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1 | INTRODUCTION

The bones that surround the nasal cavity of the human cranium char-
acteristically possess pneumatic sinuses that develop through reab-

sorption of the cartilaginous nasal capsule (Butaric, Buck, et al., 2022;
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Abstract

Obijectives: To document frontal sinus volume (FSV) in a sample of sub-Saharan Afri-
cans with a view to evaluating claims that such populations exhibit comparatively
small sinuses. This study also addresses questions related to sexual dimorphism, inci-
dence of sinus aplasia, and the possibility that FSV continues to increase through
adulthood.

Materials and methods: FSV was measured from CT scans of adult crania from the
Dart Collection. Sex and age were known for each individual. Linear cranial dimen-
sions were used to compute a geometric mean from which a scaled FSV was com-
puted for each cranium.

Results: FSV does not differ significantly between sexes, but females exhibit a higher
incidence of aplasia. There is considerable variation in FSV in this sample, with the
average ranking among the higher means reported for other population samples. The
incidence of FS aplasia falls within the range of values recorded for other population
samples. Although our study is cross-sectional rather than longitudinal, there is
strong evidence that FSV continues to increase with age throughout adulthood.
Discussion: The FSV mean of our sample contradicts the notion that sub-Saharan
Africans possess small sinuses. In a global context, geography (climate and altitude)
does not appear to be related to FSV. The absence of sexual dimorphism in our sam-
ple is unexpected, as significant dimorphism has been reported for most other popu-
lation samples. Our results support other indications that the frontal sinus continues
to expand throughout adulthood, especially in females, and that it is likely due to

bone resorption.

KEYWORDS
aplasia, ontogeny, osteoporosis, sexual dimorphism

Nambiar et al.,, 1999). In hominins, sinuses occur in the frontal, maxil-
lae, sphenoid and ethmoid; while maxillary and sphenoidal sinuses are
present in all hominoids, the frontal and ethmoid sinuses are found
only in hominines (Cave & Haines, 1940; Ward & Brown, 1986).
Among the paranasal sinuses, the frontal has garnered the most
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interest in anthropological and forensic contexts (Balzeau et al., 2022;
Besana & Rogers, 2010; Butaric, Buck, et al., 2022; Butaric, Richman, &
Garvin, 2022; Christensen & Hatch, 2018; Cox et al, 2009;
Keir, 2009; Kim et al., 2013; Patil et al., 2012; Quatrehomme
et al., 1996; Rae & Koppe, 2004; Tatlisumak et al., 2007; Uthman
etal, 2010).

A number of purported structural and physiological functions

have been ascribed to the paranasal sinuses (see Marquez, 2008 for a
detailed review). In particular, the frontal sinus has been argued to
serve as a means by which the cranium is lightened and speech reso-
nance is maximized (e.g., Davis et al., 1996), to provide protection for
the brain (e.g., Davis et al., 1996), to act as a nasal defense against
invading microorganisms through the production of nitric oxide
(Cardell, 2002; Lundberg, 2008; Lundberg et al., 1995), or to assist in
the maintenance of internal cranial temperature and to humidify
inhaled air (Gannon et al., 1997; Eckert-Mobius, 1933; Negus, 1957).
It has also been hypothesized that the frontal sinus of modern
humans is an evolutionary remnant—in the sense of the Spandrels of
Gould and Lewontin (1979)—that serves no function at all (Keir, 2009;
Negus, 1957). Balzeau et al. (2022) have suggested that while the
large supraorbital tori of early hominin species may have allowed
the frontal sinus to develop isometrically with endocranial size, pneu-
matization is constrained in recent Homo sapiens owing to the greatly
reduced size of these frontal superstructures. However, Butaric, Buck,
et al. (2022) have argued that although such features likely influence
taxonomic differences in frontal sinus expansion, they are likely not

the only factor involved.

1.1 | Climate and geography
Among the various hypotheses that have been advanced in relation to
the function(s) of the frontal sinus, those that have seemingly received
the most attention pertain to climate and geography (e.g., Asirdizer
et al.,, 2017; Balzeau et al., 2022; Butaric, 2013; Butaric et al., 2020;
Hanson & Owsley, 1980; Koertvelyessy, 1972; Lynnerup et al., 1999;
Noback et al., 2016; Selcuk et al., 2015; Tastemur et al., 2022). While
the majority of these aforementioned studies have reported a correla-
tion between frontal sinus size and climate, some (e.g. Butaric
et al., 2020; Hanson & Owsley, 1980; Koertvelyessy, 1972; Noback
et al., 2016) have observed it to be smaller or to be more frequently
absent in individuals that inhabit cold-climates (e.g., Greenlanders and
Alaskan Inuit). Asirdizer et al. (2017), by contrast, observed frontal
sinus volumes to be larger in a population living in a colder climate
and at higher altitude than one in a warmer climate and lower altitude.
On the other hand, Selcuk et al. (2015) found no significant differ-
ence in frontal sinus volumes in relation to either climate or altitude in
two Turkish populations, and Balzeau et al. (2022), who examined
frontal sinus size in a number of recent human samples with a world-
wide distribution, concluded that while there are significant size dif-
ferences between different geographic regions, these differences are

not related to climate. Butaric, Buck, et al. (2022) reached a similar

conclusion, that clear climatic adaptive trends are not apparent among
recent human populations.

At the same time, however, despite the high degree of variabil-
ity in frontal sinus size that tends to characterize most recent
human populations (Balzeau et al., 2022), there are some notable
trends that seem to differentiate populations from different geo-
graphic regions. For example, Butaric, Buck, et al. (2022) observed
that sub-Saharan Africans tend, on average, to exhibit smaller fron-
tal sinuses than other populations. However, the number of sub-
Saharan populations for which frontal sinus volumes have been
recorded is rather limited by comparison to other continental
regions. Thus, Butaric, Buck, et al. (2022): table 11.4 were able to
list only three studies of sub-Saharan populations—two on West
Africans and one restricted to South African Nguni-speakers
(Zulu)—in comparison to the 34 samples of populations from the
Middle East, Europe, South and East Asia and South and Central
America for which volumetric determinations from CT scans have

been published.

1.2 | Sexual dimorphism
Sexual dimorphism in body size may serve strategic evolutionary fit-
ness goals, where intrasexual competition puts reproductive pressure
on males to be larger than females (Kleisner et al., 2021). Sexual
dimorphism affects craniofacial size and morphology in modern
humans (e.g., de Villiers, 1968a; Franklin et al., 2005, 2013; is_,can
et al, 1995; Kimmerle et al., 2008; Kriiger et al., 2015; Steyn &
igcan, 1998; Toneva et al, 2022; Uytterschaut, 1986; Wood &
Lynch, 1996), although it is clear that differences between the sexes
may be population-specific for various traits (e.g., Milella et al., 2021).
It is, therefore, unsurprising that sexual dimorphism in frontal sinus
size has been extensively investigated (e.g., Abate et al., 2022; Eksi
et al., 2021; Zulkiflee et al., 2022 and references therein). Most stud-
ies contend that significant sexual dimorphism in frontal sinus volume
is prevalent (e.g., Butaric, Buck, et al., 2022; Cechova et al., 2019;
Shireen et al., 2019; Tatlisumak et al, 2017; Uthman et al., 2010;
Vance, 2021), although other studies have reported an absence of sig-
nificant dimorphism (e.g., Goyal et al., 2013; Nethan et al., 2018;
Robles et al., 2020). It is possible that high inter-individual variation of
the frontal sinus may result in a lower degree of average sexual dimor-
phism. Overall, sexual dimorphism of the frontal sinus may differ by
population and different methods of its assessment may influence
results. In considering sexually dimorphic morphological features that
may relate to the frontal sinus, Zollikofer et al. (2008) suggested that a
prominent glabella, in conjunction with a well-defined supra-glabellar
depression, is often associated with small and/or absent frontal
sinuses.

While sexual dimorphism in frontal sinus volume has been rather
extensively investigated in Middle Eastern, European, and East Asian
population samples, it has yet to be reported for any sub-Saharan Afri-

can sample.
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1.3 | Frontal sinus growth

The frontal sinus develops from ethmoidal cells at about 2 years of
age, becoming evident via plain film radiography typically at about
5 to 8 years of age (Dolan, 1982; Duque & Casiano, 2005; Tatlisumak
et al., 2007). Frontal sinus enlargement typically displays an adoles-
cent growth spurt (e.g., Gagliardi et al., 2004), but there is disagree-
ment over the age at which it ceases growth and how this may differ
among males and females.

Overall, most studies assert that frontal sinus pneumatization is
largely completed at about 18-20 years of age (Brown et al., 1984; Fatu
et al., 2006; Rennie et al., 2017; Sardi et al., 2018; Spaeth et al., 1997;
Yun et al., 2011), but it may occur earlier in females (Brown et al., 1984;
Gagliardi et al., 2004; Sardi et al., 2018). Prossinger (2001) predicted
adult size to be attained somewhat later at 23.6 years in males and
19 years in females on the basis of a sigmoid growth function developed
for a sample of 3 to 11-year-old children. Similarly, Karakas and
Kavakli (2005) reported an increase in volume in individuals over the
age of 25, and frontal sinus enlargement has been documented into the
third or fourth decade (e.g, Mclaughlin et al., 2001; Tatlisumak
et al.,, 2008). Indeed, Tatlisumak et al. (2016) have reported an increase
in size into the sixth decade in females, although they observed a
decrease from about the fourth decade in males. It is, however, difficult
to envision the mechanism by which the frontal sinus would shrink in
the absence of abnormal adult bone growth such as might be evident in
Paget's Disease, melorheostosis, or ossific tumors.

It is important to note that all the age-based studies conducted to
date, save for those by Brown et al. (1984) and Gagliardi et al. (2004),
have been conducted on cross-sectional samples rather than longitudinal
series. Both Brown et al. (1984) and Gagliardi et al. (2004) measured lat-
eral flat plane cephalograms, and the ontogenetic series examined did
not extend beyond the end of ossific fusion of the wrist (Gagliardi
et al., 2004) or 24 years of age (Brown et al., 1984). As such, as noted by
Butaric, Campbell, et al. (2022), the actual specific growth patterns exhib-
ited by individuals remain poorly known. Only the longitudinal study of
Brown et al. (1984) examined the development of the frontal sinus
beyond the end of adolescent growth. Brown et al. (1984) observed that
only seven out of 28 (i.e., 25%) individuals over the age of 24 showed
any increase in size, and this was less than three millimeters.

Bone fragility, which results from a reduction in bone mass and
density (Tranquilli Leali et al., 2009), has been cited as a potential
cause of sinus enlargement among elderly individuals (Fatu
et al., 2006; Landsberg & Friedman, 2001; Nambiar et al., 1999;
Shapiro & Schorr, 1980). However, it has also been argued that age-
related degenerative processes decrease frontal sinus volume instead
(Akhlaghi et al., 2016).

14 |
caveats

Assessment of frontal sinus volume—Some

The size of the frontal sinus has been assessed by obtaining both lin-

ear and volumetric measurements utilizing different techniques. Either

T \v1 £y | o

flat-plane AP and/or ML radiographs, or CT scans are most commonly

employed to determine size. Comparability of data among different
studies depends heavily upon the technique that each study
employed.

A number of studies have recorded linear dimensions from flat-
plane radiographs (e.g., Buckland-Wright, 1970; Hanson &
Owsley, 1980; Nethan et al., 2018; Rubiera-Bullen et al., 2010; Ruiz &
Wafae, 2004; Wolfowitz, 1974), and from CT scans (e.g., Akhlaghi
et al., 2016; Asirdizer et al, 2017; Aslier et al., 2016; Pondé
et al., 2003; Tatlisumak et al., 2008, 2016; Uthman et al., 2010; Yun
etal, 2011).

Linear variables may be determined by employing either “anatom-
ical” or “projected” dimensions of the sinus cavities (Butaric, Buck,
et al., 2022), and while the former more accurately reflect the actual
size of the sinus, almost all studies have utilized ‘projected’ values.
Very few (e.g., Motawei et al, 2016) have used ‘anatomical’
values. Volumes may be estimated through the application of standard
geometric formulae to linear dimensions (e.g., Asirdizer et al., 2017
Emirzeoglu et al, 2007; Karakas & Kavakli, 2005; Tatlisumak
etal.,, 2016).

Sinus volume may also be estimated using centroid size from CT
scans (e.g., Maddux & Butaric, 2017) or by using their ellipsoid diame-
ters (e.g., Adibelli et al., 2011), although both methods will undoubt-
edly overestimate the actual volume (Adibelli et al., 2011). Sinus
volume may be measured more accurately by reconstructing 3D
models through CT scan segmentation (e.g., Butaric, 2015; Butaric,
Buck, et al., 2022).

Although CT scan segmentation will provide the most accurate
determination of sinus volume, the determination of the inferior
boundary of the frontal sinus varies considerably even among studies
that have used this methodology. Because the frontal sinus is pneu-
matized initially as an upwards expansion of the ethmoidal air cells,
they may be continuous and difficult to delineate from one another.
For example, Yun et al. (2011, p. 463) observed that in a number of
specimens in their study “the inferior border of the frontal sinus adja-
cent to the ethmoid sinus was not distinct.” This is clearly illustrated
by Rennie et al. (2017, Figure 1) in their 3D reconstruction of the
paranasal sinuses. Here the frontal and ethmoidal are broadly continu-
ous, and are demarcated from one another by a horizontal line the
level of which is wholly undefined by any ossific landmark. Because
the delineation of the frontal from the ethmoidal sinuses may not
always be straightforward, a variety of landmarks have been
employed to define the inferior limit of the frontal sinus. In some stud-
ies (e.g, Hanson & Owsley, 1980; Kim et al, 2013;
Koertvelyessy, 1972), a “horizontal” line tangent to the upper margins
of the orbits has been used as the “baseline,” while others
(e.g., Rubiera-Bullen et al., 2010; Wolfowitz, 1974; Yun et al., 2011)
have employed the nasofrontal suture to define this boundary. Aslier
et al. (2016, p. 925) employed the lower border of the frontal ostium,
which they defined as “the narrowest cross-sectional area over [the
inferior section of the] frontal recess.” This point is located in the
medial aspect of the frontal sinus floor and is continuous with

the frontal sinus infundibulum, which may be situated below the level
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of the cribriform plate, and therefore difficult to define. Butaric, Buck,
et al. (2022) employed the level of the infundibulum to define the
inferior extent of the frontal sinus. Noback et al. (2016: 2) defined

the lower border of the frontal sinus “at the level of the frontal

process,” although they failed to define what the ‘frontal process'
actually refers to.

The inferior boundary of the frontal sinus has also been identified
as coincident with the junction of the crista galli and the cribriform
plate of the ethmoid (e.g., Nethan et al., 2018; Ruiz & Wafae, 2004;
Schuller, 1943). This seems to be perhaps the most reasonable ana-
tomical landmark in that it is not only easily identified radiographically,
but the cribriform plate forms the roof of the ethmoid bone. As such,
any pneumatic space superior to it is reasonably identified as the fron-
tal sinus.

Clearly, the use of these different landmarks by which to deter-
mine the lower border of the frontal sinus will impact the resultant
measurement of its size. For example, the use of the superior margin
of the orbit, which is situated well above the level of the cribriform
plate, will result in the loss of any of the frontal sinus that may exist in
the interorbital process of the frontal bone. This serves as a caveat on
the limitations of comparisons among results from various studies in
which different definitions of the inferior border of the frontal sinus
have been employed. Unfortunately, a significant number of studies
have failed to specify the method that was used to determine the
frontal from the ethmoidal sinus. Indeed, among the 21 studies listed
by Butaric, Buck, et al. (2022: Table 11.4) that reported frontal sinus
volumes as determined from CT scans, only four (Aslier et al., 2016;
Kim et al., 2013; Noback et al., 2016; Yun et al., 2011) provided infor-
mation on the method. The data from these studies must be treated
with caution when comparing reported volumes.

Another potential limitation to the comparison of frontal sinus
volumes that have been recorded for different population samples
arises from the variation in overall cranial size that may be evident
between populations from different parts of the globe. For example,
Matsumura et al. (2022) assessed regional diversity in cranial form
based on skulls from 148 ethnic groups worldwide and observed that
the greatest variation detected was in overall size, with the second
largest variation being in the length/breadth proportion of the neuro-
cranium. This same caveat pertains to the examination of sexual
dimorphism in frontal sinus size, since male and female crania tend to
be dimorphic in overall size (e.g., Gonzalez et al., 2011; Toneva
et al., 2022) in conjunction with differences in overall body size.

Frontal sinus size is most often treated as an absolute value. Very
few studies have attempted to scale it against cranial size, and among
those that have, it is often scaled against a single cranial measurement,
such as the distance between the lateral most points on the zygomati-
cofrontal sutures (i.e., frontomolare temporale; Rae et al, 2011),
between the two frontomolare (e.g., Noback et al., 2016), or between
glabella and frontomolare temporale (e.g., Butaric et al., 2020; Butaric,
Buck, et al., 2022). While this may provide the only scaling factor that is
available for damaged fossils, scaling via a single linear measurement is
not ideal (Buck et al., 2019; Rae & Koppe, 2000).

1.5 | Purpose of this study

In this study, we assess the notion that sub-Saharan Africans possess
small frontal sinuses in comparison to other globally distributed popu-
lations (e.g., Butaric, Buck, et al., 2022; Rennie et al., 2017). As noted
above, while volumetric data have been recorded from CT scans for
numerous (n = 34) samples of Middle Eastern, European, Asian and
South American populations, we examine a population sample of
black South Africans to add to the meager number of indigenous sub-
Saharan samples that are currently available (n = 3). Data from this
study will also be used to investigate questions regarding the expres-
sion of sexual dimorphism in frontal sinus volume. We also provide
cross-sectional age-related data to address the question of whether

the frontal sinus continues to expand in size into adulthood.

2 | MATERIALS

21 | The indigenous black South African
population sample

The present study is based on an initial sample of 161 crania from
cadaveric skeletons in the Raymond A. Dart Collection, School of
Anatomical Sciences, Faculty of Health Sciences, University of the
Witwatersrand Medical School, Johannesburg, South Africa. The sex,
year of death, and linguistic (“tribal”) identity are known for every
individual comprising this sample (Dayal et al., 2009). All crania were
from adult individuals (i.e., 218 years) and free of any obvious
pathologies. While it is probable that the actual ontogenetic age was
known for a good number of individuals, this is likely to have been
estimated for at least some. We employed actual/estimated ontoge-
netic age at death to ensure that our sample was not biased toward
aged adults.

The sample is comprised by individuals who are speakers of the
“S” group Bantu languages. In South Africa, this is composed of two
principal branches, the Sotho-Tswana (Sesotho and Setswana)
(S (0) 0.30) and the Zunda-Nguni (isiXhosa and isiZulu) (S (0) 0.40)
(Bailey, 1995; Guthrie, 1967-1971; Maho, 2009). Sesotho and Sets-
wana speaking individuals are represented in roughly equal numbers,
constituting some 38% of the entire sample, whereas isiXhosa and
isiZulu-speaking individuals are considerably more abundant, form-
ing 62% of the sample. These proportions are roughly in keeping
with their current embodiment in South Africa, where the Sotho-
Tswana represent about 16% and the Zunda-Nguni nearly 39% of
the black population at large (South African Census 2011). These
South African individuals are closely related genetically (Choudhury
et al, 2017; Gonzdlez-Santos et al., 2015; Henn et al, 2011;
Schuster et al., 2010). Although there is some genetic divergence
among Bantu-speakers across sub-Saharan Africa due to differential
regional gene flow and founder effects, a common majority western
Africa ancestry links most of these populations (Gonzélez-Santos
et al., 2015).
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2.2 | Excluded crania—The final sample

In the vast majority of crania examined, the calotte had been removed
from the base using a narrow blade electric bone saw during anatomi-
cal dissections at the School of Anatomical Sciences, University of the
Witwatersrand. However, in only two (2) instances did this compro-
mise our ability to accurately reconstruct the frontal sinus.

Following Butaric et al. (2020); Butaric, Buck, et al. (2022) individ-
uals with total (i.e., bilateral) frontal sinus aplasia were excluded from
the sample-mean calculation of frontal sinus volume. This appears to
be a standard procedure adopted by others, since inclusion of crania
with aplasia would entail including data points of “0.00 mL.” Three
(3) crania in our sample exhibited unilateral aplasia but, because they
possessed a frontal sinus, they were included in the calculation of the
sample statistics on volume. In the current sample, seven (7) individ-
uals (one male and six females) were excluded from the initial sample
owing to bilateral frontal sinus aplasia. However, we appraise the inci-
dence of aplasia in this sample in a comparative context inasmuch as
it is a relevant factor when considering the variability of frontal sinus
expression in any population.

Finally, there is some evidence that a complete persistent metopic
suture affects the presence and/or size of a frontal sinus (Guerram
et al., 2014; Nikolova et al., 2016, 2018) Despite the claim by Bilgin
et al. (2013) that no reasonable explanation has been provided for this
association, it is perhaps a reasonable expectation insofar as a com-
plete suture extending from nasion to bregma will result in a wide
separation of the left and right pneumatic spaces. On the other hand,
while the suture itself should theoretically not affect the superior
expansion of either sinus, there may be an indirect relationship
between a persistent metopic suture and sinus size if the mechanisms
that result in persistent metopism also affect the development of the
frontal sinuses (Nikolova et al., 2019). Regardless, and in light of
the evidence published to date, we excluded two (2) individuals (both
female) who exhibited persistent full metopism from the sample.

The exclusion of the aforementioned individuals (n = 11) from
the initial sample of 161 crania, resulted in a final sample of 150 crania
from which the frontal sinus volumes were measured. The sample is
roughly evenly divided between male (n = 82) and female (n = 68)

individuals (Table 1). These individuals represent seven ontogenetic

TABLE 1 The ontogenetic age distribution of the South African
sample for which the volume of the frontal sinus was measured.

Age bin Female Male
18-30 14 14
31-40 12 17
41-50 13 13
51-60 12 10
61-70 12 12
71-80 5 14
81-90 0 2
TOTAL 68 82

T \v|1 £y | o

groups based on age at time of death: (1) 18-30 years, (2) 31-
40 years, (3) 41-50 years, (4) 51-60 years, (5) 61-70 years, (6) 71-

80 years, and (7) 81-90 years. The sample evinces no noticeable

ontogenetic age bias other than the expected small numbers of very

elderly individuals.

3 | METHODS

Each skeleton was CT scanned in a Philips Brilliance 16P in the
Department of Diagnostic Radiology, Charlotte Maxeke Johannesburg
Academic Hospital, Johannesburg. The cranium was positioned in the
horizontal plane on a Styrofoam block and scanned coronally from
occipital to frontal. Scanner settings employed were 140 kVp, with a
tube current of 30 mA. Slice thickness was 0.8 mm with a reconstruc-
tion increment of 0.5 mm. Images were reconstructed using the

“Sharp” kernel algorithm.

3.1 | Frontal sinus volume determination

The stacked CT scan images of the crania were manually segmented
by two of us (VG and EH) in Avizo 2021.1 to measure the absolute
volume of the frontal sinus (Arsy). Image segmentation was accom-
plished by filling in the empty space of the sinus void, the borders of
which were clearly defined on each slice. The inferior border of the
frontal sinus was defined as the horizontal plane coincident with
the top of the cribriform plate of the ethmoid as defined by the crista
galli. Intra- and interobserver error rates were assessed through the
re-segmentation and measurement of the Arsy for 5 crania by both
researchers.

A specimen from our current sample in which the segmented
frontal sinus has been embedded within the ‘ghosted’ cranium is
shown in Figure 1. This serves to illustrate that the frontal sinus com-
monly extends below the level of the supraorbital margins. It also
demonstrates the absence of any demonstrable effect that the saw
cut through the neurocranium had on the reconstruction of the frontal

sinus.

3.2 | The scaling factor

The stacked CT scan images of each cranium were visualized as an
isosurface rendering in Aviso 2021.1. The rendering was manipulated
to produce direct lateral, anterior (facial) and superior views. Four lin-
ear measurements were recorded for each cranium using a 2D mea-
surement tool in Avizo 2021.1: (1) Maximum cranial length (MCL)
between glabella and opisthocranion was measured from the lateral
view, (2) maximum cranial breadth (MCB) between the left and right
euyria was measured from the superior view, (3) frontal chord length
(FCL) between glabella and bregma was measured from the superior
view, and (4) minimum frontal breadth (MFB) from left frontotempor-

ale to right frontotemporale was measured from the anterior view

85U80|7 SUOWIWIOD BAIEa.D 3|qeol(dde au Aq peusenob afe sejoiie YO ‘8sn Jo sejn. Joj Areiq1TaulUQ AB|IM UO (SUO N IPUOD-PUe-5LLBY/LID"AB 1M Aeiq Ul Uo//:Sdny) SUONIpUOD pue swie 1 8y} 88s *[20z/0T/02] Uo AriqiTauluo f8|im ‘PuesermIM JO AiseAlun Aq 668tz ede/z00T 0T/I0p/woo A8 | im AeIq pul|uo//Sdny Wouy pepeojumod ‘v ‘4202 ‘T69.2692



GREENING ET AL.

ZEARWIE ...

FIGURE 1 The segmented frontal sinus (blue) in a “ghosted”
surface volume rendering of a cranium illustrates that the inferior
margin of the sinus, as determined by the cribriform plate, extends
below the supraorbital margin.

(Figure 2). These four measurements provide a picture of the overall
size of the cranium with special reference to the breadth and length
of the frontal bone.

These four measurements were used to compute the geometric
mean (GM) (Jungers et al., 1995) of cranial size according to the

formula:

GM = v/MFB* MCL % FCL x MCB.

The GM was used to scale the absolute frontal sinus volume
(Arsy) by dividing the cube root of the Arsy by the GM according to
the formula:

Sy v/Volume
FV=""GN

Thus, for each cranium we obtained an absolute frontal sinus vol-

ume (Arsy) as well as a scaled frontal sinus volume (Sgsy).

3.3 | Data analysis

All analyses were completed using R v4.1.3 (R Core Team, 2014).
Two-sample t-tests were used to examine differences in the GM, the
AFSV and SFSV values between sexes. The possible relationship

between ontogenetic age and frontal sinus volume was evaluated
using regression models to better appreciate what effect increasing
age has on the GM, the Agsy and Sgsy values in this sample. Addition-
ally, the Arsy values of the male, female and combined sex series were
compared to those published for other population samples where
Arsy values were determined from segmentation of CT scans.

The current data on Agsy were tested for normality of distribution
using a Shapiro-Wilk test. The results (W = 0.989, p = 0.29) indicate
that the distribution of the Agsy values for the South African sample
does not differ significantly from a normal distribution.

The extent of sample variability in relation to the sample mean
for each measured variable was expressed as the coefficient of varia-
tion (CV). This was calculated according to the standard formula
CV = SD / sample mean x 100 (Sokal & Rohlf, 1995). Although the
use of the CV to inform the degree of phenotypic plasticity of quanti-
tative traits has been questioned by Pélabon et al. (2020), the dimen-
sional scale of the frontal sinus is the same order of magnitude in the
current and all other human populations, which permits its use for
meaningful comparisons among studies (Lande, 1977).

4 | RESULTS

4.1 | Intra- and interobserver error rates

To examine inter-observer error, a two-sample t-test between the
measured volumes collected by each researcher (10 crania total)
revealed a difference that is not statistically significant (p = 0.98). The
percentage difference between the absolute scan volumes computed
by the two observers (interobserver error rate) was 3.1%. Intra-
observer error was assessed by each observer remeasuring their own
scans for five crania. The percentage differences among scans
recorded by each observer (intra-observer error rate) were 2.25% and
2.29%. The differences between the intra-observer error rates for the
two observers were not statistically significant (p-values of 0.91 and
0.98 respectively). As such, we felt confident in combining the metri-
cal data recorded by the two observers.

42 | Geometric mean

The values obtained for the four cranial variables that constitute the
GM are recorded in Table 2. As expected, the male means are larger
than those for females, and the differences are statistically significant
in all four instances. The means obtained by us from surface volume
renderings of the crania closely match those recorded by de
Villiers (1968b) directly with calipers on crania from a substantially
larger series of specimens from the same collection. The only excep-
tion to this pertains to the frontal chord; the values reported by de
Villiers (1968b) are for the chord as measured between nasion and
bregma, as defined by the Biometric School (S'2) (Pearson &
Davin, 1924) and by Martin and Saller (1957); Briuer (1988) [M29].
This difference is, of course, understandable, since nasion is generally
further distant than glabella from bregma.
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FIGURE 2 The four linear measurements employed in the calculation of the geometric mean of cranial size. FCL, frontal chord length; MCB,
maximum cranial breadth; MCL, maximum cranial length; MFB, minimum frontal breadth.

As might be expected from the foregoing, the male and female
GM means differ significantly (t = 4.38; p < 0.01). Moreover, the posi-
tive relationship between the GM and individual ontogenetic age is
statistically significant for females (t = 3.61; p = 0.001). Although this
relationship in males is not statistically significant (t = 0.95; p = 0.35),
it is statistically significant for the combined sex sample (t = 3.26;
p = 0.001) (Figure 3). Thus, older individuals tend to possess larger

crania in this sample.

4.3 | Frontal sinus aplasia

The incidence of complete, bilateral frontal sinus aplasia in the current
South African sample is recorded in Table 3. While not terribly

common, it affects a notably higher proportion of females (8.1%) than
males (1.2%). The overall incidence in this population sample is
approximately 5%. As expected, there is no relationship between apla-

sia and ontogenetic age.

44 | Absolute volume of the frontal sinus (Agsy)

The Agsy values obtained for the present sample are recorded in
Table 4. There is no statistically significant difference between the
male and female means (t = 1.73; p = 0.09). While the female sample
exhibits a statistically significant relationship between age and Agsy
(t=2.99; p < 0.01) (Figure 4a), there is no such relationship among
males (t = —0.06; p = 0.95). However, the combined sex sample
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TABLE 2 Linear variables used to calculate the geometric means
for the South African sample.

N Mean SD Obs. Range
Male
Maximum cranial length 82 1878 581 167-192
571*  186.3
Maximum cranial breadth 82 1324 591 119-149
560" 134.2
Frontal chord 82 107.7 498 95-118
559* 1135
Minimum frontal breadth 82 972 434 86-106
580* 97.7
Female
Maximum cranial length 68 1820 6.89 167-202
150* 1808
Maximum cranial breadth 68 1302 471 118-141
150 1322
Frontal chord 68 1052 475 96-115
148*  110.7
Minimum frontal breadth 68 955  4.65 85-109
159* 94.0
Combined sex
Maximum cranial length 150 1852 6.93 167-202
Maximum cranial breadth 150 1314 549 118-149
Frontal chord 150 106.6  5.02 95-118
Minimum frontal breadth 150 96.5 4.58 85-109

Note: The t-test and probability values for the male vs. female
comparisons for the following measurements are: Maximum Cranial
Length t = 5.59; p < 0.0001; Maximum Cranial Breadth t = 2.48;

p = 0.0141; Frontal Chord t = 3.13; p = 0.0021; Minimum Frontal
Breadth t = 2.31; p = 0.0222.

*The values indicated with an asterisk are those recorded by de

Villiers (1968b). Note that the frontal chord measured by de

Villiers (1968a) extended from nasion to bregma rather than from glabella
to bregma as in our series. Hence it has a somewhat larger value.

reveals a marginally significant relationship between age and an
increase in Agsy (t = 1.98; p = 0.05) (Figure 4b).

4.5 | Scaled volume of the frontal sinus (Sgsy)

The Sgsy values recorded for the current sample are reported in
Table 4. As with the absolute volumes, there is no statistically signifi-
cant difference between the scaled means of males and females
(t=-1.3; p=0.20). As was the case for the absolute volumes, the
female sample exhibits a statistically significant relationship between
age and Sgsy (t = 2.6; p = 0.01) (Figure 4c), there is no such relation-
ship among males (t = 0.11; p = 0.91). Unlike the case for the abso-
lute volumes, however, there is no significant relationship between
age and Sgsy with regard to the combined sex sample (t=1.7;
p = 0.09) (Figure 4d).

5 | DISCUSSION

The present study sought to address several issues related to the vari-
ation in the frontal sinus volume among individuals in a population of
Bantu-speaking South Africans. These pertain to the expression
of sexual dimorphism, the question of the possible increase in frontal
sinus volume into adulthood, and the size and incidence of aplasia of
the frontal sinus in a sub-Saharan African population in relation to

other global population samples.

5.1 | Sexual dimorphism

Sexual dimorphism affects craniofacial size and morphology among
black South Africans (de Villiers, 1968a, 1968b; Franklin et al., 2005;
Kriiger et al., 2015), as attested to by the significant differences in the
linear cranial variables and the GM of those variables recorded here.
With reference to the size of the frontal sinus, the majority of studies
have reported significant sexual dimorphism for numerous population
samples (e.g., Abate et al., 2022; Butaric, Buck, et al., 2022; Cechova
et al., 2019; Eksi et al., 2021; Shireen et al., 2019; Tatlisumak
et al.,, 2017; Uthman et al., 2010; Vance, 2021; Zulkiflee et al., 2022),
although the absence of significant dimorphism has been reported in
some studies of populations from Korea (Yun et al., 2011) and India
(Goyal et al., 2013; Nethan et al., 2018), and in a study of very small
sample sizes (n = 10 individuals each) of white, black and Chinese
inhabitants of the United Kingdom (Robles et al., 2020).

In the South African sample investigated here, there is an
absence of significant differences between males and females in
both the absolute (Arsy) and scaled (Sgsy) volumes, despite the pres-
ence of a significant difference in overall cranial (and especially fron-
tal bone) size. It might be surmised that this could be owing to high
levels of individual variation in frontal sinus size that characterize
this sample, with CVs for males and females of 73.5% and 100.8%
respectively. Table 5 records the CVs for other population samples
in which the frontal sinus volume was measured from CT scan seg-
mentation (of either dried crania or living patients), and for which
separate male and female sample statistics were recorded. As such,
these data are among the most comparable to our own. The only
population sample reported to date in which there is no significant
sexual dimorphism in frontal sinus size (i.e., the Korean sample of
Yun et al,, 2011) has a male CV of over 100%. However, the Korean
sample published by Kim et al. (2013) that presents significant sexual
dimorphism has a female CV of 107.3%. Indeed, all of the samples
that evince significant sexual dimorphism are characterized by
high CVs.

5.2 | Ontogenetic age and frontal sinus
development

Frontal sinus enlargement typically displays an adolescent growth

spurt (e.g., Gagliardi et al., 2004), but there is disagreement over how
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FIGURE 3 The geometric mean (GM) of the combined sex South African cranial sample in relation to ontogenetic age (in years). Generalized

least squares r*> = 0.07; adjusted GLS r? = 0.06).

TABLE 3 Incidence of bilateral

(complete) frontal sinus aplasia in the Age bin IRl

South African sample*. 18-30 14
31-40 14
41-50 13
51-60 13
61-70 14
71-80 5
81-90 1
Total 74

Aplastic Male Aplastic Combined Aplastic
0 14 0 28 0
2 17 0 31 2
0 13 0 26 0
1 10 0 23 1
2 13 1 27 3
0 14 0 19 0
1 2 0 3 1
6 (8.1%) 83 1(1.2%) 157 7 (4.5%)

*Note that this sample contains the seven aplastic individuals that were excluded from the final
measured sample as recorded in Table 1.

growth may differ among males and females and the age at which it
ceases to enlarge.

As noted above, most studies have asserted that frontal sinus
pneumatization is largely completed at about 18-20 years of age
(Brown et al., 1984; Fatu et al., 2006; Rennie et al., 2017; Sardi
et al, 2018; Spaeth et al., 1997; Yun et al.,, 2011), although Pros-
singer (2001) predicted that adult size is attained somewhat later at
23.6 years in males, Karakas and Kavakli (2005) reported an increase
in its volume after 25, and McLaughlin et al. (2001) and Tatlisumak
et al. (2008) documented its increase into the third or fourth decade
in males and the sixth decade in females. However, except for the
studies by Brown et al. (1984) and Gagliardi et al. (2004), all of these
ontogenetic studies have been conducted on cross-sectional rather
than longitudinal samples. Unfortunately, the ontogenetic series
examined by Gagliardi et al. (2004) did not extend beyond the end of
ossific fusion of the wrist (i.e., ca. 17-20 years [Ebeye et al., 2021;
Soliman et al., 2022]), and the study by Brown et al. (1984) did not
extend beyond 24 years of age. Thus, as observed by Butaric, Buck,
et al. (2022), the actual growth patterns exhibited by individuals into
adulthood remains poorly known.

The results of the present cross-sectional study indicate that
females, but not males, exhibit a statistically significant relationship
between age and Agsy (p < 0.01), as well as Sgsy (p = 0.01).

Bone fragility, which results from a reduction in bone mass and
density (Tranquilli Leali et al., 2009), has been cited as a potential
cause of sinus enlargement among elderly (Fatu
et al.,, 2006; Landsberg & Friedman, 2001; Nambiar et al., 1999;
Shapiro & Schorr, 1980). As women are more likely to be affected by

individuals

age-related bone loss (Alswat, 2017; Hannan et al., 2000), our results
would appear to be concordant with the notion that the frontal sinus
continues to expand throughout adulthood, especially in females. That
this enlargement is likely due to bone resorption is perhaps exempli-
fied by the 80-year-old female in our sample who exhibits a very large
frontal sinus with an Sgsy of 0.28 mL. This value is somewhat more
than 3 SD above the means not only of the female sample, but also
the male sample (Table 4). As such, this value exceeds 99.7% of both
statistical samples.

A previous CT study of the long bones (humerus and femur) of
this individual show notable cortical bone thinning consistent with

advanced osteoporosis (Wallace et al., 2020) (Figure 5). The mid-
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TABLE 4 The absolute and scaled frontal sinus volumes (ml)
recorded for black South Africans.

N Mean SD cv

Absolute volume (Agsy)

Males 82 9.29 6.83 73.5

Females 68 7.73 7.79 100.8

Combined sex 150 8.58 7.40 86.3
Scaled volume (Sgsy)

Males 82 0.15 0.04 26.7

Females 68 0.14 0.04 28.6

Combined sex 150 0.15 0.04 26.7

diaphyseal cross-sectional geometric properties of total subperiosteal
area (mm?) and cortical area (mm?) for the humerus and femur of this
individual and the other South Africans from the Dart Collection were
calculated by Wallace et al. (2020) from DICOM files using the BonelJ
plugin (Doube et al., 2010) for ImageJ software (NIH, Bethesda, MD).
A comparison of cortical to total subperiosteal area (percent cortical
area) provides an indication of relative cortical thickness or the cross-
sectional internal resistance of a bone to compression and tension
(Wainwright et al., 1976).

Although DEXA (dual energy x-ray absorptiometry) scans of the
lumbar spine and/or hip and/or distal forearm and the resultant
T-scores of bone mineral density (BMD) are most commonly
employed in the diagnosis of osteoporosis (Blake & Fogelman, 2007;
Hans et al., 2006), assessment of cortical thickness and/or trabecular
density from CT scans may provide similar results as they can provide
an accurate measure of bone strength and cortical thickness (Keaveny
et al., 2020). Osteoporosis is, afterall, defined by the Surgeon General
of the USA as “a skeletal disorder characterized by compromised bone
strength, predisposing to an increased risk of fracture” (United States
Department of Health and Human Services, 2004) and by the Interna-
tional Osteoporosis Foundation as “a condition where bones become
thin and lose their strength” (International Osteoporosis
Foundation, 2020). Indeed, assessment of CT scans has been shown
to be as effective as DEXA scans in the diagnosis of osteoporosis and
prediction of fracture (Engelke et al, 2023; Johannesdottir
et al., 2018; Keaveny et al., 2020)

The total subperiosteal and cortical areas of the humerus of this
particular individual are 286.1 mm? and 126.6 mm?, and the percent
cortical area is 44.2. The corresponding averages recorded by Wallace
et al. (2020: Table 1) for a small sample (n = 4) of females 280 years
of age are 271.0 mm? and 133.0 mm?. As such, this particular individ-
ual possesses a humerus that is larger than average for her age group
in overall cross-sectional area, but small in cortical area. Similarly, the
overall cross-sectional area of the humerus of this individual is moder-
ately large in comparison to values for the entire combined sex sam-
ple, whereas her percent cortical area is notably low (Table 6 and
Figure 6) The total subperiosteal and cortical areas of the femur of
this particular individual are 474.4 mm? and 243.7 mm? respectively,

and the femoral percent cortical area is 51.4. The corresponding
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FIGURE 4 The relationship between frontal sinus volume and
ontogenetic age (in years) in the South African sample. (a) The
relationship between Agsy and age in the female sample. GLS

r? = 0.12; adjusted GLS r* = 0.11. (b) The relationship between Agsy
and age in the combined sex sample. GLS r? = 0.03; adjusted GLS

r? = 0.02. (c) The relationship between Sggy and age in the female
sample. GLS r? = 0.09; adjusted GLS r? = 0.08. (d) The relationship
between Sgsy and age in the combined sex sample. GLS r? = 0.02;
adjusted GLS r? = 0.01. For the female sample, because there is no
data beyond the 80th year, we have adjusted the X axis in plots (a and
c) to clearly display the available data.

averages recorded by Wallace et al. (2020): Table 1) for a small sample
(n = 4) of females 280 years of age are 495.0 mm? and 253.0 mmZ.
As such, this particular individual possesses a femur that is but exigu-
ously smaller than average for her group in overall cross-sectional
area, and also small in cortical area. Similar to the humerus, the overall
cross-sectional area of the femur of this individual is of moderate size
in comparison to values for the entire combined sex sample, whereas
her percent cortical area is notably low (Table 6 and Figure 6). As such,
we are reasonably confident in regarding this individual as having suf-
fered from at least moderate if not severe osteoporosis. The bone loss

that characterizes osteoporosis is not restricted to the cortices of long
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TABLE 5 Variation and sexual

dimorphism of absolute frontal sinus Population sample Sex N Mean SD cv Sex diff. Reference
volume in global population samples. German M 24 10.2 6.2 60.8 Significant 1
F 23 5.5 3.5 63.6
Czech M 58 13.6 8.4 62.1 Significant 2
F 45 8.0 5.0 62.5
Romanian M 15 10.2 6.5 63.8 Significant 3
E 15 5.0 24 49.2
Korean M 60 3.2 3.3 95.8 Significant 4
F 59 21 2.2 107.3
Korean M 35 8.5 3.8 104.4 Non 5
F 33 8.2 3.6 441
Japanese M 10 11.6 4.2 36.1 Significant 6
F 10 4.6 3.2 69.7
Brazilian M 41 13.0 8.2 63.2 Significant 7
7 57 8.0 6.1 75.7
South African M 82 9.3 6.8 73.5 Non This study
F 68 7.7 7.8 100.8

Note: References: 1, Schumacher et al. (1972); 2, Cechova et al. (2019); 3, Benghiac et al. (2017); 4, Kim
et al. (2013); 5, Yun et al. (2011); 6, Karawai et al. (1999); 7, Pondé et al. (2003). The CV (Coefficient of
Variation) = SD / Mean x 100.

FIGURE 5 The frontal sinus and the
midshaft CT scans of the humerus (h) and
femur (f) of an 80 year-old female in the
South African sample. The frontal sinus is
one of the largest (Sgsy = 0.28 ml) in the
current sample, and the thin long bone
cortices are almost certainly concordant
with advanced osteoporosis.

bone diaphyses, but rather may affect the entire skeleton where oste- 5.3 | Population differences in frontal sinus size
oclastic resorption outpaces remodeling osteoblastic deposition. Such and incidences of total frontal sinus aplasia

endosteal resorption can conceivably affect the frontal bone as easily

as the humerus and femur, in which case there will be concomitant Although adaptation to climate and/or altitude does not appear

enlargement of the frontal sinus. to be a driving factor behind frontal sinus size (Balzeau
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TABLE 6 Long bone cortical properties of the 80 year-old female
in relation to the black South African sample recorded by Wallace
et al. (2020).

et al., 2022; Butaric, Buck, et al., 2022), and despite the rela-
tively high degree of variation that tends to characterize most

populations, there are significant differences in frontal sinus vol-

Humerus n X SD Obs. Range ume among populations that inhabit different geographic regions
Periosteal area of the globe (Balzeau et al., 2022; Butaric, Buck, et al., 2022).
Old female 1 2861 One such trend observed by Butaric, Buck, et al. (2022), was a
Combined sex sample 222 29719 5812  187.3-535.0 tendency for sub-Saharan African populations to exhibit compara-

Cortical area tively small frontal sinuses. Unfortunately, the number of sub-Saharan
Old female 1 1266 populations for which frontal sinus volumes have been recorded is
Combined sex sample 222 196.95  44.65 101.1-344.8 limited to three samples.

To establish comparability of reported sinus volumes, it is neces-

Percent cortical area B i .

sary to delineate those studies that measured sinus volume by seg-
Old female ! 44.30 mentation of CT scans versus those that calculated sinus volume
Female sample o sies Ly e from linear measurements recorded from CT scans inasmuch as the
Male sample 117 69.54 1021 40.0-91.0 latter method will result in larger values (i.e., reporting the size of the
Combined sex sample 222 6673  11.06 35.7-91.0 box into which the sinus could fit). Ideally, it would also be necessary

Femur n X SD Obs. Range to separate those studies that measured sinus volume by segmenta-

Periosteal area tion according to the manner in which they defined the inferior
Old female 1 474.40 extent of the frontal sinus. Unfortunately, of the 18 relevant pub-
Combined sexsample 222 52009 8352  153.2-796.7 lished studies, only four provided any information pertaining to the

Cortical area definition of this boundary (Aslier et al., 2016; Kim et al., 2013;
Old female 1 243.70 Noback et al., 2016; Yun et al., 2011), and each of these employed a

different boundary. Only that used by Aslier et al. (2016)—the lower
Combined sex sample 222  371.81 69.00 170.8-647.2 . L . L
. border of the frontal ostium—appears to coincide with the definition

Percent cortical area that we have employed. Nevertheless, it is perhaps instructive to
Old female 1 5140 examine the distribution of sinus volumes among the populations
Female sample 105 69.75 8.02 47.9-84.3 examined by these studies in order to discern whether any geo-
Male sample 117 73.19 6.51 43.9-83.9 graphic trends might be discerned that are not affected by methodo-
Combined sex sample 222 71.56 7.45 43.9-84.3 logical differences.

Humerus Femur FIGURE 6 The combined sex
South African sample distributions of total
Total Area Total Area subperiosteal area and percent cortical area
50+ for the humerus and femur (data recorded by
404 Wallace et al., 2020). The 80 year-old female
values are indicated by the yellow bars. The
30 Y-axis records frequencies, the x-axis of the
total area graphs is in mm? and the x-axis of
20+ the percent cortical area graphs is in %.
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TABLE 7 Frontal sinus volumes
recorded for combined sex recent human
population samples (direct volumetric
measurement from segmented CT scans).

Population
Sub-Saharan African
South African Nguni
South African
West African
West African
North African
Sudanese (Nubian)
Sudanese (Nubian)
Middle Eastern
Turkish?
Turkish
European
Croatian
Czech?
French
German?
Lithuanian
Romanian®
South African
Western European
South Asian
Indian
East Asian
Mongolian (Urga)
Chinese
Korean®
Japanese?®
North-East Asian
Chukchian
South-East Asian
Malaysian
Australasian
Tasmanian
South & Central American
Mexican
Brazilian®
Peruvian
North American
Greenland
Greenland
Greenland Inuit
Oceanian

Hawaiian

Note: Volumes are recorded in ml (=cm®).

330
150
27
13

35
16

35
78

18
103
69
47
11
30
38
11

10

19

68
20

12

10

10
98
10

15
32

11

Vol.

7.65
8.58
6.09
512

274
3.88

6.07
7.47

5.22
10.77
7.30
7.85
4.31
7.56
7.52
7.76

7.30
4.11
5.35
8.39
8.11
4.12
5.40
4.17
3.34
10.51
271
3.74
3.00

0.66

6.28

%)

TR \v |1 Ey Lo
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7.40
3.39
222

1.63

3.51

4.28

6.70

4.85

3.28

4.46

5.19

6.38

3.01

3.53

3.74

3.70

2.38

2.33

3.94

2.55

7.15

212

4.16

2.64

0.55

4.36

CV%

86.2
55.7
43.4

59.5

57.8

82.0

62.2

61.8

76.1

59.0

66.9

87.4

73.2

66.0

44.6

45.6

57.8

43.1

94.5

76.4

68.0

78.2

111.2

88.0

83.3

69.4

Reference

Rennie et al. (2017)

This Study

Butaric, Buck, et al. (2022)
Buck et al. (2019)

Noback et al. (2016)
Butaric, Buck, et al. (2022)

Karakas and Kavakli (2005)
Aslier et al. (2016)

Butaric et al. (2020)
Cechovi et al. (2019)
Michel et al. (2015)
Schumacher et al. (1972)
Buck et al. (2019)
Benghiac et al. (2017)
Rennie et al. (2017)
Buck et al. (2019)

Buck et al. (2019)
Butaric et al. (2020)
Buck et al. (2019)
Yun et al. (2011)
Kawarai et al. (1999)
Butaric et al. (2020)
Buck et al. (2019)
Buck et al. (2019)
Buck et al. (2019)
Pondé et al. (2003)
Buck et al. (2019)
Buck et al. (2019)
Butaric et al. (2020)

Noback et al. (2016)

Buck et al. (2019)

“The combined sex values have been recorded as an average of the published male and female means.
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10— individual samples are recorded in Table 7.
9— The order of the individual population samples
from left to right is the same as in Table 7.
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TABLE 8 Incidences of bilateral (total) frontal sinus aplasia recorded for recent human population samples.

Male Female Combined sex R
Population N % N % N %
Sub-Saharan African
South African 83 1.2 74 8.1 157 4.5 This study
Nigeria 24 50.0 Amusa et al. (2011)
African* 189 21 Butaric et al. (2020)
Middle Eastern
Turkey 610 13 590 5.1 1200 3.8 Aydinlioglu et al. (2003)
Turkey 190 0.2 220 0.5 410 0.7 Cakur et al. (2011)
Turkey 74 4.1 Yiiksel Aslier et al. (2016)
Jordan 85 7.0 82 1.2 167 4.2 Al-Balas et al. (2020)
Saudi Arabia 226 3.5 223 3.1 449 83 Assiri and Alrogi (2021)
Iran 271 7.0 294 9.5 565 8.3 Danesh-Sani et al. (2011)
European
Poland 63 3.2 Balzeau et al. (2021)
Germany 2820 3.4 Nowak and Mehls (1977)
Romania 30 0.0 Benghiac et al. (2017)
Spain 40 7.5 Balzeau et al. (2021)
European™* 129 1.6 Butaric et al. (2020)
South Asian
India 170 1.2 210 14 380 1.3 Choudhary et al. (2015)
India 100 9.0 100 4.0 200 6.5 Soman et al. (2016)
India 390 1.8 340 3.2 730 2.5 Moideen et al. (2017)
East Asian
Asian*** 119 3.4 Butaric et al. (2020)
Australasian
Oceania**** 91 7.7 Butaric et al. (2020)
Pacific 71 19.7 Balzeau et al. (2021)
North American
Arctic***** 244 131 Butaric et al. (2020)
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TABLE 8 (Continued)

Male Female
Population N % N
Alaska
Greenland

T \v |1 Ey |

Combined sex

Reference
% N %
78 14.6 Balzeau et al. (2021)
48 15.4 Balzeau et al. (2021)

*The African sample of Butaric et al. (2020) includes crania of West Africans, South Africans, Nubians, and African-Americans. The numbers of Nubian and

African-American crania are not given.

**The European sample of Butaric et al. (2020) includes crania from Austria, Germany, Netherlands, “Yugoslavia,” Scandinavia, and the United States.
***The Asian sample of Butaric et al. (2020) includes crania from Buriat, China, Mongolia, Nepal, and Tibet.

****The Oceania sample of Butaric et al. (2020) includes crania from Australia, New Zealand, and New Guinea.

*****The Arctic sample of Butaric et al. (2020) includes crania from North-West Canada, Alaska, and Greenland.

The frontal sinus volumes that have been recorded from the mea-
surement of segmented CT scans of living patients and of dried crania
for 31 population samples are recorded in Table 7. These comparisons
are of absolute volumes and, as such, do not take into account differ-
ences in overall cranial size among different populations. Neverthe-
less, it is evident that sub-Saharan African populations for which data
have been recorded do not exhibit comparatively small frontal sinus
volumes. Unfortunately, two of the four samples derive from
South Africa, and the other two from “West Africa,” which leaves a
vast geographic area of sub-Saharan Africa unsampled. Nevertheless,
rather than sub-Saharan Africans, it is the (Sudanese) Nubians of
North Africa together with the inhabitants of Greenland who appear
to possess some of the smallest frontal sinus volumes, although their
values are closely approximated by several other populations
(e.g., Peruvian, Mexican, Chuchkian, and Tasmanian samples).
Although the Nubians are African by definition, they have both pre-
historically and historically predominantly occupied the Nile Valley
(Kirwan, 1974; Torok, 2008; Wendorf & Schild, 1976); hence they
cannot be regarded as sub-Saharan. The mean frontal sinus volumes
for the samples reported in Table 7 are illustrated graphically in
Figure 7. This serves to emphasize the inter-population variation
within geographic regions, such as Europe, East Asia, and Central-
South America. One caveat, of course, pertains to the fact that at least
some of this apparent variability may be owing to different methods
having been employed by different studies to define the extent of the
frontal sinus.

One rather striking aspect of the data recorded in Table 7 is the
comparatively high CVs exhibited by all of the samples, where
the sample standard deviations range from 43% to over 100% of the
corresponding mean. Although, as noted above, the appropriateness
of employing the CV to inform the degree of phenotypic plasticity of
quantitative traits has been questioned (Pélabon et al., 2020), it pro-
vides a simple means by which to describe the level of variability
within a population that is independent of the absolute quantitative
values of the observed trait (Sokal & Rohlf, 1995). Indeed, a CV calcu-
lated from small sample sizes, such as n < 20, which affect a good
number of the samples recorded in Table 7, can be biased to underesti-
mate relative variation (Schillaci & Schillaci, 2022). The study of West
African crania by Buck et al. (2019) is an exception to this generaliza-

tion because they employed V*, which is a CV adjusted for small

sample size. Nevertheless, the data recorded in Table 7 emphasizes
the variation in frontal sinus volume within recent human populations.

While individuals with complete (i.e., bilateral) frontal sinus aplasia
were not included in the calculation of the average frontal sinus vol-
ume for the sample owing to the problem of employing zero values in
such computations (Butaric et al., 2020; Butaric, Buck, et al., 2022),
the incidence of aplasia should be recorded in any study of frontal
sinus size inasmuch as it speaks to the development of paranasal
pneumatic spaces in the individuals comprising the population being
sampled.

The incidence of bilateral frontal sinus aplasia in the black
South African sample is compared with those recorded for other pop-
ulation samples from around the globe in Table 8. While an incidence
of 4.5% is nearly double the frequency reported by Butaric
et al. (2020) for an “African” sample, their sample included individuals
from Nubia and the United States. Still, neither of our values even
begins to approach the inordinately high incidence of 50% reported
by Amusa et al. (2011). It is at least 2.5 times greater than the next
highest incidence of 19.7% reported by Balzeau et al. (2021) for a
Pacific population sample, and we suspect that this may be owing to
the fact that Amusa et al. (2011) did not rely on radiographs or CT
scans, but rather on physical examination of dried crania using an
endoscope. Interestingly, the North American samples exhibit among
the highest incidences of aplasia, and this is concordant with their
comparatively low frontal sinus volumes (Table 7 and Figure 7).

The South African aplasia incidence is comparable to the values
recorded for European population samples, and their frontal sinus vol-
umes are also of comparable magnitude. In other words, the
South African population appears to possess neither comparatively
small frontal sinuses, and nor does it appear to have a notable inci-
dence of aplasia by comparison with the values reported for other

global population samples.

6 | CONCLUSIONS

This study entailed an analysis of frontal sinus volume in an indige-
nous black South African population sample. Although it has been
claimed that sub-Saharan African populations exhibit comparatively

small frontal sinuses in relation to other global populations, the data
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on absolute sinus volume for the present sample do not support such

a conclusion. Rather, it is evident that the four sub-Saharan African
populations for which data have been recorded do not exhibit com-
paratively small frontal sinus volumes in comparison to the other
27 global samples for which volumes have been reconstructed from
CT scans. Unfortunately, two of the four sub-Saharan samples derive
from South Africa, and the other two from “West Africa,” which
leaves a vast geographic area of sub-Saharan Africa unsampled. Nev-
ertheless, rather than sub-Saharan Africans, it is the (Sudanese)
Nubians of North Africa and the inhabitants of Greenland who appear
to possess some of the smallest volumes. Although geography
(i.e., climate and altitude) does not appear to be a driving factor, there
are significant size differences between populations that inhabit dif-
ferent geographic regions.

The South African sample exhibits considerable variability in both
absolute and scaled frontal sinus volume and, in this respect, it is not
unlike all other global populations, where standard deviation ranges
from 43% to over 100% of the corresponding sample mean value. The
South African aplasia incidence is comparable to the values recorded
for other (e.g., European) population samples. Thus, the black
South African population does not appear to be characterized by the
possession of comparatively small frontal sinuses, and nor does it
appear to have a notable incidence of aplasia by comparison with the
values reported for other global population samples. This sample also
does not appear to be unusually variable in frontal sinus size.

The present sample does not display significant sexual dimor-
phism in either absolute or scaled frontal sinus volume. This result is
rather unexpected in light of the presence of significant dimorphism
in overall cranial size in this South African population. In this respect,
the present sample differs from the vast majority of global population
samples, in which significant dimorphism has been recorded.

Although most studies have asserted that frontal sinus pneumati-
zation is largely completed at about 18-20 years of age, some have
either predicted or reported its increase into the fourth decade in
males and the sixth decade in females. Unfortunately, the majority of
studies of sinus enlargement, like ours, are cross-sectional rather than
longitudinal. However, the present study finds evidence for a signifi-
cant relationship between increasing adult age and the absolute size
of the frontal sinus among South African blacks and, more particularly
among females. In this respect, increasing bone fragility, especially
among post-menopausal females suggests itself as a potential cause.
This is perhaps exemplified by at least one aged (80-year-old) female
in our sample, who exhibits a very large sinus together with evidence
of notable cortical bone loss in her postcranial bones. As such, our
results support claims that the frontal sinus not only continues to
expand throughout adulthood, especially in females, but that it is likely
due to bone resorption. An increased risk of cranial fractures due to
the loss of bone density may be another symptom of osteoporosis.
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