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Abstract

Background: Positive identification is at the forefront of tasks for forensic practitioners
when a set of remains is discovered. Standard means of identification include finger-
prints, dental, and DNA analyses; however, additional methods are utilized by forensic
practitioners to identify remains when these primary methods of identification are not
applicable. Comparative radiography has become a frequently employed approach for
positive identification, specifically focused on individualizing characteristics evident in
human skeletal variation. Regions that display wide ranges of morphological variation
within the human skeleton include the cranium as well as the thorax. With regard to the
cranium specifically, paranasal sinuses have been recognized as unique features and are
valuable for identification purposes. Objectives: This paper explores the basic information
of the anatomy and development, range of variation, and the importance of paranasal
sinuses in forensic contexts. Results: This article discusses how practitioners can best use
the morphological information contained in the paranasal sinuses and how to compare the
antemortem and postmortem datasets involving different imaging modalities for positive
identification purposes, in order to provide practical concepts that may assist in cases
where paranasal sinuses may be used for forensic human identification. Conclusions:
Understanding the development of paranasal sinuses, the imaging techniques applied for
their visualization, as well as the principles of identification, is key to conducting proper
antemortem vs. postmortem comparisons and effectively utilizing paranasal sinuses in
forensic identification contexts.

Keywords: human identification; positive identification; paranasal anatomy; paranasal
development; paranasal sinus; imaging techniques; comparative imaging; radiology

1. Introduction

When a set of human remains are discovered, forensic practitioners conduct a series of
analyses to achieve a positive identification and reconstruct events surrounding the death
event. Standard means of identification include fingerprints, dental treatment, and DNA
analysis. However, forensic practitioners can rely on other techniques to achieve a positive
identification, especially in cases where these standard means cannot be applied.

Skeletal elements, such as bones and teeth, can be used to establish the identity of a set
of remains. Most often, this analysis involves antemortem versus postmortem radiograph
comparison. In this sense, forensic anthropologists and forensic odontologists are uniquely
qualified to process and analyze the remains and compare the postmortem to antemortem
records as a means of identification [1]. Dental treatment and healed fractures, especially
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when they present surgical devices, are often used for forensic human identification due
to their individuality. However, when no dental treatment or antemortem fractures are
present, an identification can be achieved utilizing skeletal variations and anomalies within
bones and teeth.

Human skeletal variation has a significant value for identification purposes due to
the wide array of variation that can be present in the skeleton. Cranial, sternal, and rib
morphological variations [2-5] have been studied to better understand their frequency and
therefore to establish their significance for identification. Specifically, within the cranium,
suture patterns, endocranial meningeal grooves, and paranasal sinuses have been explored
for their use in personal identification [1-7].

The paranasal sinuses consist of four paired, aerated spaces located in the facial region.
These paired cavities include the frontal sinus, ethmoidal sinus, maxillary sinus, and the
sphenoidal sinus. In 1895, Zuckerandl first observed asymmetric morphology of the frontal
sinus, piquing research interests in the paranasal sinuses for identification purposes [6].

Conventional radiography creates an image of the internal structures, which makes
it of valuable use for paranasal sinuses comparison. Radiography was first suggested
for the use in identifying unknown remains using the frontal sinus variability in 1921
by Schuller [7]. A few years later, in 1927, human identification through frontal sinus
analysis was accepted in a court case in the US for the first time [6]. Since then, radio-
graphic comparison of the frontal sinus has been widely employed by forensic practitioners
as a means of positive identification [8]. Comparative radiography includes obtaining
suitable antemortem radiographs, typically provided by law enforcement, and similarly
positioned/oriented postmortem radiographs taken by forensic practitioners. Then, a
visual comparison of the area(s) of interest is made by looking for consistencies between the
radiographs. Consistencies can be identified from a range of features, including morphol-
ogy, location, and size of different anatomical structures, and distinct features displayed in
the skeleton. These same traits can also be used to identify any inconsistencies that may
lead to an exclusion. The paranasal sinuses are highly variable, making them an ideal
structure for radiographic comparisons. Today, identification using the morphological
appearance of the paranasal sinuses in radiographs has become a common practice. The
development and common use of other imaging modalities in the clinical setting, such as
computed tomography (CT) and magnetic resonance imaging (MRI), has led to their use in
forensic identification contexts. Thus, studies exploring the validity of different imaging
techniques of paranasal sinus comparison for identification purposes have increased.

This article aims to cover the basic understanding of the anatomy and variation of
the paranasal sinuses and how practitioners can use this information for forensic human
identification. Additionally, the utilization of different imaging modalities in context and
associated limitations are discussed.

2. Anatomy and Development of Paranasal Sinuses

The paranasal sinuses are comprised of four paired, air-filled spaces located within
the maxillary, ethmoid, frontal, and sphenoid bones, all of which are covered by a mucous
membrane and connected to the nasal cavity [9,10].

These sinuses play several important roles in the human body, encompassing both
physiological and mechanical functions. They help to lighten the skull’s weight and enhance
voice resonance. Additionally, they provide a cushioning effect against maxillofacial trauma,
absorbing shock to protect the facial structures. Sinuses also humidify and warm the air we
breathe and contribute to immunological functions [10-12] (Figure 1).
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Figure 1. Location and general morphology of the frontal (pink), sphenoidal (green), ethmoidal (blue)
and maxillary (orange), and the nasal cavity (purple).

The development of the paranasal sinuses is an extremely complicated process, and
the anatomy of the sinuses is highly variable. Such variability is highly important for their
normal function and can assist enormously in personal identification.

An embryo shows its first identifiable head and face between weeks four and five of
gestation with a central orifice, the stomodeum, which is surrounded by the mandibular,
maxillary, and frontonasal prominences [13]. The facial structures develop between weeks
four and ten from five prominences-the frontonasal, paired (left and right) maxillary, and
paired (left and right) mandibular prominences [14].

The paranasal sinus development begins during intra-uterine life. Some are present at
birth and continue to develop after birth until adult size is reached, enlarging their size by
the pneumatization of the surrounding bones.

The ethmoidal sinuses are the first to develop, beginning with the appearance of the
infundibulum of the ethmoid bone at about eleven to twelve weeks of intrauterine life.
Osseous calcification of the ethmoid bone begins around 25 to 28 weeks of intrauterine
life. The anterior ethmoid cells arise from a superior invagination of the middle meatus
at around the 20th week. Usually, the ethmoidal sinuses are present at birth [13,14],
representing the only pneumatized sinuses at that time.

Ethmoid sinuses are unique compared to the other sinuses because they arise from the
cartilaginous nasal capsule, whereas the rest of the paranasal sinuses are the outgrowths of
the ethmoid. The maxillary sinus starts as an outpouching of the ethmoid infundibulum
and develops inferolaterally towards the maxillary bone. The frontal sinus develops as
an extension of the anterior ethmoidal air cells. The sphenoid sinus develops from an
invagination of the posterior ethmoid sinus or from the nasal mucosa into the posterior
part of the cartilaginous nasal capsule [14,15]. Developmentally, the ethmoid sinus plays
a key role in the formation of the rest of the paranasal sinuses, which develop through a
complex process of pneumatization of the bones surrounding the nasal cavity, with the
ethmoid sinus being the central structure, but not the sole origin of the other sinuses [15].

The maxillary sinus starts its development in the third gestational month. As men-
tioned earlier in this article, the development of the primordial ethmoidal infundibulum
starts to appear around eleven to twelve weeks, and a channel develops infero-laterally
towards the precursor of the maxillary bone to form the primordial maxillary sinus. At
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birth, the maxillary sinus is present as a small sac in the lateral nasal wall [16,17]. The
maxillary sinus develops considerably between birth and three years and again between
seven and twelve years. The floor of the maxillary sinus reaches its most inferior position
at 20 years of age [16,17].

The sphenoidal sinus develops as an invagination of the nasal mucosa into the pos-
terior part of the cartilaginous nasal capsules around the third month of gestation. The
sphenoidal sinus is not present at birth, since its pneumatization will start between one and
three years of life. Between ages six and seven, the sphenoid sinus extends inferiorly to the
pterygoid canal and then posteriorly to the hypophyseal fossa by age eight. The sphenoid
sinuses reach maturity around twelve to fourteen years of age and are housed centrally
and posteriorly in the body of the sphenoid bone.

The frontal sinus is not visible at birth and will begin to develop around the second
year of life, from an outgrowth of the anterior ethmoid cells extending into the frontal bone.
At one to two years of age, pneumatization starts at the horizontal plate of the frontal bone,
which advances superiorly by age three, reaching the orbital roof at four to seven years of
age [10,13]. It becomes radiographically evident around five or six years of age, and the
final size and morphology is achieved around the 20-25 years of age [6,17].

Development of the paranasal sinuses is an extremely complicated process, and the
anatomy of the sinuses is highly variable, which represents a clear advantage for their use
in personal identification.

Understanding the growth and development of the paranasal sinuses is important for
accurate interpretation in juvenile remains and in cases where antemortem and postmortem
records correspond to different stages of development. Prior to their full development,
the paranasal sinuses do not show distinctive structural traits. Moreover, there is a lack
of research regarding their applicability in forensic identifications before their complete
development [18]. According to that, the ethmoidal and sphenoidal sinuses won’t be used
for identification in individuals younger than 12 years of age, and the frontal and maxil-
lary sinuses won’t be used in individuals younger than 20 years of age for identification
purposes (Table 1).

Table 1. Approximate age of initial radiographic appearance; approximate age of developmental
completeness of the paranasal sinuses; and radiographic projections where the sinus can be visualized.

Sinus

Initial Radiographic Appearance = Development Complete

Radiographical
Projections

Ethmoidal

Lateral

3-6 months 12 years Occipitomental (Waters)

Occipitofrontal (Caldwell)

Sphenoidal

1-3 years 12-14 years

Lateral
Submentovertex (Hirtz)

Maxillary

2-3 months 20 years

Occipitomental (Waters)
Lateral

Panoramic

Periapical

Frontal

4-6 years 20-25 years

Occipitofrontal (Caldwell)
Occipitomental (Waters)
Lateral

Anterior-Posterior




Forensic Sci. 2025, 5, 35

50f 16

3. Imaging Techniques to Explore Paranasal Sinuses

As previously mentioned in this article, the identification using paranasal sinuses
consists of a morphological comparison between the antemortem and postmortem images
of these structures. The antemortem images are those taken in a clinical context while the
individual was alive, whereas the postmortem images are those obtained from remains
being analyzed.

Medical imaging of the cranial region includes a series of imaging techniques, depen-
dent on the purpose of the analysis, which are commonly used in cases of diseases and
trauma. Maxillofacial projections, dental radiographs, computed tomography (CT) scans,
and magnetic resonance imaging (MRI) are commonly conducted on living individuals in
clinical settings. These images may be of high value in forensic contexts (representing ante-
mortem records), since they can be compared to the imaging obtained in the postmortem
analysis of the remains (postmortem records) in order to achieve a positive identification or
an exclusion.

3.1. Conventional Radiographs

Conventional radiographs consist of high-energy electromagnetic wave packets (re-
ferred to as photons) that have the ability to penetrate human tissues, generating an image
according to the number of photons that are absorbed, scattered, and transmitted through
the matter [19,20]. So that the darker greys correspond to lower-density tissues (such as fat
or muscle) and whiter areas correspond to high-density materials (such as bone and metal).

Paranasal sinuses are visible in different skull projections that are frequently taken in
the clinical context for diagnosis, treatment, and follow-up monitoring. The antero-posterior
skull radiograph shows the frontal sinus morphology and structure very accurately; it
can be observed as well in the occipitomental (or Waters) projection; this view also repre-
sents a good visualization of the overall maxillary sinus. The occipitofrontal (or Caldwell)
projection shows mainly the maxillary sinus, although the frontal and anterior ethmoidal
sinuses are also represented in this projection, the lateral projection of the skull may assist
in the visualization of the sphenoidal sinus, and the frontal and maxillary sinuses can
be observed in this projection, but their view it’s not very informative for identification
purposes. The submentovertex (or Hirtz) projection allows the visualization of the sphe-
noidal sinus. Additionally, some dental radiographs allow for visualization of the maxillary
sinuses. The panoramic radiographs, extensively used in the dental clinical context, show
the inferior portion of the maxillary sinuses; periapical radiographs may also include
the inferior portion of the maxillary sinus when taken in the upper premolar and molar
areas [19,20]. Cranial radiographs are ideal for paranasal sinus analysis, specifically the
frontal sinus (Table 1). The unique sinus morphology allows practitioners to compare
antemortem and postmortem radiographs to identify areas of concordance to establish
a positive identification or an exclusion. A key aspect in the comparison is to take the
postmortem radiographs mimicking the projection of the antemortem radiograph as closely
as possible, since differences in the angulation can lead to significant differences in the
radiographic image. Moreover, radiation overexposure concerns that apply to clinical
settings are not an issue when postmortem radiographs are taken.

3.2. Computed Tomography (CT)

Computed Tomography (CT) uses x-rays and computer processing to generate detailed
cross-sectional images of the body. By rotating an x-ray source and detectors around the
patient, CT scans capture multiple projections that are reconstructed into 2D or 3D images,
allowing for high-resolution visualization of internal structures [21]. In the later years,
Cone Beam Computed Tomography (CBCT) has been widely used in clinical settings,
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which employs a cone-shaped x-ray beam and a flat-panel detector, rotating around the
patient to produce volumetric images. Unlike conventional CT, which uses a fan-shaped
beam and multiple detector rows, CBCT is optimized for high-resolution imaging of hard
tissues with a lower radiation dose, making it particularly useful in dentistry, maxillofacial
surgery, and orthopedic imaging [21]. Since CT uses x-rays to obtain the image, the scale of
grays observed in the tomographic imaging follows the same criteria as the conventional
radiographs. The gray scale is analogous with how dense the structures being scanned
are [22]. Cranial CT scans can be utilized in forensic contexts for frontal sinus comparisons,
since paranasal sinuses are well visualized in CT scans as air cavities. Additionally, CT
scans contain volumetric data that can be used to create three-dimensional (3D) models,
which can be useful for research and in certain cases for identification.

3.3. Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is another imaging technique that is comparable
to CT imaging. However, MRI uses radio waves to create a detailed picture of the internal
anatomical structures. Thus, the scale of grays in MRI represents variations in signal
intensity, which depend on the relaxation times of hydrogen nuclei (protons) in different
tissues [23]. So, MRI provides superior soft-tissue contrast compared to x-rays, making it
ideal for examining soft tissues. While x-rays are less sensitive to soft-tissue variations and
very effective in visualizing bones and other dense structures [23]. In the clinical context,
MRIs of the paranasal sinuses are normally taken in patients with sinusitis, polyps, or any
mass within the paranasal and maxillofacial area.

As CT scans and MRIs have become a more commonly used tool in the medical field
in the last decades, they have become more available and a valuable source of antemortem
records that can be used for comparison analyses in forensic contexts. Even through the
advancements in imaging technology, radiography is still the most commonly available
antemortem imaging technique and the most commonly used in the postmortem analyses,
since forensic practitioners typically have radiography equipment readily accessible versus
a CT or MRI scanner. However, as new digital imaging techniques develop and become
more widely employed, it is important for forensic practitioners to understand the limi-
tations and benefits of the imaging techniques and how to use them for postmortem vs.
antemortem comparisons.

4. Postmortem Versus Antemortem Imaging Comparison

Forensic experts take the postmortem images and compare them with the antemortem
records provided. Depending on the nature of antemortem records and the imaging tech-
nique available in the postmortem analysis, oftentimes forensic practitioners must combine
different imaging techniques at the time of comparison. While the antemortem images can
include a wide range of imaging techniques, the postmortem imaging techniques applied in
the postmortem analysis will depend on the equipment available for the different forensic
institutions. As mentioned, in most cases, conventional radiographs are the only imaging
technique available in forensic settings.

Due to low-cost, non-invasive/non-destructive, fast imaging acquisition, and good
quality of resolution and contrast, radiographs play a key role in clinical and forensic
settings [24]. However, the image quality may present significant differences when com-
paring traditional or screen-film radiography (SFR) and digital radiography (DR). While
SER doesn’t allow post-processing adjustments, once the image is chemically fixed, over
or underexposure irreversibly degrades the image quality [25] and the only attempts to
improve it are through image adjustments in Photoshop, PowerPoint, or similar computer
programs. Due to the post-processing adjustments applied to DR and the possibility to
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enhance low-contrast findings, this is the preferred technique nowadays [26]. DR was
introduced in 1983, increasing its implementation in the 90s and early 2000s and presenting
full dominance of the clinical setting from 2010 until the present day [26-28]. Thus, it is
not unusual to be provided with antemortem SFR and compare them with postmortem
DR, even though the sinuses margins and differentiation will present better quality in the
digital images, the comparison between these two modalities of radiographs generally
doesn’t present difficulties for forensic professionals.

The comparison between antemortem panoramic radiographs and postmortem peri-
apical radiographs is commonly performed in cases utilizing the maxillary sinus. In these
cases, only the lower part of the maxillary sinuses can be compared (Figure 2).

R
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Figure 2. Comparison between an antemortem panoramic radiograph fragment (AM) and post-
mortem periapical radiograph (PM) of the right maxillary premolar and molar area. The inferior
border (or the floor) of the maxillary sinus is highlighted in yellow, and the 1st and 2nd premolars
are labeled as PM1 and PM2, and the mesial alveolar portion of the molar is highlighted in pink.
This comparison depicts consistent morphologies between the AM and PM radiographs, where the
relationship of the inferior part of the maxillary sinus with the dental roots is key for the comparison.
Source: Department of Applied Forensic Sciences at Mercyhurst University casework.

Since the first clinical use of computed tomography in 1971, its clinical application
increased rapidly through the 1980s until the 2000s, when CT techniques became a key
component of modern radiology [29-32]. Due to the extended use of the CT-scans in the
clinical context, cranial CTs are frequently provided as antemortem medical records, which
can be compared to postmortem imaging, which in most cases consists of radiography.
Although CT scans contain volumetric data, and despite the current extensive research in
three-dimensional comparison and overlay of the paranasal sinuses, 3D renderings of the
sinuses aren’t generally of great use in forensic identification daily casework, since most
of the comparisons are conducted between an antemortem CT scan and a postmortem
radiograph, given the accessibility to this technique in the forensic institutions. According to
that, forensic practitioners often use reformatting tools rather than using 3D reconstructions,
which do not offer information on the internal structure of the sinuses (Figure 3).
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Figure 3. Antemortem (AM) 3D rendering reconstruction from a CBCT scan (a); postmortem (PM)
anterior posterior cranial radiograph (b); volumetric reconstruction of frontal sinus in AM CBCT
scan (c). The frontal sinus outline and septa are highlighted in yellow in the lower images. The cut in
the CBCT in (a) was conducted at a level that allows the visualization of the overall sinus, thus can
be compared with the postmortem radiograph (b), while the volumetric reconstruction (c) lacks the
ultrastructure information visible in the postmortem radiograph. Source: Department of Applied
Forensic Sciences at Mercyhurst University casework.

5. Value and Use of Paranasal Sinuses in Human Identification

The individualizing potential of paranasal sinuses due to their morphological vari-
ability and uniqueness makes these structures highly reliable for postmortem versus
antemortem imaging comparisons [2].

The frontal sinus has been extensively researched as an individualizing structure,
presenting unique architecture that differs even in monozygotic twins [33-36]. Its morpho-
logical variation ranges from minimal expression (or even aplasia) to complex labyrinthic
formations, presenting variation in the presence or absence and asymmetry of right and
left lobes, sinus outline morphology, and number and location of septa [37,38]. In the
first author’s experience, the location and morphology of the crista galli of the ethmoid
and the frontal sinus lobes, are informative structures that can add to the comparisons
(Figure 4), but in order to use the crista galli in the comparison, the PM image should mimic
in high detail the AM in terms of projection and positioning of the cranium. Moreover, the
anatomical variations of the frontal sinus aren’t significantly influenced by sex or popula-
tion affinity [38], and the highly individualistic morphology generally supersedes more
subtle differences related to imaging orientation or image quality concerns [37], giving this
structure great value for personal identification in forensic casework (Figure 5).
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Figure 4. Frontal sinus comparison between an antemortem (AM) Waters projection and a postmortem
(PM) radiograph of the cranium in similar orientation. The frontal sinus outline and septa are
highlighted in yellow and the crista galli is indicated by the green arrow in the superior images.
Source: Department of Applied Forensic Sciences at Mercyhurst University casework.

Figure 5. Frontal sinus comparison between antemortem (AM) and postmortem (PM) radiographs.
The frontal sinus outline and septa are highlighted in yellow in the lower images. Even though slightly
different projections are observed between the AM and PM radiographs, the sinus morphology can
be assessed and shows consistency between the AM and PM images, mainly in terms of number and
morphology of lobes and septa. Source: Department of Applied Forensic Sciences at Mercyhurst
University casework.
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The sphenoidal sinus has shown morphological uniqueness; however,
three-dimensional (3D) techniques are preferred for comparison; most of the recent re-
search focuses on 3D-3D superimposition [5,39], which would be applicable in cases where
antemortem and postmortem three-dimensional images are available. In radiographs,
the sphenoidal sinus can be properly visualized in cranial lateral projections. In cases
using these types of images, it is the authors” advice to use other anatomical structures in
combination with the sphenoidal sinus, such as the clinoid processes, cranial sutures, or
the meningeal grooves morphology, since this projection doesn’t provide much detail of its

architecture (Figure 6).

Figure 6. Comparison between a lateral view of the cranium of the antemortem CBCT scan (AM)
and the lateral radiograph of the remain’s cranium (PM). Since this view doesn’t offer a detailed
image of the frontal (F) and sphenoidal (S) sinuses, other skeletal features were included in the
comparison such as the morphology of the clinoid processes and the overall sella turcica (outlined
in yellow), glabella (green arrows), meningeal grooves (purple arrows), the inion and an entheses
located inferiorly to it (blue arrows), maxillary prognatism (orange arrow), and the presence of
a dental restoration in the upper left 2nd molar (yellow arrow). Source: Department of Applied
Forensic Sciences at Mercyhurst University casework.

Although some studies have reported the ethmoidal sinus uniqueness and use for
human identification cases [40,41], it is the least explored of the paranasal sinuses for
forensic identification purposes. This may be due to the difficulty of visualizing the
ethmoidal sinus in most common radiographical projections. Rather than the ethmoidal
sinus, the crista galli of the ethmoid, visualized in projections capturing the frontal sinus,
has shown to be of high value in the comparison.



Forensic Sci. 2025, 5, 35

11 of 16

The maxillary sinus has been widely researched and used for human identification
purposes due to its morphological variation and the clear visualization in several radio-
graphical modalities such as panoramic, AP/PA cranial projections, Waters and lateral
projections, as well as periapical radiographs. Although some research has suggested the
influence of sex in the maxillary sinus volume, statistical analyses did not show significant
differences between males” and females’ data [39]. Maxillary body contour and septal
pattern provide useful data for the postmortem vs. antemortem comparisons. Maxillary
sinus morphological changes may occur after posterior tooth loss and as a result of sinus
lift procedures prior to dental implant surgery, so that extractions and sinus bone graft
surgery should be considered as a potential source of inconsistencies due to the sinus
pneumatization [42—44]. In comparisons using the maxillary sinus, it is of high importance
to rely not only on the sinus morphology but also on the relationship of the sinus floor with
other anatomical structures such as the dental roots or the alveolar bone (Figure 7).

Figure 7. Comparison of the antemortem (AM) and the postmortem (PM) periapical radiographs,
where the floor of the maxillary sinus is highlighted in yellow and the lower limit of the maxillary
bone in the alveolar region is highlighted in green. Although the third molar is present in the AM
and missing in the PM image, the sinus morphology and relationship with the first molar and the
distal maxillary bone is consistent in both images. Additionally, the relationship between the sinus
floor and the first molar’s root is maintained in the AM and the PM images. Source: Department of
Applied Forensic Sciences at Mercyhurst University casework.

6. Limitations of the Use of Paranasal Sinuses for Identification

Despite the usefulness of paranasal sinuses for forensic identification purposes, some
limitations must be taken into account at the time of applying the antemortem versus
postmortem morphological comparison of the paranasal sinuses.

The quality of the images to be compared can impact the process. Antemortem images
are taken in the clinical context of diagnostic, treatment plan, or follow-up of diseases and
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trauma; they are not optimized for forensic purposes, which can result in resolution or
contrast issues, as well as the presence of artifacts. Although these limitations are more
significant in non-digital radiographs (SFR), since no post-processing is possible, other
imaging techniques, such as CT scan, can present quality limitations in the resolution, noise,
and slice thickness [28,29,45,46]. Moreover, when the antemortem image only shows a part
of the sinus (due to the clinical question), only partial comparisons can be conducted, but
they still offer a valuable assessment. Although nowadays radiography dominates the
forensic imaging realm, other techniques such as CT scans are becoming more accessible
for forensic practitioners.

Another limitation is the use of different imaging techniques in the antemortem and
postmortem data. Comparing two-dimensional with three-dimensional images introduces
challenges for correlating the different anatomical structures and their morphological traits.
Radiographical superimposition of structures, geometric distortions, and contrast can limit
the differentiation of certain traits that can be easily distinguished in three-dimensional
imaging techniques [37]. The understanding of anatomy, image acquisition, interpretation,
and the post-processing management when available can assist in lowering the impact of
different imaging techniques comparison [47].

Cases of hypoplasia and aplasia of the sinus can impact the assessment of this structure
since the lack of distinctive traits impairs the identification. However, these are rare devel-
opmental anomalies, and their frequency in the population has been explored mainly for
anatomical and clinical purposes. Total aplasia paranasal sinus is an extremely rare condi-
tion; few cases have been reported in the scientific literature [48-50]. Bilateral frontal sinus
aplasia is found in 1-5% of the population, while unilateral aplasia frequency corresponds
to 4-15% of the population, and hypoplasia is present in 14-15% of the population [51-53].
Maxillary sinus hypoplasia is a rare anomaly found in 1.73 to 10.5% of the population,
not only related to developmental causes but also to trauma and acquired diseases [54].
Sphenoidal aplasia has been reported in 1% or less of the population, and it has been
related to skeletal diseases [55]. The cases of hypoplasia are classified according to the
location of the rudimentary pneumatization, so they can be conchal (1-3% of the cases),
presellar (10% of the cases), or postsellar (90% of he cases of hypoplasia) [56]. Additionally,
ethmoidal sinus hypoplasia has been described in seldom cases associated with other sinus
anomalies [57]. So that, although sinus aplasia and hypoplasia cannot per se lead to a
positive identification, the fact of presenting this rare anomaly is valuable information,
which, combined with other skeletal traits, can result in a positive identification. Moreover,
these frequencies can offer a quantitative approach in the identification, through random
match probabilities or likelihood ratios calculation [53].

As mentioned above, changes in the paranasal sinus morphology can occur as a result
of trauma and acquired diseases. Fractures involving the maxillofacial structures, such as
orbital or Le Fort fractures, can affect the paranasal walls and change their morphology
by displacement of the septa or new bone formation in the fracture callus [58]. Chronic
inflammatory processes and infections, such as sinusitis and otitis, have been related to
sinus hypoplasia. Additionally, surgeries performed in the sinus region, such as maxillary
sinus lift previous to dental implant placement, tumor excision, and other maxillofacial
procedures affecting the paranasal sinuses, can change the sinus morphology [54]. Forensic
practitioners should be familiar with these types of procedures in order to identify them
and conduct a proper interpretation of the sinus changes and their causes.

Finally, another limitation of the use of paranasal sinuses in forensic human iden-
tification is that the comparison between antemortem and postmortem imaging should
be conducted once the sinuses have completed their development. So, sinus morphol-
ogy in cases involving juvenile individuals, where the sinuses are under development,
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is not reliable. Developing structures lack informative structures for identification pur-
poses. Moreover, research efforts are geared towards adults; thus, no scientific evidence or
validation is available for juvenile individuals.

7. Conclusions

The anatomy and development of the four paranasal sinuses (frontal, maxillary, sphe-
noidal, and ethmoidal) is a complicated process that results in a high degree of variability.
This high variability makes the paranasal sinuses a great region of interest to forensic prac-
titioners looking to utilize the sinuses as a means of positive identification. The frontal and
maxillary sinuses have been extensively researched due to their unique architecture and
convenient assessment in several cranial radiographic projections. All their morphological
variations, including the sinus outline, number and location of septa, asymmetries, and
relationship with nearby anatomical structures, are highly individualistic and not influ-
enced by sex or population affinity. The sphenoidal and ethmoidal sinuses have been less
explored, likely due to their difficult visualization in some cranial radiographic projections.
In general terms, 3D imaging techniques are often preferred for their assessment, although
they are not always accessible in forensic institutions (such as medical examiners/coroners’
offices or institutes of legal medicine). Imaging comparison of the sinuses can come with
challenges, especially because of poor quality imges or when different imaging modalities
are used in the comparison of the AM and PM images; Additionally, developmental anoma-
lies such as hypoplasia and aplasia, although rare, lack of distinctive traits for personal
identification alone; postnatal changes such as acquired diseases or surgical procedures
are limitations that must be taken into account when using paranasal sinuses in forensic
identification casework. Moreover, frontal and maxillary sinuses shouldn’t be used in
individuals younger than 20 years until their complete development. Sphenoidal and
ethmoidal sinuses, although less informative, can be used in younger individuals (from
12 years old onwards). Understanding the development of paranasal sinuses, the imaging
techniques applied for their visualization, as well as the principles of identification, is key
to conducting proper antemortem vs. postmortem comparisons and effectively utilizing
paranasal sinuses in forensic identification contexts.
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