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‘Now this is not the end. It is not even the beginning of the end.
But it is, perhaps, the end of the beginning.’

~ Churchill

To my family and friends '
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Abstract

Background

In the field of otorhinolaryngology, the paranasal sinuses and the middle and
inner ear present a clinical challenge. Radiological methods offer a stable
foundation for diagnostics and preoperative decisions in this context. While many
studies have explored the prevalence of maxillary sinusitis of dental origin
(MSDO), the use of MSDO detected on cone beam computed tomography (CBCT)
scans, rather than conventional computed tomography (CT), is a relatively new
approach to detect MSDO. CBCT, with its higher ability to assess bony details, is
becoming a valuable tool in detecting MSDO. Photon-counting Computed
Tomography (PCCT), a cutting-edge diagnostic imaging method, enables
radiological examinations with high spatial resolution at a low radiation dose
compared with conventional CT. However, the question of how much the dose
can be reduced while maintaining diagnostic value in radiological examinations
remains unanswered.

Aims

This thesis aimed to further develop the use of radiology in the ear, nose and
throat (ENT) medical field, which could impact how we interpret radiological
findings to obtain useful clinical information. The objectives for this thesis were
as follows: 1) to investigate the proportion of MSDO among patients with
suspected sinusitis referred for radiological examination; 2) to compare the
symptomatology of MSDO with sinusitis due to upper respiratory tract infection
(URTY); 3) to develop a modular anthropomorphic phantom that could be used
to evaluate the performance of radiological techniques in detecting pathology in
the temporal bone (TB) region; and 4) to investigate whether the diagnostic
quality of TB imaging is maintained even at significantly lower radiation doses
when using PCCT in comparison with conventional energy integrated computed
tomography (EICT).

Material and methods

Paper I was a retrospective study in which our research team reviewed 303 CBCT
sinus examinations and analysed the data to determine the prevalence of MSDO
among patients with suspected sinusitis who had been referred for radiological
examination.
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A retrospective study was conducted in Paper II, in which the medical records
from 61 patients with maxillary sinusitis confirmed via CBCT were thoroughly
reviewed. Two independent observers reviewed all cases; when the observers
disagreed, the examinations were re-reviewed to reach a consensus, ensuring the
reliability of the findings. For comparison, the patients were divided into MSDO
and URTI sinusitis groups. Information including self-reported symptoms,
clinical findings, and time between first medical contact to correct diagnosis were
collected and compared between the groups, providing a comprehensive
understanding of the differences between the two conditions.

In Paper III, a modular anthropomorphic phantom was constructed.

To evaluate anatomical structures and image quality, the phantom was used in
Paper IV to scan 10 human TB specimens using PCCT and conventional CT
systems.

Results

In Paper I, we found that the prevalence of unilateral MSDO was 40 %. Maxillary
sinus mucosal swelling adjacent to periapical destruction was found in 91 % of
the studied patients.

In Paper I1, we found that the MSDO patients reported a foul odour and foul taste
more often, and the time from their first symptom to the correct diagnosis was
significantly longer. The URTI sinusitis patients reported toothache, bilateral
facial pain, and symptoms associated with a cold more often than the MSDO
patients. The accuracy of CBCT for detecting MSDO was 97 %.

In Paper III, we found that the radiological attenuation of the polyurethane
(PUR) plastic and alginate plastic used for the phantom was similar to those of
the soft tissues of a living human. The mean Hounsfield unit (HU) values of the
CT slices representing tissue at the TB and brain level were comparable in the
phantom and patient groups.

In Paper IV, we found that reviewers preferred PCCT scans for the majority of
structures being evaluated and for overall image quality. This was true even at a
radiation dose below 15 % of that in the clinical EICT protocol.



Conclusion

The close relationship between dental infections and unilateral sinusitis should
not be overlooked. MSDO differs from URTI sinusitis regarding symptoms and
clinical findings, and should be suspected in patients with unilateral symptoms
presenting little pain and experiencing a foul odour and/or foul taste. CBCT is a
reliable method of detecting MSDO. The modular phantom developed in the third
study can be used to evaluate examination methods in a set-up corresponding to
a living human without exposing patients to radiation. Finally, PCCT was found
to be superior to EICT in terms of image quality.



Abbreviations
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Enkel sammanfattning pa svenska

Bakgrund

Rontgen som medicinsk specialitet har genomgétt revolutionerande forandringar
de senaste drygt 50 aren. Med inférandet av datortomografen 1971 s& har
modjligheterna till fo6rbattrad diagnostik forbattrats enormt. Med datortomografi
(DT) s& far man en tredimensionell bild och mycket sma forandringar kan
avbildas i béde hard- och mjukvdavnad. Genom att kunna upptidcka smé
forandringar s& far man en mojlighet att kunna hitta sjukdomar i ett tidigare
skede och pé s sétt 6ka chanserna till att kunna ge patienterna en bra behandling
och forhoppningsvis dven 6kade chanser till 6verlevnad med god livskvalitet.

Cone Beam Computed Tomography (CBCT), dr en annan typ av DT, den uppfanns
i slutet pa go-talet. CBCT ger ocksa den tredimensionella bilder men avbildar
framfor allt hardvavnad. En av fordelarna med CBCT ar att man kan fa vildigt
skarpa bilder dar mycket sma detaljer (knappt en millimeter) i t ex skelett och
tinder syns mycket bra. En annan fordel ar att straldosen till patienten vid denna
typ av undersokningar ir relativt 1g. Denna rontgenapparat anviands ffa inom
tandvard och for 6ron-, nisa- hals- (ONH) diagnostik men #ven inom t ex
ortopedi.

Den senaste modellen av datortomograf ar en variant som kallas fotonriknare,
Photon Counting CT (PCCT) pa engelska. PCCT ir en vildigt ny teknik som
borjade anvindas pa patienter sa sent som 2021. Med hjélp av den hir tekniken
sa kan man ytterligare forbattra detaljrikedomen i rontgenundersékningarna och
samtidigt sdnka straldosen dnnu mer. Att hélla en sé 1ag straldos som mojligt men
utan att tappa bildkvalitet 4r nagot som det stindigt jobbas med inom den
radiologiska specialiteten.

Inom ONH- omradet kan bihdlorna och mellanérat vara kliniskt utmanande att
undersoka. Det dr dolda hélrum som inte ar helt ldtta att inspektera och bedoma
kliniskt. Dar dr radiologiska unders6kningar till stor hjilp for att kunna erbjuda
en siaker diagnostik och bra bedomningar infor till exempel en operation.

Syfte

Avhandlingen syftade till att bidra till forbéattrad anviandning av radiologi inom
det medicinska filtet ONH. Mer specifikt var syftet att, (1) ta reda p& hur ménga
av de patienter som remitteras for rontgenundersokning pa grund av misstanke
om bihéleinflammation, som har en tandinfektion som bakomliggande orsak till
bihédleinflammationen, (2) titta pd de olika symtom som uppstar vid
bihaleinflammation och ta reda p4 om dessa symtom skiljer sig mellan patienter
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som har en virusinfektion/forkylning som grundorsak jamfort med de patienter
som har en tandinfektion som grundorsak, (3) skapa ett justerbart
viavnadslikande rontgenfantom som kan anviandas for utvardering av olika
rontgentekniker gillande att hitta sjukdomstillstind och skador inom
temporalbenet/6rat, (4) utvirdera om den diagnostiska kvalitet pa
rontgenundersokningar av temporalbenet/orat ar fortsatt bra dven om man
sanker straldosen, en jamforelse mellan den nya tekniken PCCT och vanlig DT.

Metoder och resultat

Avhandlingen omfattar fyra vetenskapliga delarbeten. I forsta studien (Paper I)
sé samlade vi in rontgenundersokningar fran patienter som redan var undersokta
med CBCT pa Sunderby sjukhus pad grund av Kklinisk misstanke om
bihaleinflammation. Resultaten visade att hela 40 % av alla ensidiga
bihéleinflammationer, dvs nar symtom och kliniska fynd bara finns pa en sida,
var orsakade av en tandinfektion.

I andra studien (Paper II) s samlade vi in information utifran patientjournaler
for de patienter i forsta studien som hade en bekréftad bihaleinflammation. Den
informations som noterades var, (1) de olika symtom patienten upplevt, (2) vilka
kliniska fynd som den ansvarige ldkaren sett vid undersékning och, (3) hur lang
tid det tog frén att patienten upplevde sina forsta symtom tills att riatt diagnos
stilldes. Eftersom vi i forsta studien funnit ett antal bihéleinfektioner orsakade
av en tandinfektion, sa ville vi se om man med hjilp av kliniska tecken och
patientens symtom kunde avgéra om bihéleinflammationen berodde pa en
infektion i 6vre luftvagarna eller tandinfektion. Resultaten visade att délig lukt
och dalig smak oftare rapporterades av patienterna med tandinfektion som orsak
till bihaleinflammationen. Vi sig dven att den gruppen patienter hade en
betydligt ldngre tid mellan att dom fick symtom tills ratt diagnos stélldes.
Tandvirk, dubbelsidig ansiktssmirta och andra symtom som man forknippar
med forkylning sdgs framst hos patienter som hade en bihaleinflammation till
foljd av en Ovre luftvigsinfektion. Vi fann ocksa att CBCT var en mycket bra
metod for att upptédcka tandorsakad bihaleinflammation, eftersom 97% av alla
med denna diagnos kunde upptickas med hjilp av CBCT i var studie.

I tredje studien (Paper III) s tillverkade vi ett rontgenfantom som skulle vara s&
lik en mansklig skalle som mgjligt géllande radiologiska parametrar, for att
kunna undersoka horselbenen och andra strukturer inom orat enligt géllande
kliniska rutiner. Vara resultat visade att fantomet hade egenskaper som gjorde
att det blev vildigt likt en levande ménniska nar det giller
datortomografiundersokning i 6ronregionen.
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I fjirde studien (Paper IV) sa anviande vi oss av fantomet som tillverkats i tredje
studien. I ett samarbete med Skane universitetssjukhus i Lund si anvénde vi oss
av 10 minskliga temporalben f6r att undersoka hur bra man kunde se de olika
anatomiska strukturerna med en konventionell DT och med den nyare PCCT.
Resultaten frén denna studie var att den nya PCCT var klart 6verldgsen géllande
upplevd Dbattre bildkvalitet hos de rontgenldkare som granskade
undersokningarna. Vi kunde ocksa se att det gick att minska straldosen till endast
15 % av den stréldos som anvinds pa en verklig patient med konventionell DT
och fortfarande uppna en likvardig eller till och med négot battre bildkvalitet.

Slutsats

Det ndara sambandet mellan tandinfektion och bihéleinflammationer far ej
glommas bort. Det finns en tydlig skillnad géllande symtom for grupperna
bihéleinflammation till f6ljd av en 6vre luftvigsinfektion och bihéleinflammation
orsakad av tandinfektion. Om patienten har ensidiga besvir endast lite smarta
och klagar pa délig lukt och smak si bor tandinfektion misstinkas som
grundorsak.

CBCT éar en palitlig metod for att upptidcka bihédleinflammation orsakad av
tandinfektion.

Vart egenutvecklade rontgenfantom fungerade vil nir det géller att utvardera
radiologiska undersokningsmetoder i en miljo som liknar en levande manniska
men utan att exponera patienter for onddig stralning. PCCT visade sig vara
overligsen gillande bildkvalitet for ett flertal anatomiska strukturer inom
temporalbenet. Strdldosen kan minskas kraftigt utan att tappa bildkvalitet om
man gor en temporalbensundersokning med en PCCT istdllet for med
konventionell DT.



Regarding illustrations and photos

All images and figures in this doctoral thesis are made by the author unless
otherwise stated. Appropriate patient consent for publication of images was
obtained. All images are anonymised.
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Introduction

History

The field of radiology has undergone revolutionary changes in the last half-
century. For several decades, radiographs were the sole modality for medical
imaging. However, the emergence of novel techniques, driven by human curiosity
and the relentless pursuit of enhanced medical imaging capabilities, has
significantly transformed the field. These advancements have transitioned from
two-dimensional (2D) flat images to more sophisticated approaches, including
three-dimensional (3D), real-time four-dimensional, functional, and molecular
imaging (1). This transition has expanded our understanding of the human body
and revolutionised medical diagnosis and treatment. Notably, the introduction of
computed tomography (CT) in the 1970s, Figure 1, marked a significant milestone
in this progress.

Figure 1 The EMI computed tomography (CT) brain scanner installed at Atkinson Morley's
Hospital, Wimbledon, London, UK, in 1971. This was the first CT brain scanner used clinically, a
significant milestone in the history of radiology. (Case courtesy of Raphael Ambros,
Radiopaedia.org, rID: 85113)



Numerous innovative methods have emerged since the introduction of CT,
enhancing diagnostic capabilities. Techniques for clinical examination have also
improved significantly during this period; however, some of the most profound
transformations have occurred in radiology. Rapid technological advancements
have provided many solutions for addressing complex diagnostic challenges in
clinicians’ daily work.

The introduction of CT brought about a major change in what could be depicted
in radiographs. CT’s ability to provide detailed visualisation and its unique
feature of providing a slice-by-slice view instead of a summarised image of all the
structures present revolutionised medical imaging. Before CT, it was common for
patients to undergo invasive tests in order for the correct diagnosis to be
determined. However, with the advent of CT, the need for such tests was suddenly
and significantly reduced, marking a major leap forward in patient care and
comfort. Below in Figure 2, you can see Godfrey Hounsfield, the engineer who
played a pivotal role in the development of CT technology.

Figure 2 Godfrey Hounsfield, the engineer who almost single-handedly developed the new X-ray
technology used for CT. (Image from the National Library of Medicine)

Although the introduction of CT was revolutionary, a great deal of development
still needed to be done to occur to achieve the high-end images provided by
conventional CT today (Figure 3).



Figure 3 A) Hounsfield's pioneering scan in 1971 compared with (B) a modern conventional CT
scan. Both cases visualise a tumour in the frontal region, but the modern CT brain scan shows a
significantly enhanced image resolution compared with the scan from 1971. (Case courtesy (image
B) of Frank Gaillard, Radiopaedia.org, rID: 4756)

Another important milestone — one that was especially important for dental and
maxillofacial radiology - was achieved in the late 1990s. Two pioneers—Dr.
Yoshinori Arai in Japan and Dr. Piero Mozzo in Italy—made independent
breakthroughs in developing cone beam computed tomography (CBCT)
technology for dental and maxillofacial radiology (DMFR) (2, 3). CBCT is a
variant of CT that uses a divergent X-ray beam forming a cone instead of a fan-
shaped X-ray beam, as used in conventional CT, along with a flat-panel detector
on the opposite side of the gantry, rotating around the patient’s head. A preset
field of view (FOV) is collected during a single rotation scan (4, 5). The first
commercial CBCT system was introduced on the European market in 1996 (3).
CBCT has since been used in DMFR to obtain diagnoses, make preoperative
assessments, and perform treatment evaluations. Like conventional CT, CBCT
provides a slice-by-slice view instead of a summarised image of all structures
between the source of radiation and the detector (e.g. traditional intraoral dental
scans). Due to its high spatial resolution of bone structures (5-7), CBCT has also
become a useful radiological modality and is now widely used within the ear-,
nose- and throat- (ENT) and orthopaedic specialties (5, 8, 9).

In recent years, significant advancements have been achieved in Cutting-edge CT
scanners (1, 10, 11), including reduced radiation exposure, enhanced image clarity
and accelerated scan times. Moreover, various types of advanced software,
including artificial intelligence (AI) algorithms, are now seamlessly integrated



with CT technology, further enhancing diagnostic capabilities (12) by improving
image quality and supporting image interpretation. In the head and neck area,
metal artefact reduction is often useful when the patient has tooth fillings that
create artefacts that interfere with the image interpretation (13).

Photon-counting CT (PCCT) represents another revolutionary and recent
breakthrough in modern radiological technology. The first PCCT system was
introduced on the market in 2021 (14), marking a major milestone. Traditional
CT detectors convert X-rays into electrical signals in a two-step process. However,
the PCCT system takes a different approach, directly transforming X-rays into
electrical signals in a single step. This streamlined process results in more
accurate energy recording and improved material differentiation (15), providing
a more detailed image - often at a fraction of the dose used for a conventional CT.

The field of radiology has significantly advanced, providing healthcare
professionals with powerful tools for precise diagnosis and enhanced patient care.
Like many other medical disciplines, developments in head and neck medicine
do not just rely on continuous technological advancements; they also have a
critical need for close interdisciplinary collaboration. Dentists, general
practitioners (GPs), ENT specialists and radiologists should work together
closely. By understanding each other’s capabilities, limitations, and concerns and
maintaining good communication, we can significantly improve the accuracy and
efficiency of patient care.

Pathological conditions that affect the head and neck can involve various
anatomical structures, such as the paranasal sinuses, jaws, teeth, temporal bone
(TB) and ear structures. Changes in these structures can lead to symptoms that
may be challenging to differentiate due to their similar manifestations. The
proximity of these anatomical structures and the phenomenon of referred pain
contribute to the complexity of diagnosis.

As a dentist specialising in maxillofacial and head and neck radiology,
understanding the concerns of patients with dental and head and neck issues is a
priority for me. Working as a head and neck radiologist at a Swedish regional
hospital gives me the opportunity to collaborate closely with colleagues in
dentistry, oral surgery, general practice and ENT. This collaborative approach has
shaped the focus of my research, as I aim to address questions that directly impact
patient care.

This dissertation focuses on the radiological assessment of conditions affecting
the maxillary sinuses and TB in the head and neck. More specifically, it addresses
maxillary sinusitis and the delicate structures within the middle ear. Separate
overviews of the paranasal sinuses and middle ear are provided, with a discussion



of the crucial anatomy, physiology and pathology in each case to clarify the
background of the individual papers included in this thesis.

The paranasal sinuses

Sinus anatomy and physiology

The paranasal sinuses (maxillary, ethmoidal, frontal, and sphenoidal sinuses) are
aerated bony cavities connected to the nasal cavity. The sinuses are usually paired
and bilateral but have a wide range of normal anatomy variations (16). The gross
anatomy is shown in Figure 4.

Figure 4 A CT examination of the paranasal sinuses, showing the sinus anatomy and drainage
pathways. (A) Sagittal view; (B) Coronal view. M = Maxillary sinus; EC = Ethmoidal sinus cell; S
= Sphenoidal sinus; F = Frontal sinus; Blue star = Frontal recess/Frontal sinus drainage
pathway; Pink star = Duct of maxillary sinus/Infundibulum; Green star = Sphenoethmoid recess;
MT = Middle turbinate; IT = Inferior turbinate; A=Alveolar process; R= Root of tooth in the upper
Jjaw.

While the total function of the sinuses is unclear, it is thought to be multiple.
Known functions include acting as an airbag in trauma, giving resonance to
speech, making the head lighter in weight and controlling the air humidity of the
airways and lungs (17). A thorough knowledge of the interconnections between
the sinuses and their surrounding structures (eg the brain, orbita and teeth of the
upper jaw) is important in order to understand how infections — and, sometimes,
other pathological conditions, such as tumours - can spread (18, 19). Cerebral
abscesses of ENT origin are the most frequent category of cerebral abscesses (20,



21). The maxillary sinuses exhibit a close anatomical relationship with the roots
of the teeth in the upper jaw (22, 23).

Anatomical closeness between the upper jaw molars and maxillary sinus

The close relationship between the maxillary sinus and the teeth in the upper jaw
(24) calls for awareness regarding tooth anatomy and the potential spread of
tooth infection. The roots of the upper jaw molars exhibit minimal separation
from the maxillary sinus, often separated by only a few millimetres of bone, if at
all separated; therefore, a tooth infection can, easily spread to the maxillary sinus.

Molars typically have two or three roots, each of which may contain multiple
nerve canals. These canals can have complex and convoluted pathways (25). The
close relationship between the upper jaw molars and the maxillary sinus, as well
as different possibilities for root canal anatomy are illustrated in Figure 5.
Information about root anatomy is key in understanding why root canal (i.e.
endodontic) treatments can be complicated and challenging to assess based on
clinical and 2D radiological (i.e. intraoral and panoramic radiographs) results
(26). The outcome of endodontic treatments plays an important role in whether
infection can spread to the maxillary sinus in the first place. When there is already
an odontogenic infection in the maxillary sinus, the outcome of the endodontic
treatment or tooth extraction will determine whether the sinusitis will have a
chance to heal.
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Figure 5 (A) An illustration of the possible root canal anatomy of molars.
(http://rootcanalanatomy.blogspot.com) (B) A CBCT examination, including a (C) 3D
reconstruction, showing the anatomy of the premolar and molar region and the close relationship
to the maxillary sinus (M).
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Sinusitis

Sinusitis (or rhinosinusitis) is a common condition in most of the world, leading
to a significant burden on society in terms of healthcare consumption and
productivity loss (27-30). Sinusitis is usually caused by an upper respiratory tract
infection (URTI), which can be viral or bacterial (30, 31). Viral infections will
spontaneously heal in most cases; self-care such as using nasal decongestants,
sleeping while elevating the head, nasal irrigation and non-prescriptive
analgesics are usually sufficient for symptom relief (32). Sinusitis is often a
straightforward clinical diagnosis uncomplicated for the patient. Nevertheless,
some patients, especially immunodeficient ones, experience a more severe
infection and may develop a bacterial infection requiring antibiotic treatment

(30, 33).

Acute versus chronic sinusitis

Acute and chronic sinusitis differ regarding some symptoms, duration, and
clinical/radiological findings (34). In acute sinusitis, symptoms typically appear
more quickly and tend to be more severe. Also, patients with acute sinusitis often
present with worse general conditions than those with chronic sinusitis. It is more
common to have a fluid level in the affected sinus during acute sinusitis. If the
infection lasts 12 weeks or longer, it is considered chronic (30).

Maxillary sinusitis

The development of sinusitis is closely tied to the drainage patterns of the sinuses.
For instance, maxillary sinusitis occurs when the maxillary sinuses (unilateral or
bilateral) become infected, which typically has a minimal impact on the other
sinuses. Unilateral sinusitis, characterised by infection affecting only one side of
the paired sinus, can present as unilateral maxillary sinusitis involving the
maxillary sinus alone or unilateral sinusitis involving multiple sinuses on the
same side. The drainage pattern of the sinuses, as shown in Figure 4, is a critical
factor in determining which sinuses will be impacted if the drainage route is
blocked, such as by mucosal swelling, infection, a foreign object, or a tumour (35,
36). The drainage pathways from the maxillary, frontal and anterior cells of the
ethmoidal sinus are close to each other and are often simultaneously affected. The
drainage from the sphenoidal sinus and posterior cells of the ethmoidal sinus lies
more posterior and can also be impacted simultaneously. In cases of a more
widespread infection, all the previously mentioned sinuses can become infected,
resulting in a condition known as pansinusitis. Alternative aetiologies must be
explored when sinusitis, especially unilateral, does not heal as expected despite
appropriate treatment or demonstrates recurrent episodes (37).



Maxillary sinusitis of dental origin

Maxillary sinusitis of dental origin (MSDO) is a well-known (38-40) and
relevant diagnostic consideration, mainly when symptoms manifest unilaterally
(40-42). Infections can easily spread from the teeth to the maxillary sinus because
there is a very short distance - or sometimes no distance at all - between the basal
aspect of the maxillary sinus and the posterior teeth in the upper jaw (16, 43, 44).
MSDO starts as a dental infection that disseminates either from the tooth crown
through the root apex, periapical (the endodontic pathway) or, less commonly,
directly via the supporting tissue of the root (the periodontal pathway) and
infiltrates the maxillary sinus (40, 45). The radiological appearance of endodontic
and periodontal infection on intraoral radiographs is shown in Figure 6. An
oroantral communication may arise following a tooth extraction, connecting the
extraction socket to the maxillary sinus. This communication can serve as a
conduit for infection (40, 45). An MSDO will not heal properly without combining
treatments and addressing the dental infection. It is, therefore, important to
identify MSDO infections in order to provide proper treatment (39). Sinonasal
tumour and fungal sinusitis are other diagnoses to rule out when the sinusitis
does not heal as expected(30).
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Figure 6 (A) and (B) Intraoral radiographs show a periapical infection (blue arrow) that could
spread into the maxillary sinus, leading to maxillary sinusitis of dental origin (MSDO). (C-E)
Intraoral radiographs showing periodontitis (red arrow), an infection that affects the supporting
tissue of the root. The infection starts with the marginal bone next to the root, and if it spreads
towards the root apex, it can sometimes spread into the maxillary sinus, causing MSDO. M=
Maxillary sinus.

Clinical evaluation of the paranasal sinuses

Clinical examination of the paranasal sinuses involves a systematic approach to
uncover potential pathology. A visual inspection is performed together with
rhinoscopy; nasal endoscopy is routine when needed. These methods are
relatively easy to perform on a cooperating patient. This clinical examination is
suitable for assessing the nasal cavity, the nasopharynx, and parts of the
paranasal drainage pathways. However, it is far more complicated to clinically
evaluate the paranasal sinuses due to the lack of direct visibility. If the patient’s
medical history and the clinical examination indicate a more severe illness, or if
there is still an unclear diagnosis, aradiological examination should be
considered.
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Radiological evaluation on suspicion of sinusitis

Sinusitis is predominantly diagnosed based on clinical assessment (30, 34). Still,
radiological evaluation can offer valuable insights when uncertainty persists or a
complex clinical presentation emerges. In a sinus evaluation, various radiological
examinations are available depending on the specific clinical suspicions. When
sinusitis is the primary concern, CT with a low-dose protocol or CBCT is the first
choice (46, 47). These imaging modalities offer a comprehensive assessment of
the bone surrounding the sinuses, revealing the extent of aeration versus mucosal
swelling and any fluid accumulations. When CT or CBCT is used to examine the
paranasal sinuses, it is often possible to accurately evaluate the root apices of
teeth in the upper jaw. This aids in confirming or excluding a dental source of the
sinus symptoms.

When a more detailed evaluation of the soft tissue is needed (e.g. on suspicion of
more severe disease, such as malignant tumours of the paranasal sinuses),
contrast-enhanced CT scans or magnetic resonance imaging (MRI), with or
without contrast, are necessary (48-50).

Sinusitis, an interdisciplinary responsibility

Sinusitis, especially MSDO, is managed by a variety of healthcare professionals.
Dentists, general practitioners, and otolaryngologists (i.e. ENT doctors) come
across patients with these conditions. Since it can be challenging to differentiate
between dental and sinus-related pain, individuals affected by these conditions
may seek care in various settings, such as dental clinics, primary care facilities,
and hospitals (51). Sometimes a patient informs the ENT doctor that a dentist has
ruled out a tooth infection as the cause of sinusitis. In such a case, the dentist may
have thoroughly examined the patient’s teeth and performed a dental X-ray that
revealed no signs of root infection. Moreover, the teeth’s vitality test may not have
indicated the presence of necrotic pulp. However, an infection could still be
hidden on the dental X-rays due to the surrounding anatomical structures, and
the vital response from the tooth could have come from neighbouring root canals
in the tooth, even if one canal is necrotic. Furthermore, a periapical tooth
infection could easily be missed if the radiologist does not look for it in a patient
with signs of unilateral sinusitis.

In routine sinusitis cases, follow-up is usually not necessary. However, ensuring
the expected healing process in more complex situations may be crucial. Follow-
up typically involves clinical examinations, with the addition of radiological
assessments when necessary (30, 34).
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The ear

Ear anatomy

The ear is divided into three parts: the outer, middle and inner ear. It is broadly
composed of the cartilaginous auricle; external ear canal; tympanic membrane,
which separates the outer and middle ear; middle ear cavity, which includes the
three ossicles (malleus, incus and stapes); muscles and nerves; and inner ear,
which contains the vestibulocochlear nerve, cochlea and semicircular ducts (52,
53). Some of these ear structures are presented in Figure 7. All structures (except
the cartilaginous auricle) are embedded in the TB and are closely related to the
temporomandibular joint, the brain, and other intracranial structures (52). It is
essential to keep the close relationship between these structures in mind when
discussing possible transmission routes of an ear infection.

D

Figure 7 Illustration of the anatomy of the right ear. (A) Showing the tympanic membrane (TM)
and the middle ear ossicles. (Case courtesy of Matt Skalski, Radiopaedia.org, rID: 53732) (B) Axial
reconstruction visualising stapes, temporomandibular joint and aerated mastoidal cells (MC). (C)
Coronal view showing external ear canal, scutum, middle ear cavity with parts of the incus and
stapes. (D) Axial view showing the “ice cream and cone”-shape where the head of malleus (HM)
articulates to incus (I) within the middle ear, cochlea (C) in the dense bone of the inner ear and
aerated mastoidal cells (MC).

Hearing and the importance of an intact ossicular chain

Hearing can be described as follows. 1) Sound waves are transmitted through the
air and reach the ear and the tympanic membrane. 2) The tympanic membrane
moves the ossicles, pushing the plate of stapes in the oval window. 3) This induces
movement of the cochlear fluid, which generates movement of the hair cells
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(stereocilia); in turn this releases neurotransmitters affecting the
vestibulocochlear nerve, transmitting the nerve impulse to the brain, which
creates hearing (52). Each part of this intrinsic chain of activities is crucial for
hearing. Evaluation of these parts is essential when managing patients with
hearing loss (52). Due to the concealed nature of these structures, various types
of radiology are employed for visualisation.

Trauma and pathology that may affect the ossicular chain

The ossicular chain is vulnerable to injury and disease, which can impact hearing.
Some of the most common causes that can affect hearing and radiological
examples are presented in Figure 8:

Trauma

The most common injury is tympanic membrane perforation, followed by incus
luxation (54, 55). Tympanic membrane perforations can result from various
causes, such as self-inflicted trauma (e.g., attempting to clean the ear with a
cotton swab), assault, or diving (54, 56).

Ear infections

It is common to get an uncomplicated ear infection of the external ear canal or
the middle ear (otitis media). Those infections are handled daily by GPs.
Nevertheless, when they become more complicated, such infections are usually
referred to the ENT clinic for assessment and treatment. In chronic media otitis,
bone erosions of the ossicular chain are common, especially erosions of the long
process of incus (57). Middle ear infections can spread to the mastoid bone
(mastoiditis) or even intracranially. In these cases, intravenous antibiotic
treatment - and sometimes surgical intervention - is needed (58).

Cholesteatoma

Cholesteatoma is a mass of skin tissue (keratinised squamous epithelium)
building up inside the tympanic cavity or mastoid process - places where this type
of epithelium is not supposed to be. Patients can present with ear discharge
(otorrhea), hearing loss and sometimes dizziness (vertigo). Although benign, a
growing cholesteatoma can cause destruction of the surrounding structures,
including the TB and ossicles. Erosion of the ossicular chain, most commonly
affecting the incus, is common (59, 60).

Otosclerosis

Otosclerosis, a common cause of adult hearing loss, is characterised by bone
dysplasia, which primarily affecting the otic capsule and the stapes footplate.
Other components of the TB, including the ossicular chain, may also be involved
(61). The causes of otosclerosis are unclear (61). Patients typically present with
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conductive hearing loss, but it can also be sensorineural or mixed, often affecting
both ears (61). There are usually minimal or no findings on otoscopy. The
appearance of otosclerosis on a CT scan varies based on the type of otosclerosis
(fenestral or retro fenestral) and the stage of the disease. In otosclerosis, there are
primarily two phases: the early/active (otospongiotic) phase and the late/active
(otosclerotic) phase.

Figure 8 Presentation of some of the most common pathology affecting the middle ear. (A)
Trauma: Normal and abnormal incudomalleolar joint alignments. These spot images from this case
illustrate the normal ice cream and cone relationship of the incus and malleolus on the right and the
abnormal alignment on the left. (The image of the ice cream cone is from Wikimedia Commons and
is in the public domain. Case courtesy of Jan Frank Gerstenmaier, Radiopaedia.org, rID: 23290) B)
Infection: Note the bulging of the upper tympanic membrane (pars flaccida) due to raised pressure
in the tympanic cavity (blue arrow) with pulling in at the umbo (i.e. the malleolal attachment). (Case
courtesy of Chris O'Donnell, Radiopaedia.org, rID: 28253) C) Cholesteatoma: Soft tissue density
(blue arrow) within the left ‘Prussak space’ and the epitympanum displacing the ossicles medially
and eroding the scutum and, to a lesser extent, the bony ossicles. (Case courtesy of Dalia Ibrahim,
Radiopaedia.org, rID: 28782) D) Otosclerosis: The footplate of stapes (yellow arrow) articulating
with the oval window and just anterior to it the focal area of lucency (red arrow) denoting fenestral
otosclerosis. (Case courtesy of Ahmed Elhusseiny, Radiopaedia.org, rID: 79498)
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Clinical evaluation of the ear

Clinical examination of the ear involves using an otoscope or otomicroscope
(Figure 9A) to visualise the tympanic membrane (Figure 9C). Mobility
assessment can be performed by gently applying an air puff to the membrane,
with impaired mobility potentially indicating fluid or pathology. Diagnostic clues,
such as a bulging tympanic membrane, hyperacusis, or hearing loss, can guide
clinicians toward the correct diagnosis (58, 62). Like assessing the paranasal
sinuses, thoroughly evaluating the middle ear cavity (Figure 9) without
radiological guidance is challenging due to the lack of direct visibility.
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Bones of the Middle Ear
1 Malleus (Hammer)

2 Incus (Anvil)

3 Stapes (Stirrup)

Figure 9 (A) Clinical examination of the right ear using an otomicroscope. (B) Schematic drawing
of an otoscopic examination and the ossicles of the middle ear. (Image used with permission from
WiscMed) (C) Otomicroscopic view of a normal tympanic membrane of the right ear.
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Radiological evaluation of the ear

The external ear canal and the tympanic membrane can easily be assessed
clinically. However, radiological examination is often needed for the middle and
inner ear. The middle ear cavity is hidden behind the tympanic membrane, so the
ossicles and their surrounding structures are best evaluated by a non-contrast-
enhanced CT scan. Regarding soft tissue pathology in the middle ear cavity or
inner ear pathology, contrast-enhanced CT - or, even better, MRI - is used for
radiological assessment (63, 64).

Radiological modalities for examining the paranasal sinus and
middle ear cavity

When utilised correctly, radiology in the head and neck area can be highly
beneficial, such as in cases involving the sinus and ear. It provides physicians with
a non-invasive method to examine these tightly enclosed spaces. However, it is
important to consider potential risks such as radiation exposure and contrast
allergies if contrast agents are employed. Nevertheless, when appropriately
offered to a suitable patient, the benefits of the examination outweigh the
associated risks.

Justifying radiological examinations

The radiation-protection system in healthcare is designed to manage radiation
risks while ensuring that the potential advantages for individuals and society are
not excessively restricted (65). The radiation-protection system is built on three
pillars: risk assessment (assessing the distribution of radiation dose to the
population due to health care), risk management (justification of medical
examinations) and risk communication (providing tools to support benefit-risk
dialogue for healthcare professionals and patients) (66). The main goal of
radiological protection in health care is to secure the justification of procedures
and optimisation; justification and optimisation are included in the concept of
‘good medical practice’. Nonetheless, not all health professionals are familiar with
these principles. A stronger collaboration between radiation protection, radiology
departments, and other health care professionals is needed to improve the culture
of radiation protection in medical practice (65).

The referral criteria for medical imaging - consensus statements grounded on the
best evidence available - are intended to aid decision-making when selecting the
most suitable imaging procedure for a specific patient (67). While these criteria
are advisory rather than mandatory, healthcare professionals should have valid
reasons not to follow them. Every examination must be justified and optimised
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(65, 67). In radiology departments, practitioners adhere to the ‘as low as
reasonably achievable’ (ALARA) principle (68, 69) which guides them in
minimising patients’ radiation exposure while ensuring that the image quality of
the radiological examination remains sufficient for accurate interpretation.

In considering the importance of justification and optimisation, it is crucial to
recognise that the widespread availability of conventional CT at nearly every
hospital and the time constraints on clinical assessments may lead to the
potential overuse of CT scans. Many paranasal sinus and ear diagnoses can be
accurately made based solely on clinical examination and patient history-taking.
Radiological examinations should only be made out of necessity and not due to
logistics in caring for patients. There are several different radiological methods at
hand to solve this diagnostic puzzle.

Intraoral and panoramic radiographs in cases of MSDO
In everyday dental practice, intraoral and panoramic radiography (i.e. 2D
imaging) are the primary tools for evaluating periapical lesions (70-74).

Figure 10 (A) Intraoral radiograph in the front of the upper and lower jaw. (B) Panoramic
radiograph provides a summarised radiograph of both jaws and surrounding structures.

These methods are quick, user-friendly, and generally manageable for patients in
terms of cooperation and accessibility at dental clinics. The spatial resolution of
intraoral radiographs (Figure 10 A) is notably high. However, challenges arise
when attempting to fully depict the molar area in the maxilla, whose roots are
anatomically linked to the sinus. Anatomical structures such as the maxillary
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sinuses and the zygomatic bone can obscure or interfere with the apices of the
upper molar. Furthermore, the typical presence of three roots in molars can lead
to superimposition.

The panoramic radiograph (Figure 10 B), while being quick and easy to use,
requires the patient to remain still for a few seconds, compared with intraoral
radiographs, which are instantaneous. A panoramic radiograph provides the
dentist with a comprehensive overview of the teeth in both the upper and lower
jaw and the edentulous parts of the jaw. Although a small portion of the sinuses
is visible, this radiograph is generally invalid for sinus diagnostics. The spatial
resolution of a panoramic radiograph is lower than that of an intraoral
radiograph, and the technique used to acquire the panoramic image only offers a
sharp view of a very narrow part of the jaw. Moreover, studies have shown that
many panoramic examinations are of poor quality due to incorrect positioning of
the patient (75). In summary, if pathology (dental pathology or sinus pathology)
is observed in the panoramic radiograph, it can generally be trusted, but a lack of
visible pathology does not necessarily mean that it can be ruled out. If clinical
suspicion of a dental infection persists, CBCT or another CT modality becomes
essential.

CBCT versus conventional CT

CBCT examinations require the patient to be still for several seconds; in most
CBCTs, the patient is sitting up. This can be challenging for very young patients
who have a cognitive disability, have a tremor, or are in severe pain. In
comparison, conventional CT is a quick examination in which the patient lies
down, which is easier for most patients to cope with. CBCT and CT machines are
shown in Figure 11.
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Figure 11 (A) Cone beam computed tomography (CBCT) examines the patient sitting. (B) In
conventional CT, the patient is examined in a supine position.

CBCT is a volumetric imaging modality that is both similar to and different from
conventional CT (76). CBCT uses a divergent X-ray beam forming a cone (instead
of the fan-shaped X-ray beam used in conventional CT) and a flat-panel detector
on the opposite side of the gantry. The CBCT gantry rotates around the patient’s
head, and the image volume is collected during a single rotation scan (4, 77).

CBCT has a high spatial resolution, with a voxel size of 100um. Even at low dose
protocols, it provides more details of small bony structures than conventional CT.
Therefore, CBCT is extremely valuable in hard-tissue diagnostics (47). It can
distinguish between air, bone, and soft tissue, albeit without differentiating
among different kinds of soft tissue components. This distinction ability makes
CBCT a helpful modality when assessing paranasal sinuses, including the roots of
the upper jaw and the TB.

If the maxilla’s alveolar bone is included, a conventional CT examination with a
low-dose protocol is often sufficient (47). However, a CBCT examination is

preferred for a more detailed periapical assessment (47, 78).

CBCT has limitations regarding the Hounsfield unit (HU) (79) scale and scanning
range. However, it offers advantages in terms of detail resolution and can often
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involve a lower radiation dose (47). CT examinations visualise soft and hard
tissue and can be used with or without contrast. Contrast enhancement is
essential, for example, when assessing abscesses, tumours and vascular
pathology. A recently published study by Straub et al. (80) showed high
diagnostic sensitivity and specificity for conventional CT and CBCT regarding
detecting bone invasion in oral squamous cell carcinoma.

PCCT

PCCT (15, 81, 82) is a recently developed and advanced form of CT. The most
important difference between PCCT and conventional CT is the specialised
detectors used by the former, which are known as photon-counting-detectors
(PCDs). The PCD permits the registration of every single photon and tracks the
deposited energy of these individual interactions (15, 83). As a result of this
feature, PCCT exhibits remarkable properties such as a very high spatial
resolution compared with conventional CT, an improved signal-to-noise ratio
(i.e. better signal and contrast resolution) and patient dose reduction (15, 83,
84). Thus, PCCT is expected to become a valuable modality in ear imaging (85).

Table 1 Differences in and pros & cons of conventional CT, CBCT and PCCT in head and neck
imaging.

Hard tlssue visualisation

Soft tissue visualisation EbE (+) T
Contrast-enhanced examination +++ NS Sisists

Individually set volume, unilateral NS +++ NS

examination is possible

Patient position (sitting = PS; lying PL PS(PL) PL
down =PL)

Notes: In this table, ‘+’ represents improved functionality, where “+++ is the highest, and ‘NS’
means that the feature is not supported. The comparison is not exact; it is a short summary, based
on clinical experience and previous studies (47, 83, 85). ‘PL’ stands for the patient lying down, and
‘PS’ stands for the patient sitting. There are a few CBCT models available for which the patient lies
down.
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Better images: Worth striving for but may complicate radiological
interpretation

Nowadays, different CT examinations can be performed with lower radiation
doses, while still achieving higher spatial resolution and more well-defined soft
tissue than before (86). Armed with enhanced diagnostic capabilities,
radiologists, will have the opportunity to uncover more nuanced insights into
patient health (87), leading to more accurate diagnoses, personalised treatment
plans, and, ultimately, improved patient outcomes. Radiologists will also be able
to detect diseases at earlier stages, potentially saving more lives. Furthermore,
these professionals will contribute to the advancement of medical research by
discovering new patterns and correlations in medical imaging data. This will not
only continue to revolutionise the field of radiology but also have a profound
impact on the entire healthcare system. However, it should be noted that this
progression will invariably lead to increased incidental findings. In collaboration
with clinicians, radiologists must discern which incidental findings warrant
treatment or necessitate further monitoring and which can be ignored. The
importance of obtaining a suitable radiological phantom is evident in this
constant effort to enhance examination techniques and image quality.

Radiological phantoms

Phantoms of different types, suitable for various purposes, are essential in
medical imaging (88).In the commercial market, phantoms are mainly
categorised as calibration or anthropomorphic (Figure 12). Most currently
available phantoms are non-modular, meaning that they cannot be altered. This
lack of flexibility can be a drawback when a specific clinical or research question
- such as investigating a particular pathology - needs to be addressed. Calibration
phantoms are designed for quality control, quality assurance, and system
acceptance testing. They have a simple design, often taking the form of a cylinder
or plate, which helps in evaluating image-quality parameters with precision (88).

Conversely, anthropomorphic phantoms, such as the Alderson phantoms (89),
are designed to mimic the human form. They are used in various applications,
including optimising examination parameters and refining image-reconstruction
techniques.
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Figure 12 Different phantoms. (A) Calibration phantoms for the head and torso. (B) Calibration
phantoms for the head and torso placed in position for a CT scan, viewed through the gantry. (C)
Anthropomorphic phantom for the head and arms, placed in position for a CT scan and viewed
through the gantry. (D) Anthropomorphic phantom for the head and arms, placed in position for a
CT scan.

Clinical trials are still considered the gold standard for improving and evaluating
medical imaging systems (90, 91). Anthropomorphic phantoms have one major
advantage in this regard, as they make it possible to assess the potential risks and
benefits of radiological examinations without exposing patients to radiation (68,
69). This attribute makes anthropomorphic phantoms valuable for promoting
safer and more efficient medical imaging practices.

Prefabricated phantoms are typically limited due to their often static and non-
modular nature, which makes it challenging to study different pathologies or
simulate various patient groups. Their rigidity can also restrict flexibility, causing
difficulties in accommodating human anatomical and pathological diversity. To
address this disadvantage, we aimed to create a modular phantom capable of
simulating different pathologies, specifically those related to the ear.
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Knowledge gap

Although numerous studies have examined the prevalence of MSDO, the results
have varied considerably (40, 92-95). Since CBCT provides good resolution of the
periapical pathology, we wanted to examine the prevalence of MSDO when CBCT
was used as a routine method for detection of sinusitis.

In addition, it is unclear whether there are significant differences in sinusitis
symptoms due to URTI or MSDO (40). We therefore wanted to investigate this
matter, as well as how long it took before these patients received the correct
diagnosis.

Pathological changes in the middle ear can be challenging to detect because the
anatomical structures involved are small and complex. When a radiological
report states ‘no visible pathology’, it raises the question of whether there is truly
no pathology present or whether this statement simply indicates the limitations
of the imaging equipment in detecting specific pathologies. To delve deeper into
this question, we needed an anthropomorphic phantom that could be adjusted
based on the particular anatomical structure being studied. Since such a phantom
was not available for purchase, it was necessary to construct one to meet the
requirements of our planned studies.

In future studies on middle ear cavity pathology, our research group aims to
explore the extent to which discrete pathology can be depicted. Is it possible to
identify a cut-off point regarding the size and severity of pathology that can be
visualised on CT scans? We also plan to compare the effectiveness of different CT
modalities in depicting anatomical structures and related pathology. The
modalities to be compared are conventional CT versus CBCT and conventional
CT versus PCCT. Since PCCT is a reasonably new modality (81, 96), it was
important to see how well it performed on normal anatomy which was our goal
in Paper IV before progressing to studies on the evaluation of pathology. PCCT is
already renowned for producing high-quality images with high spatial resolution
and minimal patient radiation dose (97). More answers are needed, however, as
this technique is relatively new, and its strengths and limitations are just starting
to be revealed. Thus, we are also interested in determining the radiation dose at
which PCCT scans can produce the same or better image quality as conventional
CT scans in the middle ear region.
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Aims

The main goal of this thesis, along with the ongoing studies mentioned in the
future perspectives section, was to use radiological CT scans to determine the
prevalence of MSDO sinusitis and whether this type of infection has unique
characteristics compared with sinusitis caused by URTI. In addition, I aimed to
explore the strengths and limitations of CT scans of the middle ear. I sought to
determine whether a negative result in these scans indicates the absence of
pathology or whether the changes are too subtle to be detected with the available
techniques. For this purpose, it was necessary to create and evaluate a suitable
modular anthropomorphic phantom. Finally, I aimed to assess the strengths and
limitations of imaging normal, non-manipulated middle ear anatomy using the
newly developed PCCT.

Specific aims:

Paper I To investigate the proportion of patients with suspected sinusitis
referred for radiological examination who have radiologically
verified MSDO and to describe this type of sinusitis radiologically.

Paper I1 To compare the symptomatology of patients with MSDO with that
of patients with sinusitis due to URTI with a particular focus on
the time to correct diagnosis; and to define the accuracy of CBCT
in detecting the dental origin of the sinusitis.

Paper III To develop a modular anthropomorphic phantom that could be
used to evaluate the performance of radiological techniques in
detecting pathology in the TB region.

Paper IV To investigate whether the diagnostic quality in TB imaging is

maintained even at significantly lower radiation doses when using
PCCT as compared with CT.

25



Materials and methods

Paper 1

A retrospective analysis was conducted on a cohort of 303 CBCT examinations of
the paranasal sinuses, performed at Sunderby Hospital, County Council of
Norrbotten, Sweden, in 2012. These examinations were specifically referred to
radiology due to clinical suspicions of sinusitis.

Exclusion criteria were applied to ensure the homogeneity of the study
population. Patients referred for post-treatment follow-up after severe sinus
infections and patients with facial trauma, systemic diseases affecting the
paranasal sinuses, or suspected tumours necessitating contrast-enhanced multi-
slice computed tomography (MSCT) were excluded from the study.

The CBCT examinations were performed using an Accuitomo 170 unit (J. Morita
Corporation, Osaka, Japan). The exposure factors were 85 kV and 4 mAs with
180-degree rotation. Depending on the patient’s size, the image field was 17 x 12
cm (diameter x height) or 14 x 10 cm. A stack of axial slices with a thickness of 1
mm was used to create axial, coronal and sagittal reconstructions with a thickness
of 1.25 mm.

Image assessment and consensus

The assessment process involved two radiologists. One radiologist was an
experienced senior consultant, while the other was a resident. Prior to individual
assessments, a joint calibration was conducted, during which the radiologists
examined 20 sinus cases not included in the study. This calibration established
consistent criteria for radiologically defining sinusitis.

In our study, when discrepancies arose among the observers during the review

process, joint re-evaluation was conducted to achieve consensus. This
collaborative approach aimed to achieve robust and reliable assessments.

Data collection and examination protocols
Sinus pathology

We determined the presence of mucosal thickening within the sinuses. Gas/fluid
levels were classified into three distinct categories Table 2:
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Table 2 The gas/fluid level grading used in Paper I

Gas/fluid Description

level grade

1 Less than one-third of the maxillary sinus affected

2 Between one-third and two-thirds of the maxillary sinus
affected

3 More than two-thirds of the maxillary sinus affected

We classified the detected sinus pathologies based on the radiological criteria in
Table 3 Classification of the radiologically verified sinusitis, according to our
study in Paper I. The medical records of all patients exhibiting radiological sinus
pathology were reviewed.

Table 3 Classification of the radiologically verified sinusitis, according to our study in Paper I.

Sinusitis Description
classification
Sinusitis Presence of gas/fluid levels in the maxillary sinuses, with

or without adjacent mucosal swelling, or a completely
congested maxillary sinus without other signs of
polyposis or tumours. Concurrent involvement of other
sinuses was also recorded.

Unilateral sinustitis | A strictly unilateral or predominantly unilateral pattern
evident across all sinuses.

MSDO Periapical or extensive marginal destruction with a clear
connection to the affected maxillary sinus.

Additional observations

We recorded any occlusion of the maxillary sinus ostia, the existence of root canal
fillings, and changes around the tooth apex. In addition, we evaluated marginal
bone defects and documented any loss of bone between the tooth and the
maxillary sinus. Demographic information such as the patient’s sex, age, month
of examination and type of healthcare provider referring the patient, was
registered.
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Paper 11

Study population and data collection

The retrospective analysis encompassed patients’ medical records (available in
the hospital information system, VAS). Data was requested from three systems
and combined into one dataset. The focus was on patients diagnosed with
maxillary sinusitis, specifically those referred for radiological evaluation. All
patients underwent CBCT examinations, which offer better resolution than
conventional CT, with a low-dose protocol and better visualisation of bony
structures.

Inclusion criteria and data sources

All cases of maxillary sinusitis confirmed through CBCT examinations and
medical record reviews at Sunderby Hospital during 2012 — that is, all patients
diagnosed with maxillary sinusitis in Paper I — were included in the study. To
enhance statistical robustness, we extended our investigation to include maxillary
sinusitis cases verified in 2013, adhering to the same criteria (see Figure 13). Ten
patients were excluded from the study due to the unavailability of precise time
data regarding symptom onset and initial medical contact.
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Clinically questionable
sinusitis verified by Cone
Beam Computed
Tomography (CBCT) in 2012

n=>58

Additional consecutive
patients with CBCT verified
Maxillary Sinusitis of Dental

Origin (MSDO) in 2013

n=13

Total excluded*

Medical records reviewed n=71

Among them:
MSDO n =29
Sinusitis due to Upper
Respiratoy Tract Infectiion
(URTl)n =42

n=10
(MSDO n=4; URTIn=8)

* Excluded after
reviewing medical
records due to:

- "En passant”
findings at
trauma
examination
Unclear time of
first symptom
Unclear time of
first medical
contact URTIn=36
Inaccessible
medical records Female/male n = 22/14

Mean age = 46
Referred by

GP /ENT /dentist/other

n=22/13/0/1

General Practitioner (GP)
Ear-, Nose-, Throat
specialist (ENT)

Total included for
final review of
medical records

MSDOn=25

Female/malen=12/13
Mean age = 56
Referred by
GP /ENT /dentist/other
n=14/8/2/1

General Practitioner (GP)
Ear-, Nose-, Throat specialist
(ENT)

Figure 13 Flow chart showing the demographic data and the distribution of sinus pathology
among patients included in the study of paper I1.
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Data retrieval and assessment

Examinations were systematically identified from the local radiological
information system (RIS/SECTRA), and imaging data were retrieved from the
radiological image archive.

The CBCT examinations and subsequent image reviews followed established
protocols, as detailed in a previous study by our research group(41). In brief, two
independent observers retrospectively reviewed all examinations. In cases of
disagreement, joint re-review sessions were conducted to achieve consensus.

Clinical presentation and radiological criteria

The patients included in this study were referred to radiology due to clinical
suspicion of sinusitis. Reported symptoms included purulent discharge, nasal
congestion, facial pain or a sense of fullness.

Pathology detected through CBCT was classified as ongoing sinusitis based on
predefined radiological criteria: air/fluid level with or without adjacent mucosal
swelling or total congestion of the maxillary sinus without other signs of polyposis
or tumour.

Patient-related information, including gender and age, was manually extracted
from medical records. Time aspects were recorded, such as the duration from the
first symptom to the initial medical contact and from the first medical contact to
a correct diagnosis.

Patient-reported symptoms and clinical findings were also extracted. These
symptoms encompassed facial pain, toothache, foul odour, foul taste, nasal
discharge, cold, facial- and nasal congestion, loss of smell and taste, cough and
intermittent fever. In addition, the clinical findings included tooth percussion-
induced pain, maxillary sinus percussion-induced pain, pus in the nasal cavity or
oropharynx, swollen nasal mucosa, rhinitis and nasal polyposis.

An ENT specialist (KT) and a dentist/specialist in maxillofacial radiology (MVF)
manually extracted and assessed the symptoms and clinical findings from the
medical records. The follow-up period extended from the initial medical
appointment to the last review of the medical records, spanning approximately 5
years. Notably, the patients were not scheduled for additional visits during this
period to achieve a long-term assessment; instead, we relied on the retrospective
analysis (last 5 years) of their medical histories to identify new episodes of
sinusitis.
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We specifically evaluated the medical records of patients who showed no signs of
dental pathology on CBCT. This evaluation concerned symptoms or findings that
emerged after the CBCT, suggesting that the sinusitis might have a dental origin
after all. The sensitivity and specificity of CBCT for detecting dental pathology
among patients with maxillary sinusitis could then be determined.

Paper 111

A modular anthropomorphic phantom was constructed by combining an
anatomical skull specimen, TB specimens, and a 3D-printed contour derived
from a human skull (see Figure 14). The anatomical skull was securely encased in
biomimetic plastic, featuring a specialised cavity to accommodate donor bone
samples - freshly frozen human TBs placed in a plastic sample jar.

Figure 14 The assembly of the human dry skull, the 3D-printed nylon shell and the mount, all
fixated with PUR plastic.

The orientation of the temporal bone was marked when it was fitted to the sample

jar to ensure that the jar could be fitted in the correct anatomical position in the
phantom. The correct position was confirmed via a CT examination and adjusted
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if necessary. To ensure reproducibility, a mark of the jar and the phantom that
corresponded to ‘12 o’clock’ was made (Figure 15 (a)).

Figure 15 (a) The temporal bone specimen of the jar aligned with the anatomic structures of the
phantom for the correct position. (b) Phantom in an upright position in the Cone Beam CT (CBCT).
(c) Phantom in a supine position in the conventional CT.

Subsequently, a systematic introduction and exploration of various clinical and
pathological scenarios were enabled. Radiological images closely resembling

those obtained from patients were captured using CT and CBCT.

The existing CT protocols were optimised according to the flowchart presented in
Figure 16. Then, an evaluation of the phantom was performed.
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Figure 16 Flowchart showing how the existing CT- examination protocols were optimised.

Paper IV

The modular anthropomorphic phantom developed in Paper III was used for this
study. Ten freshly frozen human TB specimens were fixated in plastic sample jars.
Each TB was placed in the phantom in an anatomically correct position, and nine
of them were scanned on a PCCT system (Siemens Naeotom Alpha, Siemens
Healthineers, Forchheim, Germany) with clinical protocol settings. All ten TBs
were scanned on a conventional CT system (Siemens SOMATOM Definition
Flash, Siemens Healthineers, Forchheim, Germany) with clinical protocol
settings. Further scans were conducted on the PCCT system while reducing the
dose levels in a stepwise fashion. A flowchart of the study process is presented in
Figure 17.
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10 human temporal bone
(TB) specimens

PCCT EICT
n=9 n=10
(TB specimenno 10 excluded)

Clinical protocol PCCT TB specimenno5 Clinical protocol EICT
(CTDI 12 mGy) (CTDI 39 mGy, 29 mGy, 5mGy, 1 mGy) {CTDI 37.5 mGy)
n=9 n=1 n=10

Randomization

Three readersassessed
10 structures + overall image quality
forallscans

Figure 17 Flowchart of the study process, addressing number of temporal bones (n), imaging
technique, and radiation doses.

The clinical protocol settings were used, with volume CT Dose Index (CTDIyo)
37.5 mGy for the conventional CT and similar settings for the PCCT, CTDIy,139.0
mGy and 12.4 mGy for the established clinical protocol. In the dose reduction, the
steps were at CTDIyo 29.1 mGy, 12.4 mGy, 5.1 mGy, and 1.3 mGy.

Ten anatomical landmarks of clinical relevance, in the middle ear and inner ear,
(see Table 4), and the overall image quality, were assessed. Three blinded readers
- all radiologists specialising in head and neck radiology - independently rated the
landmarks and overall image quality on all 23 scans using a 4-point scale (poor,
suboptimal, good, excellent).
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Table 4 A list of the anatomical structures being assessed and their respective number, as used in
the tables and figures in paper IV.

Number Anatomical structure

1 Incudo malleolar joint

2 Incudo stapedial joint

3 Stapes

4 Posterior canaliculus of chorda tympani
5 Modiolus

6 Spiral lamina of the cochlea

7 Fissula ante fenestram

8 Vestibular aqueduct

9 Lateral semicircular canal

10 Tympanic segment (second segment) of the facial canal
11 Overall image quality

All readers conducted a calibration run with selected samples for each anatomical
structure before completing the actual rating. One radiologist conducted a second
rating for the intra-rater agreement.
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Ethical approval and considerations

Paper 1

The study was approved by the Regional Medical Ethical Committee of Umeé
University, Regionala Etikprovningsndmnden (No. 2013-228-31M).

Paper 11

The study was approved by the Regional Medical Ethical Committee of Umed
University, Regionala Etikprovningsnamnden (No. 2014-326-32M). Permission
to read patient records was obtained from the director of each department, and
patient data from the medical records were pseudonymised and compiled into a
database.

Papers III and IV
The TBs used in Papers III and IV were donated for research, and the Regional
Medical  Ethical = Committee @~ of Umed  University, Regionala

Etikprévningsndmnden, gave ethical approval (No. 2014-352-31).
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Statistics

Papers I and II

IBM SPSS Statistics for Windows (Version 22.0. Armonk, NY: IBM Corp.
Released 2013) was used for descriptive statistical analysis. The OpenEpi
program was used for calculations related to standard chi-square tests. A p value
of <0.05 was considered statistically significant.

Paper II1

IBM SPSS Statistics for Windows (Version 29.0. Armonk, NY, IBM Corp.
Released 2022) was used for descriptive statistical analysis. A p value of <0.05
was considered statistically significant.

Paper IV

A Wilcoxon test was used for statistical analysis for pairwise comparisons for
significant results, and a Bonferroni correction was used for multiple
comparisons. For the analysis of the inter-rater agreement, assessments of three
readers, present agreement with Fleiss’s kappa, per cent agreement and
corresponding 95 % confidence intervals (CIs) were used.
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Results

Paper 1

Our study found that 22 % of the patients referred to the radiology department
with suspected sinusitis had radiologically confirmed sinusitis. We also found
that 24 % of the verified sinusitis cases had an odontogenic origin. The flow chart
in Figure 18, shows the distribution of sinus pathology among patients included
in the study. Further specifics are provided below.

Unilateral maxillary sinusitis

Of the unilateral cases, 40 % were odontogenic; of the bilateral cases, 6 % were
sinusitis with an odontogenic origin (p = 0.0015). Among patients with
odontogenic unilateral sinusitis, 78 % were aged 40—69 (with 64 % falling in the
50—69 age range). The mean age was 60 years, spanning from 39 to 81. No
significant seasonal variation was observed for odontogenic sinusitis.

Adjacent mucosal swelling
Of 54 patients with periapical destruction, 49 exhibited mucosal swelling in the
maxillary sinus. However, only 15 of these patients met the criteria for sinusitis.

Maxillary sinus congestion

Patients with odontogenic unilateral sinusitis had significantly more swelling and
congestion in the maxillary sinuses (p = 0.0397) compared with non-odontogenic
cases. In 86 % of odontogenic unilateral sinusitis cases, fluid and mucosal
swelling affected more than two-thirds of the maxillary sinus (grade 3); in the
group with non-odontogenic sinusitis, this proportion was just 45 %.
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Figure 18 Flow chart depicting the distribution of sinusitis cases among 303 patients examined
with CBCT due to clinical suspicion of sinusitis.

Paper 11

Symptoms and clinical findings

The results from our study regarding the prevalence of symptoms and clinical
findings in patients with MSDO are summarised in Table 5 Symptoms and
clinical findings documented in the medical records that exhibited statistically
significant differences between the two groups, URTI and MSDOHere, it should
be noted that we compared MSDO with sinusitis due to URTTI.

Among patients with URTI sinusitis, 83 % reported facial pain compared with
only 52% of patients with MSDO (p = 0.011). Notably, none of the patients with
unilateral URTI sinusitis experienced bilateral facial pain, and none with bilateral
URTI sinusitis experienced unilateral facial pain. Unilateral facial pain was
reported by 90 % of patients with unilateral URTI sinusitis and 44 % of patients
with unilateral MSDO (p = 0.016).

Only one patient (3 %) with URTT sinusitis reported toothache, compared with
20 % of patients with MSDO.
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Patients with MSDO reported the following symptoms more frequently: 72 %
reported foul odour, and 56 % reported foul taste. In contrast, patients with URTI
sinusitis reported these symptoms less often, 17 % for both foul odour and foul
taste (p < 0.002).

Symptoms such as common cold, intermittent fever, nasal congestion and cough
were more prevalent in patients with sinusitis of URTTI origin: 75 % of URTI
patients reported common cold symptoms, while only 32 % of MSDO patients did
so (p = 0.001).

Among patients with bilateral URTI sinusitis, 88 % reported facial congestion,
and 60 % of those with unilateral URTI reported this symptom. Regarding
MSDO, 52 % of patients reported facial congestion (p = 0.005 for bilateral URTI
compared with MSDO and p = 0.023 for URTI total compared with MSDO).

Fourteen per cent of patients with URTTI sinusitis and none of the patients with
MSDO reported a loss of smell. In our study, only one patient reported a loss of
taste; that patient belonged to the group with unilateral URTI sinusitis.

Among the patients with URTI sinusitis, 64 % experienced maxillary sinus
percussion-induced pain (tapping over the maxillary sinuses with a finger). Only
24 % of patients with MSDO reported this symptom (p = 0.003). In addition,
tooth percussion-induced pain (tapping the tooth with an instrument) was
reported in 16 % of MSDO patients and only 3 % of URTI patients.

Pus was observed in the nasal cavity or oropharynx in 56 % of patients with URTI
sinusitis and 52 % of MSDO patients.

The symptoms of swollen nasal mucous membranes (42 %) and rhinitis (28 %)
were slightly more prevalent in patients with URTI sinusitis compared with
patients with MSDO, who exhibited lower rates, with swollen nasal mucous
membranes at 24 % and rhinitis at 8 %.
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Table 5 Symptoms and clinical findings documented in the medical records that exhibited
statistically significant differences between the two groups, URTI and MSDO.

URTI MSDO p value
(n = 36, total of (n =25, (<0.05)
unilateral and unilateral)
bilateral)

Symploms
Facial pain 83 % 53 % 0.011
Toothache 3% 20 % 0.0408
Foul odour 17 % 72 % 0.0001
Foul taste 17 % 56 % 0.0018
Signs of viral infection 75 % 32% 0.001
{(common cold,
intermittent fever,
nasal congestion,
cough)
Facial congestion 81 % 52 % 0.023
Clinical findings
Maxillary sinus 64 % 24 % 0.0026
percussion-induced
pain

Notes: The green field represents the type of sinusitis more often associated with the specific group
of symptoms or clinical findings.

Time intervals in diagnosing sinusitis: Impact of first medical
contact

Our study investigated the time intervals for diagnosing sinusitis based on the
duration between symptom onset and the first medical contact. Notable findings
are provided below.

All 19 patients who sought medical attention within 2 weeks of symptom debut
were classified within the URTI group.

Among patients with doctor’s appointments 3—7 weeks after symptom onset, 2/3
(n = 13) were diagnosed with URTI sinusitis, while 1/3 (n = 7) had MSDO.

Patients who delayed seeking healthcare for 2 months or longer were
predominantly from the MSDO group (URTI n = 4; MSDO n = 18).

The time from first medical contact to correct diagnosis differed significantly

between the URTI and MSDO groups. Among patients diagnosed within a week
of seeking healthcare, 27 out of 31 had URTI sinusitis. In contrast, 10 out of 25
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patients with MSDO had to wait 2 months or longer for the correct diagnosis,
compared with only 1 out of 36 in the URTI sinusitis group (p = 0.003).

CBCT accuracy in detecting dental pathology as the underlying
cause of sinusitis

In our study, CBCT demonstrated an impressive accuracy of 97% in identifying
dental pathology as the root cause of sinusitis. The sensitivity and specificity were
92 % and 100 %, respectively (see Table 6). Sensitivity refers to the ability of a
test to correctly identify individuals who truly have a medical condition (true
positive rate), and specificity measures the ability of a test to correctly identify
individuals who do not have the condition (true negative rate).

Table 6 Accuracy of CBCT
MSDO URTI
Test + (for MSDO on CBCT) 23 (TP) o (FP)
Test — (for MSDO on CBCT) 2 (FN) 36 (TN)

Notes: TP, true positive; TN, true negative; FP, false positive; FN, false negative; MSDO, maxillary
stnusitis of dental origin; CBCT, cone beam computed tomography. Accuracy of CBCT for detecting
MSDO: 97 %; sensitivity: 92 %; specificity: 100 %.

Paper I11

Materials for constructing the phantom

CT evaluation of PUR plastic

The radiological attenuation of polyurethane (PUR) plastic was found to be
comparable to that of soft tissue and slightly superior to that of the gold standard
material, polymethyl methacrylate (PMMA), across various beam qualities. As a
result, PUR plastic was adopted as a suitable substitute for soft tissue in our
phantom. When used as a soft-tissue substitute in the phantom, the HU value of
PUR plastic closely matched that of soft tissue in the head and neck.

Alginate for temporal bone fixation

Alginate was preferred over ballistic gel (used in a previous study (98) to simulate
soft tissue) for fixating TBs in the sample jar due to the lower risk of gel intrusion
into the middle ear of the TB.
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Brain tissue comparison
The mean HU values in the phantom brain and the corresponding human brain
area were 25 HU and 35 HU, respectively, demonstrating excellent agreement.

A comparative analysis between two groups (the phantom with 10 different TBs
and 10 consecutive patients) to determine HU values in the small regions of
interest (ROIs) revealed a statistically significant difference (p < 0.05) in HU
values, Figure 19(a). However, the mean value difference was minimal. The
observed difference in the mean value of 10 HU remains negligible when
considered in the context of the standard deviation within brain tissue.

The HU values within the larger ROI encompassing the entire cranial area did not
exhibit statistically significant differences between the two groups, Figure 19(b).
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Figure 19 (a) The mean Hounsfield unit value of three ROIs positioned
intracranially(anthropomorphic skull phantom group = phantom examined with ten different
human temporal bones; patient group = ten consecutive patients). (b) The mean Hounsfield unit
value of large ROI including the whole skull (anthropomorphic skull phantom group = phantom
examined with ten different human temporal bones; patient group = ten consecutive patients). (99)
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Clinical application
During these tests, the reproducibility of the precise anatomical alignment of the
TB was consistently demonstrated across diverse scanners (data not presented).

Paper IV

PCCT versus CT: A comparison
A statistical analysis revealed that PCCT scans at computed tomography dose
index (CTDI) levels of 39.0 mGy, 29.1 mGy, 12.4 mGy, and 5.1 mGy significantly
outperformed the CT scan (p < 0.05). The superiority of PCCT was evident in
terms of image clarity, noise reduction and overall diagnostic value. Scans from
PCCT were rated higher for most evaluated structures and for the overall image
quality. Table 7 shows the distribution of scores on the 4-point scale for all
assessments on all specimens.

Table 7 The distribution of scores on the 4-point scale for all assessments on all specimens.

CT PCCT
Bone Poor or Suboptimal | Good or Excellent | Poor or Suboptimal | Good or Excellent
n (%) n (%) n (%) n (%)

11 31 (70) 13 30) 1(2) 43 (98)
12 23 (52) 21 (48) 2(5) 42 (95)
13 27 (62) 17 (38) 6 (14) 38 (86)
14 38 (87) 6 (13) 15 (34) 29 (66)
75 32(73) 1227 0 (0) 44 (100)
76 38 (87) 6 (13) 2(5) 42 (95)
77 40 (91) 4(9) 10 (23) 34 (77)
T8 39 (89) 5(11) 4(9) 40 (91)
79 32 (73) 12 27) 3(7) 41 (93)
T10 38 (86) 6 (14) - -

Result VGC analysis demonstrated a significant difference for all structures
between EICT and PCCT with clinical protocol (CTDIvol 37.5 mGy and 12 mGy
respectively), presented in Figure 20.
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Figure 20 Result Visual Grading Characteristics (VGC) analysis. Each bar with a 95% CI
represents a difference in image quality between EICT and PCCT (CTDIvol 37.5 mGy and 12 mGy
respectively). The value 0.5 denotes that there would be no difference between the two modalities.
As can be seen, all structures (1-10), as well as “overall image quality” (11), show significant
differences. All structures are listed in Table 4.

The inter-agreement was good for most structures, except for the lateral
semicircular canal and the second segment of the facial canal, where it was poor.
The divisions of strength of agreement were adapted from Landis et al(100).

We also assessed PCCT image quality at varying doses, expressed in CTDI levels.
Key observations presented in Table 8 and the difference in radiological
appearance at varying doses are shown in Figure 21:

Table 8 Assessed image quality for PCCT at dose levels reducing the CTDI from 39 mGy to 1.3 mGy.

CTDI level Image quality Evaluation
(mGy)

39.0 Excellent or good | Optimal visualisation of anatomical landmarks
29.1 Excellent or good | Optimal visualisation of anatomical landmarks
12.4 Excellent or good | Optimal visualisation of anatomical landmarks

5.1 Suboptimal Good ratings for most structures, except

ossicular chain landmarks

1.3 Poor All landmarks suffer from poor image quality;

challenges with ultra-low-dose imaging
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Figure 21 Image comparison between PCCT and CT with an examination of the temporal bone;
the same CTDI level used in clinical settings was used here for the CT. PCCT scans were taken at
different CTDI levels in a stepwise reduction of radiation dose.
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Discussion

General discussion

This thesis focuses on the radiological methods used to diagnose MSDO and on
ways to enhance the radiological visualisation of the middle ear cavity and its
nearby structures. Rapid improvements in radiographic methods are adding a
new dimension to the ways of obtaining a correct diagnosis in an early stage of a
disease (101, 102). Similarly, such improvements in radiographic methods can
make preoperative planning and follow-up examinations more precise. Technical
development must be accompanied by a thorough understanding of how to utilise
the technology, including its strengths and limitations, to maximise its potential.

The anatomical closeness between the maxillary sinuses and the teeth in the
upper jaw and the potential spread of dental infections into the maxillary sinuses
are well known. Yet, despite current knowledge, many patients with MSDO
infections do not receive the correct diagnosis followed by proper treatment
within a reasonable time; thus, there is an urgent need for better awareness of
MSDO infections. Medical professionals and researchers play a crucial role in
spreading this knowledge in both the dental and medical communities.

The pathology of the middle ear ossicles is often challenging to depict. Improved
radiological methods with higher spatial resolution can lead to better diagnosis
and facilitate optimal treatment. Furthermore, technical improvements often
permit examinations at a lower radiation dose than that used with previous
radiological techniques.

The pursuit of ever more profound clinical and radiological knowledge and
enhanced technical solutions is crucial for improving diagnostic capabilities. This
continuous challenge in scientific research and product development drives us
forward. The limits of the potential within the radiological field remain
speculative, but we have only just begun to tap into the immense potential that
technological advancements in radiologic science hold. There is much more to
discover and explore.
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Main findings

The main findings of this thesis are as follows:

e Unilateral MSDO was found in 40 % of the radiologically diagnosed
sinusitis cases.

e Foul odour and foul taste in combination with other unilateral symptoms
should raise suspicion of MSDO.

e The modular anthropomorphic phantom we created proved to have
radiological properties comparable to those of living humans. It can serve
multiple purposes, including as a valuable tool for radiological
assessment in the TB region and as an aid in protocol optimisation and
training simulations.

e PCCT outperformed energy-integrated computed tomography (EICT)
regarding image quality in the TB examination. A significant dose
reduction was achieved with PCCT while maintaining good image
quality.

Paper 1

Our study found that 22% of patients referred to the radiology department with
suspected sinusitis had radiologically confirmed sinusitis. All these radiological
examinations were performed on a CBCT scanner, which can be used for the
radiological evaluation of sinusitis and other pathological processes in the sinuses
(103-105). CBCT also provides detailed and reliable imaging of the supporting
tissue surrounding the teeth (104), enabling the detection of MSDO.

Among the sinusitis cases, 24 % had dental origins - a percentage surpassing
those reported in older studies (93) - but similar to those in contemporary studies

(92, 94).

Unilateral sinusitis

We found that 40 % of cases presenting with unilateral maxillary sinusitis in our
study were of dental origin. This finding underlines the close relationship
between dental infections in the teeth of the upper jaw and unilateral sinusitis.
Our results were comparable with those of Bomeli et al., who recorded a
prevalence of 36-42 % for unilateral sinusitis, using fluid levels as a criterion for
sinusitis (94). Matsumoto et al. discovered that among patients treated in an
ENT/oral surgery clinic, 70 % of unilateral sinusitis cases were attributed to
dental infections (95). In our study, patient selection relied exclusively on clinical
suspicion of sinusitis. The participants exhibited various symptoms; however, in
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all instances, referrals were made due to suspected sinusitis. Since the study was
retrospective, we could not define specific inclusion criteria, but we exclusively
enrolled patients with clinically suspected sinusitis.

By selecting patients based on clinical suspicion of sinusitis, we were able to
minimise the risk of over-interpreting radiological findings. This is because
patients undergoing radiological examinations of the head and neck area for
various reasons may present incidental findings in the paranasal sinuses without
necessarily manifesting sinusitis-related symptoms (106, 107). Some previous
studies have adopted a broader definition of sinusitis, including mucosal
swelling, even in cases lacking clinical findings directly correlated with sinusitis
(92). In addition to only including patients with clinical suspicions of sinusitis,
we employed a strict definition for the radiological diagnosis of sinusitis. Our
definition of sinusitis specifically required fluid level or complete congestion of
the maxillary sinus without other signs of polyposis. Our investigation utilised
both radiological characteristics and clinical records, unlike studies that relied
solely on radiographic findings. Consequently, based on our criteria, chronic
sinusitis without fluid levels would not be categorised as ongoing sinusitis in this
study. The data presented in our study explicitly represents the subset of patients
referred for radiology due to suspected ongoing sinusitis, regardless of the
duration of their symptoms.

Age as a factor for MSDO prevalence

In the group of unilateral MSDO in our study, 78 % were aged 40-69 years, with
a mean age of 60 years. It is well known that age-related factors can contribute to
an increased prevalence of specific dental conditions(108). Among these factors,
high caries activity and cumulative dental wear play significant roles. Xerostomia
(dry mouth) further compounds this complex dental puzzle, it can lead to a
greater incidence of coronal and root caries and periodontitis (109). Still it is
important to remember that heterogenicity is probably greater among people 65
and older than among other age grouping (110). A systematic review published by
Kazeminia et al. in 2000 found that the prevalence of primary and permanent
dental caries in children worldwide was high (111). This could continue to lead to
a high prevalence of dental infections in the adult and older population in the
future. Hence, MSDO diagnose should continue to be considered by future
dentists and doctors.

Adjacent mucosal swelling

As many as 49 (91 %) of the 54 patients who had a periapical infection, according
to the radiological examination, had an adjacent mucosal swelling in the
maxillary sinus on the same side. When patients with extensive marginal bone
loss were included, 60 (90 %) out of 67 patients had adjacent mucosal swelling.
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Our results demonstrate a remarkable similarity to Ariji et al.'s (112) findings,
which revealed a prevalence of mucosal thickening of just under 90%. Another
review study presented that isolated maxillary sinus mucosal thickening is highly
prevalent in 45-100% of people with adjacent maxillary dental pathology or prior
dental procedures (113). Mucosal thickening can result from sinusitis, but
alternative interpretations may exist. Periapical and marginal destruction -
inherent to dental pathology - may trigger localised inflammatory responses.
Consequently, mucosal thickening could represent a natural defence mechanism
against low-grade infections originating from adjacent teeth. Rather than solely
attributing such thickening to sinusitis, we emphasise the need for a
comprehensive dental health assessment when encountering mucosal thickening
on radiographs. Only 16 (24 %) of these 67 patients with adjacent mucosal
swelling in our study met our criteria for maxillary sinusitis.

Fluid level

Grade 3 fluid levels were significantly more prevalent among patients with MSDO
(86 %) compared with patients with unilateral URTTI sinusitis (45 %). It is not
clear why this was the case, but it is proven that odontogenic infections have a
different bacterial composition with more anaerobes (114), which perhaps could
lead to infections with fewer clinical symptoms. Bomeli et al. reported similar
findings; they found that the likelihood of MSDO increased dramatically as the
fluid levels increased (94).

Paper 11

Foul odour, foul taste, and other clinical signs

According to our study, the most common symptoms correlated to MSDO were
unilateral symptoms (e.g. unilateral facial pain and unilateral nasal discharge),
foul odour (72 %) or foul taste (56 %). Compared with patients with URTI, only
17 % of the study participants with URTTI sinusitis experienced a foul odour
and/or foul taste. The prevalence of foul odour and foul taste in our study was
higher than in that of Longhini et al., who found that 48 % of patients in their
study reported a ‘rotten smell or bad taste’ (115) and Ly et al, who found that 44
% of the MSDO patients reported foul smell and 11 % reported foul taste(116).
Another more recent review study by Craig et al. supports our results that foul
odour has a high prevalence in MSDO; their study demonstrated an overall 44 %
mean prevalence but a wide range between 13 to 93 %(113). These results
highlight the importance of including the clinical signs of foul odour and foul taste
when evaluating sinusitis symptoms.
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Differences between URTI and MSDO regarding symptoms

We observed subtle differences in clinical presentation between patients with
MSDO and those with sinusitis related to URTI. Pokorny et al. found that 9o %
of their MSDO patients reported sinus (facial) pain (42), but our study revealed
that only 52 % of MSDO patients experienced this symptom, whereas a significant
83 % of URTI sinusitis patients complained of the same discomfort. We also
found that the correlation between the side of the affected sinus and the
experienced facial pain was very distinct; none of the patients with unilateral
URTI sinusitis experienced bilateral facial pain, and none with bilateral URTI
sinusitis experienced unilateral facial pain. In our study, unilateral facial pain was
reported by 90 % of the patients with unilateral URTI sinusitis and by 44 % of the
patients with unilateral MSDO. According to other studies facial pain — including
unilateral and bilateral — was found in 16—100 % of MSDO cases (113). Since these
are self-reported symptoms and the routine for charting these symptoms can
vary, particularly in retrospective studies, these numbers are somewhat
unreliable.

In our study, only 20 % of the MSDO patients reported toothache compared with
42 % in the Pokorny study (42). Compared to other studies where dental pain has
been reported in 29 to 47 % of the MSDO cases (113), our study still has a
somewhat lower frequency . The low percentage of toothache in the MSDO group
could be explained by the fact that dental infections are most painful initially,
when the infection is contained inside the pulp. This is due to the increased
pressure caused by the infection (117, 118). Once the dental infection spreads to
the surrounding tissue, the pressure is decreased, and the pain often subsides
(118). When the dental infection has spread into the maxillary sinus, causing
MSDO, it is common for the patients to no longer experience toothache.

In terms of the time elapsed from the initial medical appointment (with a GP,
ENT specialist or dentist) until the patient received an accurate diagnosis of
sinusitis, a significant disparity was observed between MSDO and URTI sinusitis.
Some of the MSDO patients had been in contact with health care for a long time,
for months or even years, before receiving a correct diagnosis. When a patient is
diagnosed with URTI sinusitis, the treatment focuses on decongesting the nasal
mucous membranes. In contrast, effective treatment of MSDO includes specific
antibiotics, drainage of pus and remedying the underlying dental infection. This
underscores the need to better understand the symptoms most common to
MSDO.
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Accuracy of CBCT for detecting MSDO

We found that only two patients initially diagnosed with URTI sinusitis were later
verified to have MSDO, resulting in an accuracy of 97% for detecting MSDO using
CBCT. Recent review studies by Zhang et al. and Craig et al. supported our results
that CBCT has high accuracy for visualising the dental infection in MSDO (113,
119).

Paper 111

The modular anthropomorphic phantom developed in this paper possessed
radiological attenuation measurements equivalent to those of a human patient’s.
The phantom was created with the aim of assessing the ossicular chain and
nearby structures in the TB, while comparing different radiology methods in an
in vitro setting as similar to an in vivo situation as reasonably possible. To the
best of our knowledge, no such phantoms are available elsewhere.

Materials to create the phantom

Alginate emerged as the superior choice for securing the TBs within the sample
jar, primarily due to its reduced propensity to intrude into the middle ear of the
TB. Unlike ballistic gel, which was also considered and has been used in another
study (98), the viscosity of alginate acted as a protective barrier, preventing any
inadvertent penetration into the delicate middle ear cavity.

We found that the radiological attenuation of PUR plastic was comparable to that
of soft tissue and surpassed that of the current gold standard, PMMA. Therefore,
PUR plastic, which also has the advantage of castability, was considered a suitable

material for replacing the soft tissue (i.e. brain and skin) surrounding the human
skull.

Radiological attenuation of the phantom

The phantom was evaluated in terms of the environment surrounding the middle
and inner ear structures. To ensure trustworthy assessments in future studies, it
was important to achieve a radiological attenuation comparable to that of the
skull of a living human. The mean radiological attenuation for the area covering
the TB and the brain differed by only 10 HU between the phantom and the group
of living patients (Figure 22) — a small discrepancy that holds no clinical or
technical significance for CT assessments of the TB.
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Figure 22 Comparison of the Hounsfield unit values, total mean of the slices, and mean for PUR
and brain tissue. (a) For the anthropomorphic skull phantom. (b) For a representative human.
Medel = Mean; Avvikelse = Standard deviation.

Clinical implementation

It is not ethical to radiologically re-examine patients just to compare different
radiological methods, as radiation is potentially harmful (120, 121). Therefore, a
phantom enabling re-examination of the delicate TB structures is extremely
valuable. As different human TBs can be used in our phantom, it is possible to
examine both normal anatomy and pathology since surgically induced injuries
can be applied to the bones prior to their insertion into the phantom. Different
human TBs could easily be inserted in a standardised and reproducible fashion.
Hence, a blinded evaluation of TB structures could be conducted to facilitate
rigorous radiological assessments and enhance the reliability of evaluations
across individuals.

Phantoms serve multiple purposes, including protocol optimisation and training
simulations. Using a phantom makes it possible to assess the consistency among
radiologists and allows radiologists to practise identifying rare injuries.
Moreover, a phantom can be used to verify the confidence level when diagnosing
specific injuries using predefined parameters. This study’s findings demonstrate
the phantom’s reliability as a valuable resource for streamlining the
standardisation and fine-tuning of clinical protocols in radiological imaging.

Paper IV

Image quality and dose reduction on PCCT

In Paper IV, we found that PCCT outperformed EICT in terms of image quality,
even at radiation doses below 15 % of that used in the standard EICT protocol.
These results demonstrate the possibility of an even greater dose reduction than
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that reported in previous clinical studies, reporting a possible dose reduction of
26-31 % (85, 122).PCCT exhibited excellent image quality when assessing small
osseous structures within the TB. It is desirable to use a radiological method with
very high image quality when assessing the TB, since this is an anatomically
challenging region with small structures. Furthermore, the substantial reduction
in radiation exposure with PCCT compared with EICT underscores the
advantages of this promising new technique. These findings highlight the
potential clinical impact of PCCT in the diagnostic imaging of small osseous
structures in the TB and warrant further investigation.

Limitations and clinical implementation

The in vitro setting of the study in Paper IV could be viewed as a limitation. To
the best of our knowledge, this is the first study conducted with a modular
anthropomorphic phantom to simulate an in vivo setup regarding TB
examination with a PCCT system. In previous in vitro studies this was not the
case (123). Well-preserved human TB specimens were used in our study. Recent
studies have indicated that well-preserved human TB specimens well represent
living patients (85, 122); hence, we believe that the findings in our study are
representative.

Summary of study limitations

Since the studies in Papers I and II were retrospective, we were unable to define
an absolute criterion for the specific symptoms we wanted to include in the
referral process. In Paper I, it was necessary to decide what radiological inclusion
criteria to use for the sinusitis diagnosis. We finally decided to use the following
criteria:

e Gas/fluid level in the maxillary sinuses, with or without
adjacent mucosal swelling; or

e Totally congested maxillary sinus without any other signs of
polyposis or tumour.

A mucosal thickening greater than 2 mm was the diagnostic criterion for sinusitis
in 53 % of the 38 studies included in a recent systematic review by Vitale et al.
(92). Our definition differs to some extent from those in other studies on the same
topic, making it difficult to compare the results. On the other hand, our criteria
for sinusitis probably underestimated our results rather than overestimating
them, in comparison with the use of other criteria. Therefore, our results are still
representative of our study population. The information used in Paper II was
retrieved from the medical records. Since the study was retrospective, it was
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impossible to control that all information that was interesting for the study was
provided. It was uncertain whether the same data had been collected from all the
patients included in the study. In the study reported in Paper III, the sinus
cavities could have been sealed off to secure that the aerated space was intact.
Still, the radiological mean attenuation measured with a large ROI of the outer
skull, including the sinus cavities, was equivalent to that of a living patient.

As previously mentioned, the in vitro setting of Paper IV could be viewed as a
limitation. As far as we know, our study is the first to use a modular
anthropomorphic phantom to simulate an in vivo temporal bone examination

with a PCCT system.
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Conclusion

Paper 1

Our study confirms the intimate association between odontogenic infections and
unilateral maxillary sinusitis. Notably, 24 % of verified sinusitis cases were found
to be of dental origin. Furthermore, our investigation revealed that up to 40 % of
radiologically verified unilateral maxillary sinusitis cases had an odontogenic
origin. These findings underscore the critical importance of radiologists and
clinicians recognising this link, as timely and appropriate dental intervention is
often essential in achieving permanent patient recovery.

Paper 11

Our study highlights the critical issue of misdiagnosis and delayed treatment in
patients with MSDO in comparison with sinusitis due to URTI. These patients
often suffer for months before receiving proper care. For patients with unilateral
sinusitis that does not heal and who present subtle symptoms such as minimal
pain, foul odour or taste, a timely referral for radiological examination -
preferably CBCT - is crucial to exclude odontogenic causes and accurately
diagnose MSDO.

Paper 111

A modular anthropomorphic phantom was designed for the middle ear and the
TB region. Its unique features include the swift exchange of bone specimens and
the ability to faithfully reproduce examinations within a safe and controlled
environment.

Our modular phantom, created to replicate radiological attenuation levels found
in living human patients, can be used to evaluate radiological techniques and
diagnostic possibilities without exposing patients to radiation.

Paper IV

In the context of our study, PCCT outperformed conventional CT in terms of
image quality, even at radiation doses below 15 % of the standard CT protocol.
Notably, PCCT exhibited excellent image quality when assessing small osseous
structures within the TB. More importantly, PCCT produced high-quality images
at a fraction of the radiation exposure used for typical CT, indicating the great
potential PCCT has for clinical use. In summary, PCCT is likely to have a strong
clinical impact in the diagnostic imaging of the small osseous structures in the
temporal bone, and further investigation of its diagnostic properties is warranted.
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Future perspectives

In a collaboration between Sunderby Hospital in Luled, Sweden, and Skane
University Hospital in Lund, Sweden, we are using the modular anthropomorphic
phantom we designed to compare different radiological methods, such as
conventional CT, CBCT and PCCT, in order to detect clinically relevant diseases
of the TB. How well can a radiologist depict small changes using these advanced
imaging techniques? If no pathology can be seen in CT scans, is it because
pathology is not present, or is the pathology merely too small for the technique to
delineate? Answering these questions could help radiologists and otosurgeons
better understand the strengths and limitations of available radiological
techniques.
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