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Abstract

This study documents the incidences of complete and partial metopism and
their possible relationship to frontal sinus volume (FSV) in a sample of modern
adult black South Africans with a view to evaluating the hypothesis that
metopism affects frontal sinus hypoplasia. FSV was measured from CT scans
and the incidence of metopism was recorded from direct observations of dried
cadaveric crania. The sex of each individual was known. Four linear cranial
dimensions were used to compute a geometric mean by which to scale FSV.
The incidence of partial metopism (38%) is comparable to that reported for
other population samples, although there is considerable variation among
these global sample frequencies. It is significantly more common in male than
female South Africans. FSV in individuals with complete metopism is smaller
than average but not inordinately so. On the other hand, FSV is significantly
larger in individuals with partial metopism than in those that do not present
with this sutural remnant. The data on FSV in individuals with and without
partial metopism contradict the hypothesis that there is a relationship between
partial metopism and frontal sinus hypoplasia. As such, the metopic remnant
evinced by the Late Pleistocene cranium from Hofmeyr, South Africa is
unlikely to be related to its very small FSV.
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generally begin to undergo fusion in the third decade of
life, although there is considerable variation in both

The human neurocranium is characterized by the pres-
ence of prominent fibrous synarthrotic sutures that sep-
arate the two parietal bones (sagittal suture), the
parietals and occipital (lambdoid), the parietals and the
squamous temporal (squamosal), and the parietals and
frontal (coronal). These four sutures persist into adult-
hood and, as a result of mechanotransductional and
related molecular mechanisms that affect osteoblastic
activity (Beederman et al., 2014; Katsianou et al., 2021),

sequence and timing (Calandrelli et al., 2021; Ruengdit
et al., 2020). A fifth neurocranial suture (interfrontal, or
metopic) separates the left and right frontal bones in the
fetus and neonate. The metopic suture, unlike the
others, is usually fused by the second year of life (Bajwa
et al., 2013; Manzanares et al., 1988; Teager et al., 2019),
with some studies reporting fusion between 3 and
9 months (Pindrik et al., 2016; Vu et al., 2001;
Weinzweig et al., 2003).
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Failure of the metopic suture to fuse soon after
infancy may result in its persistence into adulthood as a
suture that extends from nasion to bregma, a condition
that is referred to as metopism. Failure of complete
fusion may also result in partial or incomplete metopism;
its patency may run anteriorly for some distance from
bregma, it may be localized to the middle of the frontal
or, most commonly, it extends superiorly for some dis-
tance from nasion. Beyond the observation that either
complete or partial metopism may possibly be confused
radiologically with a frontal bone fracture in living indi-
viduals (Bademci et al.,, 2007, del Sol et al., 1989;
Keats, 1996), their presence appear to have no manifest
clinical relevance. At the same time, however, a number
of studies have argued that full, or complete metopism
can affect the presence and/or size of the frontal sinus
(e.g., Rochlin & Rubaschewa, 1934; Torgersen, 1950).
Thus, Guerram et al. (2014) recorded small frontal sinus
size to be more frequently encountered in individuals
with metopism, Nikolova and Toneva (2019) described a
significant relationship between the presence of a small
sinus together with metopism, Atalay and Eser (2021)
found metopic individuals to exhibit a 5x higher inci-
dence of sinus hypoplasia, and Kumar et al. (2016)
reported a relationship between metopism and sinus
aplasia. On the other hand, an almost equal number of
studies have observed there to be no relationship whatso-
ever between metopism and frontal sinus size and/or
aplasia (e.g., Bilgin et al., 2013; Hunt & Everest, 2001;
Marciniak & Nizankowski, 1959; Pondé et al., 2008;
Sandre et al., 2017).

It is rather difficult to reconcile these conflicting
results, as there is no consistent methodological differ-
ence between the two sets of studies. For example, those
that posit a relationship between metopism and sinus size
include the use of dried crania and a visual assessment of
metopism (e.g., Guerram et al., 2014; Kumar et al., 2016;
Nikolova & Toneva, 2019) with frontal sinus size gauged
by either flat plane radiographs (Guerram et al., 2014) or
CT scanning (Kumar et al, 2016; Nikolova &
Toneva, 2019). This group of studies includes those that
employed living patients with the assessment of both
metopism and sinus size by radiographic means—either
through flat plane X-rays (Rochlin & Rubaschewa, 1934;
Torgersen, 1950) or via CT scanning (Atalay &
Eser, 2021). Similarly, studies that found no relationship
between metopism and frontal sinus size include ones
that employed dried crania and a visual assessment of
metopism (Hunt & Everest, 2001; Pondé et al., 2008;
Sandre et al., 2017) with frontal sinus size assessed either
by flat plane radiographs (Sandre et al., 2017) or from CT
scans (Hunt & Everest, 2001). This group of studies also
include those that employed living patients with the
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identification of metopism and the assessment of sinus
size through CT scans (Bilgin et al., 2013), or used dried
crania with identification of metopism and the assess-
ment of sinus size through flat plane radiographs
(Marciniak & Nizankowski, 1959). In a word, methodo-
logical differences do not account for the differences in
the results of these two sets of studies.

Despite the claim by Bilgin et al. (2013) that no
explanation has been provided for such an association,
it is perhaps a reasonable expectation insofar as a
suture extending from nasion to bregma will result in a
wide separation of the left and right pneumatic spaces.
While the presence of the suture itself should theoreti-
cally not affect the superior expansion of the sinus, the
mechanisms that result in the failure of its closure may
also affect sinus development in the frontal bones
(Nikolova et al., 2019).

As such, it has also been surmised that remnant
(incomplete) metopism may also be related to frontal
sinus development (e.g., Balzeau et al., 2022; Butaric
et al., 2022). In particular, these authors have sug-
gested that the presence of this sutural remnant may
be related to the small frontal sinuses in the Late Pleis-
tocene human skull from Hofmeyr, South Africa
(Balzeau et al., 2022; Butaric et al., 2022). In this speci-
men (Figure 1), the frontal sinus presents as two small,
widely separated cavities that are restricted to the
medial portion of each supraorbital torus. Together
they measure only 2.0 mL in absolute volume (Butaric
et al., 2022). The anteroinferior surface of the glabellar
prominence of this cranium has a short (ca. 3-4 mm
long) remnant of the metopic suture in the midline
that extends from about 3 mm above nasion to the
anterior face of the of the prominence (Grine, 2022).

Inasmuch as a number of penecontemporaneous
(Late Pleistocene-Early Holocene) human crania from
North Africa and Europe also possess similarly diminu-
tive frontal sinuses (Butaric et al., 2022), the possibility of
such a relationship is worthy of exploration as it may
bear on the interpretation of human evolution in the Late
Pleistocene and Holocene of Eurasia and Africa. At pre-
sent, we are unaware of any study that has assessed the
relationship between partial metopism and frontal sinus
development.

1.1 | Purpose of this study

The present study was undertaken to ascertain the inci-
dences of complete and partial metopism in a sample of
modern human crania. In addition, the form and length
of the sutural remnant in cases of partial metopism are
investigated. The relationships between full and partial
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metopism and frontal sinus size in this sample is investi-
gated. Specifically, we test the hypothesis that a remnant
of the metopic suture will be associated with hypoplasia
of the frontal sinus.

2 | MATERIAL

21 |
sample

The South African population

The present study is based on a sample of 152 crania
from cadaveric skeletons in the Raymond A. Dart
Collection, School of Anatomical Sciences, University
of the Witwatersrand Medical School, Johannesburg,
South Africa. The sex and age are known for every
individual comprising this sample, which is roughly
evenly divided between male (n=82) and female

FIGURE 1 Top: segmentation and
isolation of the left and right frontal
sinuses of the Hofmeyr cranium.
Bottom: inferior remnant of the metopic
suture on the anterior and inferior
aspects of the glabellar prominence of
the Hofmeyr cranium. The vertical
extent of the sutural remnant is

about 3 mm.

(n = 70) individuals. All crania were from adult indi-
viduals (i.e., >18years) and free of any obvious
pathology.

This sample is the same as that employed by
Greening et al. (In press) in their analysis of frontal
sinus volume (FSV). The individuals comprising it are
speakers of the “S” group Bantu languages, and closely
related genetically (Choudhury et al., 2017; Gonzalez-
Santos et al., 2015; Henn et al., 2011; Schuster
et al., 2010).

3 | METHODS

In order to determine FSV, 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
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TABLE 1 Categories describing the form of incomplete metopism employed by different workers.

Study 1 2 3 4 5 7 8 9 10 11 12 13 14 15
Form
Linear X X X X X X X X X X X X X
U-shaped X X X X X X X X X X X X
V-shaped X X X X X X X X X X X X
H-shaped X X X X X
Double X X
Double U X
Double zig-zag X
Wide side to side X X
Inverted U X
Y-shaped X X
T-shaped X

Note: Studies: 1, Ajmani et al. (1983); 2, Castilho et al. (2006); 3, Mangalgiri et al. (2010); 4, Chandrasekaran and Shastri (2011); 5, Maneenin et al. (2013); 6,
Pilli and Sunder (2013); 7, Aksu et al. (2014); 8, Kumar and Rajshekar (2015); 9, Saikia (2014); 10, Santhosh et al. (2014); 11, Vinoth et al. (2014); 12, Burrell

et al. (2016); 13, Surekha et al. (2016); 14, Zanaty (2017); 15, Andrade et al. (2019).

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 reconstruction
increment of 0.5 mm. Images were reconstructed using
the “Sharp” kernel algorithm.

3.1 | FSV determination

As described by Greening et al. (In press), the stacked
CT scan images of the crania were manually segmented
by two of us (VAG and EH) in Avizo 2021.1 to measure
the absolute volume of the frontal sinus (Aggy). As in
that study, 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. This landmark is anatomically relevant, as it
is coincident with the superior margin of the ethmoidal
air cells, and it is easily identified on medical grade CT
scans. Four linear measurements—(1) maximum cranial
length [MCL] between glabella and opisthocranion,
(2) maximum cranial breadth [MCB] between the two
euyria, (3) frontal chord length [FCL] between glabella
and bregma, and (4) minimum frontal breadth [MFB]
between the two frontotemporalia—were recorded for
each cranium to compute the geometric mean (GM)
(Jungers et al., 1995) of cranial size according to the
formula:

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

The GM was used to scale the absolute FSV (Agsy) by
dividing the Agsy by the cube root of the GM according
to the formula:

Seey — v Volume.
GM

All of the crania included in this study presented with
some degree of frontal sinus development (i.e., none
exhibited bilateral sinus aplasia). Thus, for each cranium
we obtained an absolute FSV (Apgy) as well as a scaled
FSV (Sgsv). The low rate of bilateral aplasia observed in
the present sample is consistent with the findings of
Trant and Christensen (2018), who reported a complete
sinus agenesis rate of only 4.7% across a survey of 14 pub-
lished global population samples. In this context, it is
noteworthy that identifying the frontal sinus on the basis
of the infundibulum that separates it from ethmoidal air
cells results in lower aplasia rates than using an arbitrary
horizontal line coincident with the supraorbital margins
to demarcate the inferior border of the sinus (Butaric
et al., 2020). Employing the infundibulum to demarcate
the frontal sinus, Butaric et al. (2020) reported a global
incidence of bilateral aplasia of some 6.4%, and an Afri-
can rate of only 2.1%.

3.2 | Evaluation of metopism

Because metopism can be difficult to ascertain from CT
volumetric renderings, each cranium in the sample was
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FIGURE 2

visually inspected by one of us (FEG) under strong inci-
dent light to determine whether it showed any evidence
of a metopic suture. Metopism was recorded as complete,
when the suture was patent from nasion to bregma, or
incomplete, when the suture extended for some distance
from nasion. The length of the incomplete metopic suture
was measured by FEG using a dial-equipped vernier cali-
per and recorded to the nearest tenth of a millimeter.

In no instance was an incomplete metopic suture
that extended anteroinferiorly from bregma observed.
This is in keeping with the vast majority of studies that
have recorded observations on incomplete metopism in
recent human crania. Thus, Agarwal et al. (1979) noted

Examples of the three forms of the incomplete metopic suture recognized in this study: (a) linear, (b) double, and (c) diffuse.

that it was situated “almost exclusively” in the lower part
of the frontal above nasion and Yadav et al. (2010)
reported it to be just above nasion in 95.95% (142/148) of
specimens examined by them. In all other studies in
which the incomplete suture has been documented, it is
clearly located immediately superior to nasion in all
cases (Ajmani et al., 1983; Aksu et al., 2014; Andrade
et al., 2019; Burrell et al., 2016; Castilho et al., 2006;
Chandrasekaran & Shastri, 2011; del Sol et al., 1989;
Kumar & Rajshekar, 2015; Maneenin et al., 2013;
Mangalgiri et al, 2010; Pilli & Sunder, 2013;
Saikia, 2014; Santhosh et al., 2014; Surekha et al., 2016;
Vinoth et al., 2014; Zanaty, 2017).
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A variety of terms have been employed by various
workers to describe the configuration of an incomplete
metopic suture that extends upwards from nasion
(Table 1). Although 11 different forms have been illus-
trated and employed, the vast majority of studies
(ca. 93%) recognize a single linear form, and all recognize
some type of “doubled” configuration, variously defined
as being U-shaped, V-shaped, Double, or Inverted
U-shaped (Table 1). Some 40% of studies recognize a “dif-
fuse” version in which the suture manifests as a variable
number of stacked horizontal fissures that may or may
not be bounded at their lateral ends by vertical fissures
(e.g., H-shaped, Double Zig-Zag, Wide Side to Side). In
the present study, the configuration of the incomplete
metopic suture was recorded as conforming to one of
these three general categories: linear, double, or diffuse
(Figure 2). Although there have been numerous studies
in which the incidence and form of the incomplete meto-
pic suture has been reported, the study by Pilli and Sun-
der (2013) represents the only one to have recorded its
length.

4 | RESULTS
41 | Incidence of full metopism

A complete metopic suture was encountered in only two
crania (both female) in the present sample, representing

TABLE 2
African sample.

Incidence of complete metopism in the South

Metopic Absent Total % metopic
Male 0 82 82 0.00
Female 2 68 70 2.86
Combined sex 2 150 152 1.32

FIGURE 3 The segmented frontal
sinuses (blue) in “ghosted” renderings of
the two crania that exhibit full
metopism in the current sample. Note
the wide separation of the left and right
sinus cavities in the cranium on the left
and the virtual absence of the right sinus
in the cranium on the right. Portions of
the metopic sutures are clearly visible.

IESSESSRBRER w1y |

2.9% of the female sample and 1.3% of the total (com-
bined sex) sample (Table 2). One of the two crania has a
moderate sinus on the right and a slightly smaller sinus
on the left; these are separated by relatively thick col-
umns of cortical bone on either side of the suture
(Figure 3 left). The other cranium possesses a moderately
extensive sinus on the left side, whereas it is virtually
aplastic on the right (Figure 3 right).

4.2 | Complete metopic suture and FSV
The absolute (Argy) and scaled (Sgsy) FSVs for the two
female crania that evinced complete metopism are com-
pared with those values for the other individuals who did
not present with a complete metopic suture in Table 3.
The absolute (Agsy) as well as the scaled (Sgsy) values of
the two individuals with complete metopism fall just over
2 SE below the mean of the female sample comprising
individuals that lack full metopism. However, neither of
these individuals evince values that are among the smal-
lest in this sample. Similarly, the absolute (Agsy) and
scaled (Sgsy) values of the two individuals with full
metopism fall just over 3 SE below the mean of the com-
bined sex sample of individuals without complete metop-
ism. Here, too, neither of the individuals with full
metopism have values that are among the smallest in this
sample (Figure 4).

4.3 | Incidence of incomplete metopism

The frequencies of incomplete remnants of the metopic
suture in the current sample are recorded in Table 4.
Interestingly, whereas only females displayed complete
metopism, the incomplete suture is evident in a higher
proportion of males (i.e., 49% vs. 33%). The difference is
statistically significant (y* = 8.92; p = 0.003).
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TABLE 3 Frontal sinus volumes (mL) of South African crania with and without a complete (full) patent metopic suture.

Absolute volume (Agsy)
Full metopism
Females
Lacking full metopism
Females
Males
Combined sex
Scaled volumes (Sgsy)
Full metopism
Females
Lacking full metopism
Females
Males

Combined sex

45
40
35
30
25
20
15
10

5

0

Frequency

N

68
82
150

68
82
150

GRINE ET AL.
Mean SD SE Obs. range
5.71 - - 4.64-6.77
7.73 7.79 0.94 0.67-49.33
9.29 6.83 0.76 0.42-34.47
8.58 7.40 0.83 0.42-49.33
0.15 = = 0.14-0.16
0.14 0.04 0.01 0.08-0.28
0.15 0.04 0.004 0.06-0.24
0.15 0.04 0.004 0.06-0.28

0 5 10 15 20 25 30 35 40 45

FIGURE 4 Histogram of absolute frontal sinus volume (Agsv)
in the combined sex South African sample. The two yellow
columns indicate the values of the two crania that exhibit complete
metopic sutures. The X-axis represents the volumetric

measurement in mL.

44 | Length of the remnant metopic

suture

The length of the incomplete remnants of the metopic
suture in the current sample is recorded in Table 5.
The suture tends to be somewhat longer in males
(mean = 8.48 mm) than in females (mean = 7.79 mm),
but the difference is not statistically significant

(t = —-1.03; p = 0.31).

TABLE 4 Incidence of crania exhibiting remnants of the
metopic suture in the South African sample.

Metopic Absent Total % metopic

Male 40 42 82 48.8
Female 17 51 68 33.3
Combined sex 57 93 150 38.0

TABLE 5 Length (mm) of the remnant metopic suture in the
South African sample.

N Mean SD SE Obs. range

Males 40 8.48 2.29 0.36 4.3-15.1
Females 17 7.79 2.30 0.56 3.5-11.6
Combined sex 57 8.27 2.30 0.30 3.5-15.1

TABLE 6 Incidences of incomplete metopic sutural forms in
the South African sample.

Males Females Total
n Jo n % n %o
Linear 11 27.5 8 47.1 19 333
Double 15  37.5 2 11.8 17 298
Diffuse 14 350 7 412 21 368
4.5 | Form of the remnant metopic

suture

The incidences of the three forms of incomplete metopism
recognized here are recorded in Table 6. Nearly half of the
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TABLE 7 Frontal sinus volumes (mL) of South African crania with and without an incomplete (remnant) metopic suture.
N Mean SD SE Obs. range
Absolute volume (Agsy)
Partial metopism
Males 40 11.60 7.66 1.21 1.54-34.47
Females 17 7.42 7.08 1.71 1.05-27.49
Combined sex 57 10.35 7.68 1.01 1.05-34.47
Lacking metopism
Males 42 7.10 513 0.79 0.42-22.92
Females 51 7.83 8.07 1.13 0.67-49.33
Combined sex 93 7.50 6.87 0.71 0.42-49.33
Scaled volumes (Sgsy)
Partial metopism
Males 40 0.17 0.04 0.006 0.09-0.24
Females 17 0.14 0.04 0.010 0.08-0.23
Combined sex 57 0.16 0.04 0.005 0.08-0.24
Lacking metopism
Males 42 0.14 0.04 0.006 0.06-0.21
Females 51 0.15 0.04 0.006 0.07-0.28
Combined sex 93 0.14 0.04 0.004 0.06-0.28

females exhibit a single linear sutural remnant, whereas just
over a quarter of the males show this form. In males, the
double and diffuse forms occur with nearly equal frequency.
In females, the linear and diffuse forms occur with nearly
equal frequency. Overall, the three forms are just about
equally represented, and the difference in frequencies
between males and females is not statistically significant
(r* = 4.14; p = 0.126).

4.6 | Remnant metopic suture and FSV
The absolute (Argy) and scaled (Sgsy) FSVs for males and
females who evinced incomplete metopism are compared
with those values for individuals who presented with no
evidence of metopism in Table 7.

With reference to the Agsy values, males with a metopic
remnant possess significantly larger frontal sinuses than
those who do not (t = 3.14; p < 0.003). On the other hand,
females with a metopic remnant tend to possess slightly
smaller frontal sinuses than those who do not, but the dif-
ference is not significant (t = —0.18; p = 0.85). In the com-
bined sex sample, the mean Aggy value is significantly
higher in the metopic group (¢t = 2.36; p = 0.024).

With regard to the Sggy values, males with a metopic
remnant again possess significantly larger frontal sinuses
than those who do not (t=3.48; p <0.001). In this
instance, females with a metopic remnant tend to possess

slightly smaller frontal sinuses than those who do not, and
here too the difference is not significant (t = —0.27;
p = 0.79). In the combined sex sample, the mean Sgsy value
is again significantly higher in the metopic group (¢t = 2.61;
p < 0.001).

5 | DISCUSSION

5.1 | Incidence of full metopism

The incidence of complete metopism in the combined sex
South African sample (1.32%) is compared to the frequen-
cies reported for some 50 other population samples in
Table 8 and Figure 5. The South African incidence is
among the lowest recorded, although the frequency that
has been reported for another sub-Saharan sample
(Malawi = 0.12%) is even lower. Six samples exhibit
values that are similar to or lower than the South African
sample. Reported global sample values range from 0.0%
(Myanmarese) to 17.2% (Israeli Bedouin).

5.2 | Incidence of incomplete metopism

The frequency of incomplete metopism in the combined
sex South African sample (38.0%) is compared to the fre-
quencies reported for other global population samples in
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TABLE 8 Percentage incidences of persistent complete and incomplete metopism recorded for combined sex recent human population
samples.

Population n Complete Incomplete Reference

Sub-Saharan African

South African black 152 1.32 38.00 This study
Nigerian 206 3.40 31.57 Ajmani et al. (1983)
Malawian 839 0.12 0.00 Odokuma and Igbigbi (2008)
North African
Egyptian 147 8.16 34.69 Zanaty (2017)
Middle Eastern
Turkish 631 9.70 -8 Bilgin et al. (2013)
Turkish 1603 4.60 - Atalay and Eser (2021)
Turkish (West Anatolia) 160 7.50 67.50 Aksu et al. (2014)
Israeli Bedouin 145 17.20 3.40 Arensburg et al. (1977)
Lebanese 968 0.82 0.93 Baaten et al. (2003)
European
Bulgarian® 1373 6.85 - Nikolova et al. (2016)
British 182 3.30 - Berry (1975)
English 234 11.10 43.20 Burrell et al. (2016)
Australian 1034 4.8 - Chaisrisawadisuk et al. (2021)
Norwegian (Oslo) 1012 12.80 - Torgersen (1951)
Norwegian (East) 339 10.00 - Torgersen (1951)
Norwegian West 370 11.10 - Torgersen (1951)
Sami 648 3.20 - Torgersen (1951)
South Asian
Indian 367 1.63 0.54 Sheshgiri and Shisirkumar (2014)
Indian (Assam) NE 126 3.17 33.33 Saikia (2014)
Indian (Kanpur) N 1276 2.66 38.17 Agarwal et al. (1979)
Indian (Uttar Pradesh) N 150 4.52 8.38 Gupta et al. (2022)
Indian (North) N 1020 3.50 14.60 Yadav et al. (2010)
Indian (North) N 100 2.59 - Verma et al. (2014)
Indian (Pradesh) N 40 2.50 7.50 Surekha et al. (2016)
Indian (Rajasthan) NW 130 3.08 - Masih et al. (2013)
Indian (Mumbai) W 100 2.00 44.00 Kumar and Rajshekar (2015)
Indian (Karnataka) SW 125 3.20 26.40 Hussain et al. (2010)
Indian (Karnataka) SW 100 6.00 7.00 Santhosh et al. (2014)
Indian (Karnataka) SW 100 3.00 - Pujari et al. (2015)
Indian (Karnataka) SW 70 1.43 42.86 Andrade et al. (2019)
Indian SE & SW 80 6.25 38.75 Chakravarthi and Venumadhav (2012)
Indian (South) 120 3.33 - Nallathamby et al. (2013)
Indian (South) 100 1.00 1.00 Basha and Sugavasi (2015)
Indian (South) 500 2.20 21.60 Nayakanati et al. (2016)
Indian (Tamil Nadu) SE 160 5.00 40.00 Chandrasekaran and Shastri (2011)
Indian (Andhra Pradesh)SE 180 5.00 37.80 Pilli and Sunder (2013)
Indian (North Karnataka) 140 2.14 - Kumar and Rajshekar (2015)
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TABLE 8 (Continued)

Population n Complete
Indian (Central) 253 3.95
Indian (Tamil Nadu) SE 100 2.00

East Asian
Myanmarese (Burmese) 51 0.00
Thai 706 2.83
Thai 149 1.30
Thai (Northeast) 79 10.12
Chinese 285 9.47

South & Central American

Brazilian 400 2.75
Brazilian (South) 71 7.00
Brazilian 134 4.48
Brazilian 245 6.94
Mexican 62 3.22

Native North American

American (Northwest Coast) 286 2.80

“Dashed line (-) denotes that no data were reported for incomplete metopism.
°This sample comprised only male crania.

FIGURE 5 Histograms of the 90
frequencies of complete and incomplete
metopism recorded for global population 80—
samples. SSA = sub-Saharan African;

NA = North African; ME = Middle

Eastern; E = European; SA = South 70—

Asian; EA = East Asian; SCA = South- ]
Central American; NA = Native North 8 60—
American. The first column to the far g
left is the current South African sample. 2
The sample columns follow the same % 50—
sequence as listed in Table 8. g
B ao—
e _
30— | (]

Incomplete Reference
52.96 Mangalgiri et al. (2010)
88.00 Vinoth et al. (2014)
- Berry (1975)
4.67 Khamanarong et al. (2015)
6.00 Pakdeewong and Tohno (2019)
10.12 Maneenin et al. (2013)

- Li et al. (2023)

28.75 del Sol et al. (1989)
32.40 Castilho et al. (2006)
5.22 da Silva et al. (2013)
- Sandre et al. (2017)
- Berry (1975)
- Berry (1975)

[]incomplete metopism
[ complete metopism

SSA

NA

Table 8 and Figure 5. This incidence is comparable to that
recorded for another sub-Saharan sample (Nigeria = 31.6%)
and another 10 samples from around the world. There is
considerably more variation among these samples in the

ME

E SA EA SCA NA

incidence of incomplete metopism than in the frequencies
of complete metopism (Figure 5). The values reported for
two or three population samples are seemingly inordinately
high, with the Turkish sample studied by Aksu et al. (2014),
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TABLE 9
Sunder (2013).
N Mean
South African 57 8.27
Indian 68 11.94

that from Tamil Nadu reported by Vinoth et al. (2014), and
the Central Indian sample examined by Mangalgiri et al.
(2010) exhibiting incidences of 68%, 88%, and 53%, respec-
tively. While the use of standard flat plane radiographs of
living patients or dried crania might be expected to provide
somewhat questionable values (but one would expect them
to result in comparatively low values!), the three studies in
question were conducted by physical examination of dry
cadaverically or archeologically derived crania. Neverthe-
less, the variation in frequencies that have been recorded
for numerous independent samples from India (Table 8)
suggests that the identification of incomplete metopism dif-
fers quite widely among researchers using the same type of
material (e.g., dried crania). Thus, for example, incidences
of 7.0% and 42.9% have been reported for samples of dry
crania from Karnataka State in southwestern India by
Santhosh et al. (2014) and Andrade et al. (2019), respec-
tively. Similarly, a complete absence of remnant metopism
in a cranial sample from Malawi (Odokuma &
Igbigbi, 2008) is quite unexpected given the incidence
reported here for South Africa, which is just over some
1800 km distant.

In this context, it is perhaps worthy to consider exam-
ining incomplete metopism using micro-CT scans of cra-
nia in order to examine not only the exocranial aspect
but also the endocranial aspect of the frontal bone. While
the suture is barely perceptible in medical grade CT scan
images, it should be easily identified in micro-CT images.
We suggest that this may be a valuable future undertak-
ing in the investigation of the incidence of metopism and
its relationship to the frontal sinus.

The incidence of incomplete metopism in the
South African sample is 28.8 times higher than its fre-
quency of complete metopism. This difference is
exceeded by only two other samples: the Karnataka
Indian sample of Andrade et al. (2019) at 30x, and the
Tamil Nadu sample of Vinoth et al. (2014) at 44x. At
the same time, however, the incidence of incomplete
metopism is lower than that for complete metopism in
only three samples reported to date—those for Malawi
(Odokuma & Igbigbi, 2008), the Bedouin (Arensburg
et al., 1977), and India (Sheshgiri & Shisirkumar, 2014).
Excluding the Malawian sample, for which there is a
0% incidence of incomplete metopism, the difference
between complete and incomplete incidences averages

Length (mm) of remnant metopic sutures in the combined sex South African and the combined sex Indian sample of Pilli and

SE Ccv Obs. range
2.30 0.30 27.8 3.5-15.1
5.09 0.62 42.6 5.0-22.0

8.83x for the other 29 population samples listed in
Table 7 (SE =1.96x, SD = 10.57x, observed range =
—5.06 to 44.00%).

53 |
suture

Length of the remnant metopic

As noted above, only one other study of which we are
aware has recorded the length of the remnant metopic
suture. Pilli and Sunder (2013: tables 3-8) recorded the
raw data for suture length in five separate tables accord-
ing to the form of the suture (e.g., linear, V-shaped). The
whole sample statistic calculated from these data is com-
pared to that for the South African sample in Table 9.
The average length of the suture in the Indian sample is
significantly greater (¢t = 5.33; p < 0.001), although the
incidences of incomplete metopism in these two samples
are nearly identical (37.8% vs. 38.0%). There is also con-
siderably greater variation in suture length in the Indian
than the South African sample to judge from their CVs,
although both are comparatively high (but see Pélabon
et al., 2020 for a discussion of the appropriateness of the
CV to inform the degree of phenotypic plasticity of quan-
titative traits).

54 |
suture

Form of the remnant metopic

Given the variety of remnant sutural forms that have
been recognized by different workers (Table 1), it is diffi-
cult to translate some of these categories into the two
nonlinear forms (i.e., double and diffuse) employed in
the present study. This seems to be especially the case
with reference to the forms that have been recognized as
being “Y-shaped” and “T-shaped” (Andrade et al., 2019;
Mangalgiri et al., 2010; Pilli & Sunder, 2013). Neverthe-
less, if one assumes that the currently recognized double
form includes the categories “U-shaped,” “V-shaped,”
“Double,” “Double U-shaped,” and “Inverted U,” and
that the currently recognized diffuse form includes the
categories “H-shaped,” “Double Zig-Zag,” and “Wide Side
to Side” it is possible to perhaps gain some kind of idea
as to the comparability of the frequencies in the three
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TABLE 10 Percentage incidences of the three forms of remnant metopism recorded for different combined sex population samples.

Population n Linear
South African 57 333
Nigerian 62 80.6
Egyptian 51 70.6
Turkish 108 58.3
English 101 10.9
Indian (Assam) 42 50.0
Indian (Mumbai) 22 40.9
Indian (Karnataka) 7 71.4
Indian (Karnataka) 30° 36.7
Indian (Tamil Nadu) 64 43.8
Indian (Tamil Nadu) 88° 38.6
Indian (Andhra Pradesh) 68° 23.5
Indian (Central) 134° 61.2
Thai 8 0.0
Brazilian 23 69.6
Brazilian 115 64.4

Abbreviation: n, number of crania with remnant metopism.

Double Diffuse Reference
29.8 36.8 This study
4.8 14.5 Ajmani et al. (1983)
29.4 -2 Zanaty (2017)
41.7 - Aksu et al. (2014)
28.7 60.4 Burrell et al. (2016)
50.0 - Saikia (2014)
59.1 - Kumar and Rajshekar (2015)
28.6 - Santhosh et al. (2014)
46.7 - Andrade et al. (2019)
56.3 - Chandrasekaran and Shastri (2011)
42.8 11.1 Vinoth et al. (2014)
45.6 20.6 Pilli and Sunder (2013)
1.5 36.6 Mangalgiri et al. (2010)
100.0 - Maneenin et al. (2013)
30.4 - Castilho et al. (2006)

- del Sol et al. (1989)

“Dashed lines indicate that no category under this form was recognized in the study.
“Percentages do not equal 100% because of inclusion of other categories, such as T-shaped and Y-shaped.

forms among these different samples. At the very least,
the commonly employed “linear” category frequencies
should be directly comparable among studies.

The frequencies of the three remnant sutural forms
that we have tabulated from the incidences for different
categories that have been reported by various studies are
compared to the South African sample values in
Table 10. There is considerable variation in the frequen-
cies expressed by different population samples but in
about half, the linear form is evinced by >50% of individ-
uals. Linear remnant sutures have been recorded as being
present from 0.0% (Thai) to 80.6% (Nigerian) of individ-
uals. There does not appear to be any relationship
between the form assumed by the remnant suture and
the geographic origin of the population.

5.5 | Relationship between a metopic
suture and FSV

As noted above, the absolute (Arsy) and scaled (Sgsv)
FSVs for the two female crania that evinced complete
metopism are compared with those values for the other
individuals who did not present with a complete metopic
suture in Table 3. The absolute (Agpsy) as well as the
scaled (Sgsy) values of the two individuals with complete
metopism fall just over 2 SE below the mean of the

female sample comprising individuals that lack full
metopism. However, neither of these individuals evince
FSVs that are among the smallest in this sample.

This observation is consistent with those studies that
have argued that complete metopism can affect the pres-
ence and/or size of the frontal sinus. As noted above,
Guerram et al. (2014), Nikolova and Toneva (2019), and
Atalay and Eser (2021) recorded small sinuses to be more
frequently encountered in individuals with metopism.
Kumar et al. (2016) reported a relationship between
metopism and sinus aplasia, although none of the aplas-
tic crania in the South African sample exhibited metop-
ism. At the same time, however, a number of studies
have observed no relationship between metopism and
frontal sinus size and/or aplasia (e.g., Bilgin et al., 2013;
Hunt & Everest, 2001; Marciniak & Nizankowski, 1959;
Pondé et al.,, 2008; Sandre et al.,, 2017). As such, the
results of the current study cannot be considered in any
way conclusive.

The absolute (Agrsy) as well as the scaled (Sgsy) FSVs
of the South African sample of males with a partial meto-
pic remnant are significantly larger than in males who do
not exhibit any metopism, whereas in females there is no
significant difference between those with and without a
metopic remnant. In the combined sex sample, both the
Arsy and Sgsy values are significantly larger in the meto-

pic group.
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This result certainly contradicts the notion that there
is a relationship between partial metopism and frontal
sinus hypoplasia (e.g., Balzeau et al.,, 2022; Butaric
et al., 2022). Indeed, it is difficult to envision the means
by which a persistent partial metopic suture could affect
frontal sinus size, since the suture fuses in a “zipper-like”
fashion, progressing from nasion to bregma (Weinzweig
et al., 2003), with initiation of fusion as early as 3 months
postnatal and complete fusion attained by 8-9 months in
nonsynostotic individuals (Vu et al., 2001; Weinzweig
et al., 2003). The frontal sinus, on the other hand, may
form in individuals as young as 2 years of age, although
it is commonly not visible radiographically until the age
of 4-7 when it reaches the level of the orbital roof prior
to pneumatizing the squama of the frontal bone (Adibelli
et al., 2011; Barghouth et al.,, 2002; Fatu et al., 2006;
Moore & Ross, 2017; Sardi et al., 2018; Yun et al., 2011).
The mechanism(s) by which a suture that has all but
fused in infancy could influence a sinus that only begins
to form considerably later is (are) unclear.

5.6 | Metopism and frontal sinus size in
the Hofmeyr cranium

As noted in Section 1, it has been surmised that the meto-
pic remnant exhibited by the Late Pleistocene cranium
from Hofmeyr, South Africa may be a factor behind its
very small frontal sinuses (Balzeau et al., 2022; Butaric
et al., 2022). In light of the current evidence, it would
appear that the small volume of the frontal sinus in this
fossil cannot be simply related to the presence of
this sutural remnant. Given the size and robust nature of
this fossil, and its possession of a prominent glabella and
relatively large and continuous supraorbital tori, the
small sizes of its frontal sinuses is quite unexpected.
Indeed, as noted by Butaric et al. (2022), the area of the
frontal bone that could potentially be pneumatized in the
Hofmeyr cranium is very nearly 20 mL. Given that the
combined volume of the left and right sinuses is only
2.0 mL, only about 11% of the potential space has been
pneumatized in this individual.

In this respect, however it is perhaps noteworthy that
Butaric et al. (2022) also drew attention to similarly small
frontal sinuses in a number of penecontemporaneous
(Late Pleistocene-Early Holocene) crania from North
Africa and Europe. Thus, for example, the North African
crania from Afalou Bou Rummel that date to between
about 15-12 ka (Afalou 2, Afalou 12) and those from
Taforalt that date to ca. 18-11 ka (Taforalt XI C1, Taforalt
XV C4) have frontal sinuses that measure 3.10 mL,
1.97 mL, 0.70 mL, and 0.43 mL, respectively (Butaric
et al.,, 2022: table 11.4). Similarly, the Upper Paleolithic

crania from Cro-Magnon that date to about 28 ka (Cro-
Magnon 2, Cro-Magnon 3) and the Abri-Pataud cranium
that dates to some 21 ka exhibit small frontal sinuses
(1.22mL, 1.95mL, and 1.23 mL, respectively). At the
same time, other crania from Afalou (Afalou 13, Afalou
28), Taforalt (Taforalt XVII C1), and from the European
Upper Paleolithic sites of Pestera Cioclovina and Mladec
(Mlade¢ 1) have frontal sinus aplasia (Butaric
et al., 2022). We are unaware of any study that has docu-
mented the incidence of partial metopism in this fossil
sample.

However, other crania from some of these sites
exhibit notably larger sinuses (e.g., Afalou 30 is 9.45 mL,
Afalou 34 is 8.41 mL, Cro-Magnon 1 is 11.55 mL, and
Taforalt XV C5 is 9.85 mL). Thus, while small to absent
frontal sinuses characterize the majority of these pene-
contemporaneous North African and European fossils,
these conditions are not ubiquitous. Indeed, the sinus
volumes of the Afalou 30, Afalou 34, Cro-Magnon 1, and
Taforalt XV C5 crania (8.41-11.55 mL) fall comfortably
within the ranges exhibited by recent human crania from
Europe, sub-Saharan Africa, Asia, and the Americas (see
Butaric et al., 2022: table 11.4).

Interestingly, the Hofmeyr cranium exhibits a promi-
nent midline frontal keel (metopic eminence) with a
breadth of ca. 13 mm that extends for about 40 mm from
glabella (Figure 6). Benington and Pearson (1912), de Vil-
liers (1968), and Grine (2022) have reported incidences of
a metopic ridge in crania from Congo, Gabon, and
South Africa. Although it is unclear whether the metopic
elevation that Benington and Pearson (1912) and de Vil-
liers (1968) observed is equivalent in development to that
on the Hofmeyr frontal, the incidences that they reported
are rather low (Table 11). The highest incidence of frontal
keeling is shown by the Later Stone Age (LSA)
South African Khoesan sample, with nearly a third of
individuals displaying some degree of elevation. Here, a
slight degree of development is the most common expres-
sion (26.3%), with only 1% displaying a marked keel that
is comparable to that seen in Hofmeyr (Grine, 2022)
(Figure 6). By comparison, some 25% of Eurasian Upper
Paleolithic (UP) crania that are roughly penecontempora-
neous with Hofmeyr display a frontal keel, although only
one (Mlade¢ 6) exhibits a rather marked eminence
(Grine, 2022).

It is perhaps noteworthy that early (premature) clo-
sure of the metopic suture (metopic craniosynostosis) in
young children often results in a prominent midline ridge
on the forehead, although neither the Hofmeyr cranium
nor any of the South African LSA and Eurasian UP cra-
nia with a metopic eminence displays the frontal narrow-
ing with biparietal widening (trigonocephaly) and orbital
hypotelorism that constitute the ‘“classic triad” of
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FIGURE 6 Midline metopic
eminence in the Hofmeyr cranium (left)
and its marked expression in a Holocene
Later Stone Age cranium from the site
of Peers Cave (= Skildergat or Fish
Hoek Cave), Western Cape Province,
South Africa. Scale bar = 50 mm.

TABLE 11
eminence in combined sex sub-Saharan

Incidence of a metopic

African cranial samples. Sample
Gabon
Congo

South Africa

South Africa LSA Khoesan 209 64 30.6

o 1o TSN

Presence
n n % Reference
131 11 8.4 Benington and Pearson (1912)
77 8 10.4 Benington and Pearson (1912)
720 51 7.1 de Villiers (1968)

Grine (2022)

Abbreviation: LSA, Later Stone Age.

pathological  metopic  craniosynostosis  (Birgfeld
et al., 2013; Chandler et al., 2021; Pindrik et al., 2016; van
der Meulen, 2012). While the Hofmeyr, the UP skulls,
and the LSA crania that display metopic eminences do
not appear to exhibit the clinical manifestations of patho-
logical craniosynostosis, it is reasonable to conclude that
all had early closure of the interfrontal suture. As such,
there is little reason to suspect that a short remnant of
the metopic suture should in any way signify disruption
of frontal sinus development. Certainly, it does not in the
South African sample investigated here.

6 | CONCLUSIONS

This study assessed the incidences of complete and par-
tial metopism in a sample of black South Africans. The
form and size of the remnant suture was investigated,
together with the relationship between metopism and
frontal sinus size. These data were used to test the
hypothesis that a remnant of the metopic suture is
expected to be associated with frontal sinus hypoplasia.
The incidence of full metopism in the South African
sample (1.32%) is among the lowest recorded, although
the frequency for another sub-Saharan sample is even
lower. The frequency of incomplete metopism (38.0%) is
comparable to that recorded for another sub-Saharan

sample and is among the higher incidences that have
been reported for globally distributed populations. There
is considerably more variation in the incidence of incom-
plete than for complete metopism in these samples. Rem-
nant metopism is nearly 30 times more common than
full metopism in the South African sample, and this dif-
ference is exceeded by only two out of 29 global samples
in which the difference averages about 9x. The incom-
plete suture in the South African sample is, on average,
significantly shorter than in the only other population
sample for which this has been recorded, although the
incidences of remnant metopism in the two are nearly
identical. Remnant sutural form in the South African
sample is distributed nearly equally among linear, dou-
ble, and diffuse categories, whereas the linear form is
evinced by >50% of individuals in about half of the global
population samples.

In the South African male and combined sex samples,
both the absolute (Agsy) and scaled (Sgsyv) FSVs for indi-
viduals with a metopic sutural remnant are significantly
larger than in the groups without a metopic remnant.
This result contradicts the hypothesis that there is a rela-
tionship between partial metopism and frontal sinus
hypoplasia. In light of this evidence, it would appear that
the small frontal sinuses of the Late Pleistocene cranium
from Hofmeyr, South Africa are unlikely to be related to
its short metopic sutural remnant. Rather, it seems likely
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that a small (or absent) frontal sinus was relatively com-
mon among other Late Pleistocene and early Holocene
crania from North Africa and Europe.
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