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I n t r o d u c t i o n
Sinusitis is an extremely common and painful disease that origi-

nates from a body cavity with no confirmed function. The human 
paranasal sinuses are located in the front of the face in the forehead 
(frontal sinuses), between the eyes (ethmoid and sphenoid sinuses), 
and in the cheekbones (maxillary sinuses). Each sinus is lined with 
ciliated epithelium and is directly connected to the nasal cavity 
through a series of openings in the lateral nasal wall. Some postu-
lated functions of the sinuses are to humidify inspired air, supply 
resonance to the voice, regulate intranasal pressure, insulate from 
heat loss, aid in olfaction, and lighten the skull (1–3). Sinusitis is 
defined as inflammation of one or more of the paranasal sinuses, 
with the maxillary sinuses frequently being affected (1). Although 

sinusitis and rhinitis are commonly combined under the term 
rhinosinusitis, as rhinitis typically precedes sinusitis and sinusitis 
without rhinitis is rare (4,5); sinusitis has recently been designated 
as a distinct disease entity by the US Food and Drug Administration 
(FDA) due to its differences in pathophysiology and treatment from 
rhinitis (6).

The sinuses are the major air-filled cavities of the skull and air 
space within these cavities is their most important anatomical 
feature. Obstruction of the paranasal sinus openings or ostia, as a 
consequence of viral infection followed sometimes by a secondary 
bacterial (7) or fungal (8) infection of the sinuses, appears to be a 
crucial factor in the development of sinusitis (9,10). Therefore the 
gas-filled volume in the sinuses is the most important index used 
in the evaluation of the sinuses (11) and computed tomography 
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A b s t r a c t
Continuous isometric microfocal X-ray computed tomography (CT) scans were acquired from an AKR/J mouse, Brown-Norway 
rat, and Hartley guinea pig. The anatomy and volume of the paranasal sinus cavities were defined from 2-dimensional (2-D) and 
3-dimensional (3-D) CT images. Realistic 3-D images were reconstructed and used to determine the anterior maxillary, posterior 
maxillary, and ethmoid sinus cavity airspace volumes (mouse: 0.6, 0.7, and 0.7 mm3, rat: 8.6, 7.7, and 7.0 mm3, guinea pig: 63.5, 
46.6 mm3, and no ethmoid cavity, respectively). The mouse paranasal sinus cavities are similar to the corresponding rat cavities, 
with a reduction in size, while the corresponding maxillary sinus cavities in the guinea pig are different in size, location, and 
architecture. Also, the ethmoid sinus cavity is connected by a common drainage pathway to the posterior maxillary sinus in 
mouse and rat while a similar ethmoid sinus was not present in the guinea pig. We conclude that paranasal sinus cavity airspace 
opacity (2-D) or volume (3-D) determined by micro-CT scanning may be used to conduct longitudinal studies on the patency 
of the maxillary sinus cavities of rodents. This represents a potentially useful endpoint for developing and testing drugs in a 
small animal model of sinusitis.

R é s u m é
Des images par tomodensitométrie (CT) isométrique microfocale en continu ont été obtenues de souris AKR/J, de rat Brown-Norway et de 
cobaye Hartley. L’anatomie et le volume des cavités des sinus paranasaux ont été définis à partir d’images CT en deux dimensions (2-D) et 
en trois dimensions (3-D). Des images 3-D réalistes ont été reconstruites et utilisées pour déterminer les volumes d’espace d’air des sinus 
maxillaire antérieur, maxillaire postérieur et ethmoïde (souris : 0,6, 0,7 et 0,7 mm3; rat : 8,6, 7,7 et 7,0 mm3; cobaye : 63,5, 46,6 mm3, et pas 
de cavité ethmoïde). Les cavités des sinus paranasaux de la souris sont similaires aux cavités correspondantes du rat, avec une réduction de la 
taille, alors que chez le cobaye les cavités des sinus maxillaires correspondants sont différentes en taille, localisation et architecture. Également, 
chez la souris et le rat la cavité du sinus ethmoïde est connectée par une voie commune de drainage au sinus maxillaire postérieur alors que 
chez le cobaye un sinus ethmoïde similaire n’était pas présent. Nous avons conclu que l’opacité de l’espace d’air de la cavité sinusale (2-D) 
ou le volume (3-D) déterminés par micro-CT pourraient être utilisés pour effectuer des études longitudinales sur la perméabilité des cavités 
des sinus maxillaires des rongeurs. Ceci représente un critère d’évaluation potentiellement utile pour développer et tester des médicaments 
dans un modèle de sinusite chez un petit animal.
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(CT) scanning plays an important role in diagnosis of sinusitis (12). 
Computed tomography scanning is the primary screening method 
for pathological conditions of the sinus cavities (13), as mucosal 
thickening and mucin accumulation create areas of high attenua-
tion on the CT images (opacity) (14). The ability of CT images to 
optimally display bone, soft tissue/fluid, and air density differences 
facilitates an accurate depiction of anatomy, and also can be used to 
monitor the extent of disease progression/remission in and around 
the paranasal sinuses over time.

There are limitations in the types of studies that can be performed 
on human subjects. Information obtained from nasal secretion, nasal 
mucosa, nasal polyps, sinus secretion, and sinus mucosa are not fully 
satisfactory. Therefore, development of a preclinical animal model of 
sinusitis is absolutely necessary to overcome the limitations imposed 
on the study of human subjects and will also advance the develop-
ment of novel drug products for sinusitis. However, little is known 
about the paranasal sinuses in small animals. Unlike humans (2), 
the maxillary sinuses in rodents are not completely enclosed by the 
upper jaw bone (maxilla). For this reason, maxillary sinuses in rodent 
and many nonhuman animals are often referred to as maxillary 
recesses in the literature (15,16). The visualization and measurement 
of the small rodent paranasal sinuses is difficult.

In the present study, the nasal compartment of 3 different species 
(mouse, rat, and guinea pig) is evaluated by using microfocal X-ray 
computed tomography (micro-CT) to determine the volume of the 
maxillary sinus and to identify the most appropriate small animal 
sinusitis research model. Indeed, the rabbit has been used frequently 
and is very helpful in simulating human disease, but the relative lack 
of experimental reagents and inability to manipulate these animals 
genetically have made the transition to rodent research necessary. 
Our results show that the mouse paranasal sinus cavities are similar 
to the corresponding rat cavities, with a reduction in size; while the 
corresponding maxillary sinus cavities in the guinea pig are differ-
ent in size, location, and architecture. We conclude that micro-CT 
is a valid method for assessment of the maxillary sinus volume in 
rodents and may be a valuable diagnostic tool in defining disease 
pathophysiology in rodent models of sinusitis. We recommend the 
use of the guinea pig as the species for development of a small ani-
mal model of sinusitis, due to their epithelial/submucosal structure 
and larger maxillary sinus cavities.

M a t e r i a l s  a n d  m e t h o d s

Computed tomography scanning
In vivo scans were performed on a female AKR/J mouse (20 g), 

a male Brown-Norway rat (250 g), and a male Hartley guinea pig 
(350 g) by anesthetizing the animals with 100 mg of ketamine per 
kg body weight (BW). These experiments were performed with the 
prior approval of the Animal Care and Use Committee of Schering-
Plough Research Institute. All studies using animals were done in 
accordance with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals and the Animal Welfare Act in a pro-
gram approved by the Association for Assessment and Accreditation 
of Laboratory Animal Care International. Computed tomography 
scans of the head were obtained in the coronal plane [StraTec  

Medizintechnik XCT Research SA1, Pforzheim, Germany (17)] with 
330–550 mA and 52kV (peak). Collimations of 0.26 mm (mouse) 
and 0.46 mm (rat and guinea pig) were used corresponding to slice 
thicknesses of 200 mm and 1 mm, respectively. The dimensions of the 
pixels were 70 3 70 mm. Scanning speed was between 3 and 5 min 
per slice depending on the size of the animal scanned. The opacity 
of each pixel is represented by a 16-bit gray-scale value. Each 2-D 
image file consisted of a 503 3 503 (mouse) or 750 3 750 (rat and 
guinea pig) matrix of pixels after removing the file header.

3-D reconstruction
Slicer open source software (www.slicer.org; The Brigham and 

Women’s Hospital, Boston, Massachusetts, USA) was used to seg-
ment and perform 3-D reconstruction of the sinus cavities and 
skull. Manual segmentation was performed inside the tissue lining 
of the sinuses. Three-dimensional reconstruction was performed 
for volumetric analysis and visualization of the sinuses. Automatic 
segmentation with CT values between 400 and 3200 was used to 
segment the bone. Head and paranasal sinus 3-D reconstructions 
were combined to enhance visualization.

It should also be noted that the morphometric micro-CT analysis 
is not a fully automated procedure. Indeed, micro-CT morphometry 
still depends on human judgment and the accuracy of the morpho-
metric measurements is restricted to the voxel size that determines 
resolution. The voxel size in our mouse scans were 0.001 mm3 and 
rat/guinea pig scans were 0.005 mm3, demonstrating that semi-
automated micro-CT analysis of the maxillary rodent sinuses is 
feasible.

R e s u l t s
The anatomical location and structure of anterior and posterior 

maxillary sinus cavities (lateral recesses) in a 2-D cross section 
of the mouse, rat, and guinea pig head are shown in Figure 1 
(portion of the anterior maxillary sinus) and Figure 2 (portion of 
the posterior maxillary sinus). By stacking the consecutive 2-D 
images, realistic 3-D images could be reconstructed (Figure 3). 
The paranasal sinus cavities studied in the mouse are analogous 
to the rat, with a reduction in size, while the guinea pig cav-
ities possess a different architecture and location in the nasal  
capsule.

The anterior maxillary sinus of the mouse (Figure 1A) and rat 
(Figure 1B) are formed primarily by the incisive and maxillary bones 
and located medial to the caudal end of the upper incisor tooth root. 
The anterior maxillary sinus of the guinea pig (Figure 1C) is formed 
primarily by the nasal and incisive bones and located superior to the 
caudal end of the upper incisor tooth root. The posterior recess of the 
guinea pig anterior maxillary sinus cavity does pneumatize into the 
maxillary bone (Figure 1C). The medial walls and ostia are formed 
by naso- and maxillo-turbinates in all species studied. The volume of 
the right anterior maxillary sinus of the mouse, rat, and guinea pig 
are 0.6 mm3, 8.6 mm3, and 63.5 mm3, respectively (Figure 3).

The posterior maxillary sinus of the mouse (Figure 2A), rat 
(Figure 2B), and guinea pig (Figure 2C) are formed primarily by the 
maxillary bone. In the rat and guinea pig, but not the mouse due to 
the inferior position within the nasal capsule, the anterior portion 
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Figure 1. Mouse (A), rat (B), and guinea pig (C) head X-ray computed 
tomography (CT) cross-sectional scans in the coronal plane. Arrows indicate 
the right anterior maxillary sinus cavity located superior and medial to the 
root of upper incisor tooth. All scans have the same scale. T = superior 
tooth, S = septum, N = bridge of nose, IT = inferior tooth.

Figure 2. Mouse (A), rat (B), and guinea pig (C) head X-ray computed 
tomography (CT) cross-sectional scans in the coronal plane. Arrows indi-
cate the right posterior maxillary sinus cavity. Arrowhead in (A) points to 
anterior maxillary sinus. All scans have the same scale. T = superior tooth,  
S = septum, N = bridge of nose, IT = inferior tooth.
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of the posterior maxillary sinus is formed by the nasal and incisive 
bones. However, the posterior recess of the posterior maxillary sinus 
cavity in the guinea pig is formed by the frontal bone at the posterior 
extremity of the nasal capsule (Figure 2C). The anterior portion of 
the mouse and rat posterior maxillary sinus is located superior to 
the caudal end of the upper incisor tooth root (Figure 2A and 2B). 
Conversely, the guinea pig posterior maxillary sinus appears further 
back in the head, above the molar teeth. The volume of the right pos-
terior maxillary sinus of the mouse, rat, and guinea pig are 0.7 mm3, 
7.7 mm3, and 46.6 mm3; respectively (Figure 3).

An ethmoid sinus cavity, defined by endo- and ecto-
ethmoturbinates, forms superior to the posterior maxillary sinus and 
shares a common drainage pathway through the posterior maxillary 
sinus of the mouse (Figure 4A) and rat (Figure 4B). The guinea pig 
does not have an ethmoid sinus cavity. The right ethmoid sinus of the 
mouse and rat are 0.7 mm3 and 7.0 mm3, respectively (Figure 4).

D i s c u s s i o n
This study defines the anatomy and represents the first measure-

ments of mouse, rat, and guinea pig maxillary sinus cavity volumes 
using CT images. The guinea pig posterior maxillary sinus, the most 
voluminous (46.6 mm3) among the 3 species, appears further back in 
the nasal capsule than the corresponding mouse and rat sinus cavi-
ties. Mouse and rat ethmoid sinus cavities volumes were 0.7 mm3 
and 7.0 mm3, respectively; whereas an ethmoid sinus cavity was not 
present in the guinea pig. We demonstrated that micro-CT scanning 
offers the sensitivity to assess small animal paranasal sinuses in a 
noninvasive manner from continuous digital images generated for 
2-D or 3-D investigation. The intent of this study was to provide a 
validation of the micro-CT technique, and a first approximation of 
its benefits as a research tool. Due to small sample size, the data does 
not allow for any analysis of individual or intraspecific variation 

Figure 3. Volumetric surface renderings of paranasal sinus created from sequential computed tomography (CT) images. Three different orientations of the 
paranasal sinuses (anterior maxillary in green, posterior maxillary in blue, and anterior ethmoid in red) are shown with respect to location in skull accord-
ing to species, all at different magnifications.
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in cavity size, which varies with ontogenetic age and sex of each 
individual.

Despite widespread occurrence of sinusitis, the literature lacks 
information on experimental studies in small animals. Small animals 
are ideal for drug discovery as their low body mass decreases the 
amount of drug necessary for conducting preclinical research studies. 
Recently, the rodent anterior maxillary (18), posterior maxillary (19), 
and ethmoid (20) sinuses have all been used as models for sinusitis. 
Bacteria (18,20,21), virus (22), fungus (23), and antigen (19,24) instil-
lation into the sinus cavities; or systemic administration of the nasal 
toxicant 3-methylindole (25) have all been used to induce sinusitis in 
rodents. Many of these sinusitis models show histological evidence 
of luminal or submucosal inflammatory infiltrates (18,22,25,26) 
that would correlate with the entrapment of thick secretions. These 
secretions would appear as opacification in the sinuses upon CT 

imaging. To our knowledge, no rodent sinusitis studies use CT-scans 
to monitor disease progression and no sinusitis studies in guinea 
pigs have been reported.

The cavities we refer to as the anterior and posterior maxillary 
sinuses in the present study have been identified previously in the 
mouse (27), rat (28), and guinea pig (29). What we refer to as the 
anterior maxillary sinus has also been referred to as the second-
ary maxillary sinus (27) and the anterior lateral recess (29) in the 
literature. What we refer to as the posterior maxillary sinus cavity 
herein, has been reported previously as the true maxillary sinus (27), 
posterior lateral recess (29), and maxillary recess (30,31). However, 
none of the rodent cavities are completely enclosed by bone and 
are technically not true sinus cavities (15,16), as opposed to the 
human maxillary sinus which is completely enclosed by a single 
bone (maxilla) (2). Throughout this manuscript, we refer to the 
rodent paranasal cavities as “sinus” cavities as it is consistent with 
current publications, but in the past the rodent paranasal cavities 
were referred to as “recesses”.

A comparison of the anatomy of the posterior maxillary sinus 
among the species studied revealed that the mouse (27) and rat 
(present study), but not the guinea pig, have an ethmoid sinus 
with a common drainage pathway through the posterior maxillary 
sinus (Figure 4). Jacob and Chole (27) have previously subdivided 
the mouse ethmoid sinus cavity, as defined in Figure 3 herein, into 
anterior and posterior portions. The rat posterior maxillary sinus 
has been previously described (32) as ovoid in shape with supero-
inferior and antero-posterior diameters of 4.5 and 9 mm, respectively. 
Our data are in good agreement with the supero-inferior diameter 
(Figure 2B) but our antero-posterior measurement is greater (22 mm), 
possibly because we do not subdivide the ethmoid sinus into ante-
rior and posterior cavities. The measured volume of the posterior 
maxillary sinus in the present study represents a small part of the 
total nasal cavity volume (33) of the rat (400 mm3) and of the total 
nasal cavity volume of the guinea pig (880 mm3).

Our data and analysis of the literature suggest the most appropri-
ate rodent model of sinusitis may be a guinea pig posterior maxillary 
sinus model, although the classification of guinea pigs as rodents is 
controversial (34). The guinea pig posterior maxillary sinus cavity 
occupies a large percentage (10.6%) of the total nasal cavity volume 
versus the rat (3.9%) and mouse (3.5%). By comparison, the human 
has very large maxillary sinuses, occupying an estimated 60% of the 
nasal cavity volume, with their entire mucus drainage towards the 
nasopharynx (35). Rodents have been previously characterized as 
having small maxillary sinuses (2) with the mucus from the ante-
rior maxillary sinus draining toward the anterior nares and with 
the mucus from the posterior maxillary sinus draining towards 
the nasopharynx (35). Also, the submucosa of the mouse and rat 
posterior maxillary sinus is more densely populated by submucosal 
glands than their anterior maxillary sinus (21), while both rat and 
mouse maxillary sinus cavities are lined with respiratory epithe-
lium containing few or no goblet cells (21,32,36–38). In contrast, the 
submucosa of the guinea pig anterior and posterior maxillary sinus 
cavities are much less glandular (39) and contain abundant epithelial 
goblet cells (40), similar to the human maxillary sinus.

Volume of air cavity is the most important index (11) to evalu-
ate the pathophysiology of the paranasal sinuses and we have 

Figure 4. Mouse (A) and rat (B) head X-ray computed tomography (CT) 
cross-sectional scans in the coronal plane. Arrows indicate the anterior 
ethmoid sinuses with common drainage pathway into posterior maxillary 
sinus cavity (arrowhead). Scans do not have the same scale. T = superior 
tooth, S = septum, N = bridge of nose, IT = inferior tooth.
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demonstrated in this study that the rodent maxillary sinus cavity 
volume can be determined by using micro-CT. Animal models of 
sinusitis currently use endpoints like bacteria in nasal lavage, cellular 
histomorphology (neutrophil clusters, goblet cell hyperplasia, and 
epithelial thickness) to test the efficacy of potential sinusitis drugs 
like anti-IL5 antibody (19), leukotriene receptor antagonist (41), 
antibiotic (20), toll-like receptor 4 agonist (42). With the appropriate 
animal model and micro-CT, the endpoint of sinus cavity airspace 
opacity (2-D) or volume (3-D) may also be used to determine if a 
drug can prevent or decrease the recovery time of an inflamed/
occluded maxillary sinus cavity. Monitoring sinus occlusion using 
a noninvasive imaging method like micro-CT makes it feasible 
to conduct longitudinal studies on the maxillary sinus cavities of 
rodents.
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