The
classifications of sphenoid pneumatisation vary considerably
(31, 46, 95-97). Therefore, comparisons of the frequency of
pneumatisation types must consider the age range and gender
distribution of each study and also examine the definition of
each label that addresses a pneumatisation stage. For
example, neither the term ‘presellar’ nor ‘sellar’ is
unequivocally used in studies on sphenoid pneumatisation
(46, 96-99). Furthermore, reviews and individual studies
have indicated that there are significant ethnic differences in
sphenoid pneumatisation (99, 100). Considering these
limitations of data comparability, conchal pneumatisations in
adults are usually below 5%, sellar pneumatisations
constitute approximately half of the cases and postsellar
pneumatisations are generally around 30% (46, 101-103).
Larger variations exist in the published frequencies of
presellar pneumatisations, for which ethnic differences must
be considered (103). In comparison with frequency
distributions of sphenoid pneumatisation presented in the
literature, data of the control groups correspond to these
general assessments (46, 101, 102, 104). The proportion of
conchal pneumatisations of the FPNF group is significantly
higher than in other studies on sphenoid bone pneumatisation
of non-syndromal populations. The proportion of presellar
pneumatisations is also very high in the FPNF group. While
the number of presellar pneumatisations in the DCNF group
is high, this proportion is also achieved in studies of non-
NF1 patients from other countries (103). For the above
reasons, analysis of patients with age- and sex-matched
controls is advantageous in order to detect discrete
differences in a defined population.
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Altered pneumatisation of the sphenoid sinus in various
diseases. Sphenoid bone pneumatisation is noticeably altered
in some diseases. A small sphenoid sinus on lateral skull
radiographs is characteristic in cystic fibrosis (CF). Sinus
hypoplasia is so characteristic of this disease that it has been
noted that CF diagnosis should be checked if the sphenoid’s
pneumatisation is apparently of normal size (105).
Interestingly, there is a genotype-phenotype correlation for
the sphenoid pneumatisation in CF (106, 107). By far the
most common mutation in the gene responsible for CF (108)
is associated with a significantly lower sphenoid
pneumatisation on lateral X-ray images of the skull
compared to other pathogenic mutations in CF (106). The
general hypoplasia of paranasal cavities is considered to be
a direct result of primary growth hormone insensitivity of the
bone in Laron syndrome (109). Hypoplasia of the sphenoid
sinus is frequently observed in patients with trisomy 21. In
these cases, the proportion of conchal sinus type and missing
aeration is very high (110, 111). In contrast, hyperaeration
of the sphenoid sinus is a common finding in patients with
a different type of aneuploidy, namely Klinefelter syndrome
(112), and a known finding in other complex syndromes
(111, 113). These phenomena provide evidence of genetic
influences on the development of paranasal sinuses. The
frequently diagnosed arrest of sphenoid pneumatisation in
sickle cell disease suggests an impaired vascular component
active in the fatty involution of the bone as a prerequisite of
cavitation (114, 115).

Conclusion

Patients with NF1 show less pneumatised sphenoid bone
than control individuals of the same age and sex. The initial
hypothesis was accepted. The results may be useful for
planning skull base surgery in NF1 patients (116). Lateral
cephalometry is a low-exposure study technique, but it
requires complementary cross-sectional imaging for special
surgical applications (117). The results confirm accepted
assessments of NF1 as a syndrome with an extremely wide
range of skeletal findings (69). The presented study supports
current concepts emphasising the NF/ gene’s histogenesis
control  functions (118), besides the well-known
characterisation of NF1 as a tumour-predisposition syndrome
(26, 119). The examination technique and basis of
calculation presented here are easy-to-use and low-irradiation
exposure instruments for screening for differences in
sphenoid bone pneumatisation in defined populations.
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