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Abstract
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The aim of the thesis was to compare the methods of CR and LDCT for musculoskeletal
imaging of the pelvis, hip and thoracic and lumbar spine to investigate if LDCT can achieve
similar or higher diagnostic quality compared to CR, with an equal level of radiation exposure.
The comparison focused on image quality, visibility and radiation dose, with the addition of
diagnostic findings.

In paper I 21 patients, who had undergone open reduction and internal fixation of pelvic
fracture, were examined with CR and LDCT. Hardware positioning, fracture reduction, image
quality and radiation dose was noted. In paper II a phantom with hip prosthesis and tantalum
markers was scanned with 14 different CT protocols. The image sets were assessed regarding
image quality, robustness of numerical data for migration and radiation dose. The protocol with
highest overall score and an estimated radiation dose < ImSv was applied to a pilot patient. In
paper Il and IV, 63 and 84 patients respectively were examined with routine CR and LDCT with
a study protocol. Technical and diagnostic image quality and visibility was assessed. Diagnostic
findings were noted. An Al software was used for visibility of vertebrae and fracture detection.
Radiation dose was calculated.

LDCT had a significantly higher image quality than CR in the post-operative pelvis and the
thoracic and lumbar spine, but also significantly higher radiation doses. LDCT is more reliable
in assessing hardware and fracture reduction in the pelvis. LDCT can be used to perform precise
migration measurements in patients with hip prosthesis with a radiation dose comparable to CR.
More fractures were detected with LDCT than CR in the thoracic spine but not in the lumbar.
There was no difference in detected compression fractures in LDCT between Al and radiologists
in either thoracic or lumbar spine.

The findings of this thesis indicates that it is possible to examine the pelvis, hips with
prosthesis, and thoracic and lumbar spine with LDCT and get as good or better diagnostic
information with higher image quality than CR. More work is needed to further reduce radiation
dose.
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ADMIRE advanced model iterative reconstruction

AEC automatic exposure control

Al artificial intelligence

ALARA as low as reasonably achievable

AO Arbeitsgemeinschaft fiir Osteosynthesefragen
AP antero-posterior

BMD bone mineral density

CAD computer-aided diagnosis

CI confidence interval

CN condition number

CoR computed radiography

CR conventional radiography

CT computed tomography

CTMA computed tomography-based micromotion analysis
CT-RSA computed tomography-based radiostereometric analysis
CTSA computed tomography spatial analysis
CTDlyor computed tomography dose index volume
DAP dose area product

DDR direct digital radiography

DECT dual-energy CT

DLP dose length product

DR digital radiography

DRL diagnostic reference level

DXA dual-energy X-ray absorptiometry

ED effective dose

Eap region-specific conversion coefficient
EID-CT energy-integrating detector CT

FBP filtered back projection

FDA Food and Drug Administration

FOV field of view

FPD flat-panel detector

HU Hounsfield unit

ICR International Congress of Radiology

ICRP International Commission on Radiological Protection

IR iterative reconstruction
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Introduction

This thesis investigates the different radiological methods of diagnostic ortho-
paedic imaging that employ ionizing radiation, conventional radiography
(CR) and computed tomography (CT), in a comparison between the modali-
ties. CR is relatively low-cost, uses a low radiation dose and has been around
for over a century. CT is more expensive and uses a much higher radiation
dose, but has distinct advantages, such as high spatial resolution and imaging
in 3D.

We have tried to combine the different advantages of each of these methods
by using CT protocols with a radiation dose comparable to that of CR, low
dose CT (LDCT), while retaining diagnostic quality. Our research compares
CR to LDCT for diagnostic orthopaedic imaging in order to ascertain if LDCT
has an equal or higher diagnostic quality as CR, thus justifying a change in
method.

History

One of the most significant scientific breakthroughs of the modern era came
on November 8" 1895 in Wiirzburg, Germany when Wilhelm Conrad Ront-
gen, Professor of Physics at Wiirzburg University, discovered a new kind of
ray which he subsequently called X-rays.

While working with a cathode-ray tube in his laboratory, Réntgen acci-
dentally found that a paper plate covered with barium platinocyanide became
fluorescent when placed in the path of the discharged tube in an enclosed dark-
ened space[1].

He concluded that a new type of ray was being emitted from the tube. With
further experimenting, he tested the ray by putting different objects of varying
thickness between the tube and a photographic plate that showed the objects
in variable transparency.

When he then held his wife Bertha’s hand completely still in the path of the
ray, the image showed the bones of the hand and her ring. She is said to have
cried, “I have seen my death!” The first rontgenogram had been taken[2, 3].
After further experiments, he concluded that this new phenomenon was a re-
sult of cathode rays impacting a material object. Since the nature of the rays
was unknown, he called them “X-rays”.
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Professor Rontgen produced his “preliminary” communication, “Ueber
eine neue Art von Strahlen” (On a new kind of ray), to the President of the
Wiirzburg physical medical society on December 28", 1895, which was ac-
cepted for publication in the Annals of the society for that year[4]. Rontgen
gave the first, and apparently only, lecture on the subject of his discovery on
January 23™ 1896.

Even before this lecture, the news spread incredibly quickly around the
world, initially through unofficial lines of communication. The first newspa-
per article was in the Wiener Presse on January 6™ 1896, after which it was
picked up by international newspapers.

There was huge interest in the discovery from both scientists and laymen.
It was soon public knowledge that X-rays allowed you to see the inside of the
human body without having to cut it open; however, this also caused outrage
in some circles. Legislation was proposed to ban the use of X-rays for fear that
someone might use it to look beneath people’s clothes. In the same spirit, some
clothes manufacturers advertised “X-ray proofed” dresses and coats[5].

The widespread familiarity with cathode ray tube technology enabled the
rapid production of medical radiographs in Europe and the United States, with
numerous images being obtained within a month of the discovery. In the be-
ginning, the exposure time was very long. Only 14 days after Rontgen’s dis-
covery, the first dental radiograph was taken by Walkhoff, with an exposure
time of 25 minutes[6].

In Sweden, the first radiographic image was taken in September 1896 of a
young man who had been shot in the head. With the help of the radiographs
the surgeon was able to find the bullet and remove it.

The first Nobel Prize in Physics 1901 was awarded to Wilhelm Conrad
Rontgen for his discovery. He never patented his constructions and did not
receive any financial benefit from his discovery.

Musculoskeletal radiography

The rapid development of radiological hardware, such as X-ray tubes, films,
and screens, facilitated the evolution of musculoskeletal radiology[7]. The
benefits of the new method for anatomical evaluation of patients were appar-
ent from the start. Radiography of the extremities rapidly reached high quality.
With the development of X-ray tube design, it became possible to X-ray
thicker regions of the body, such as the spine and pelvis. In the first decade
after its invention, clinical radiology was for the most part comprised of skel-
etal radiology. With this rapid development came the first published texts con-
taining anatomical positioning instructions[8, 9]. By 1949, the standard posi-
tioning reference, Merrill’s Atlas of Radiographic Positions and Radiologic
Procedures, was published. It detailed specialised radiographic positioning for
the imaging of many joints and skeletal structures[10].
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The basics requirements for radiographic imaging include obtaining at least 2
different image projections optimally angled at 90°, called orthogonal views,
which enable representation of 3D object (a patient) using 2D images[11, 12].

The evolution of radiography and the emergence
of health concerns

In the decades that followed, medical radiography evolved in many areas. The
use of contrast agents to enable the imaging of soft tissues such as the intesti-
nal tract and blood vessels, were developed.

Initially, radiographs were made onto photographic glass panels. In 1918,
Eastman developed radiographic film which has been in use until only quite
recently. Thanks to technical advances, radiographic images are now recorded
on digital detectors and stored on computer servers.

In the early decades after their discovery, the use of X-rays was widespread
and unrestricted since the potential health risk of high radiation exposure was
unknown. Some scientists did link X-ray exposure to skin burns, but the oth-
erwise slow onset of symptoms made it difficult to make the connection with
previous exposure.

Slowly, the long-term health risks resulting from exposure to radiation and
X-rays became apparent and were investigated. What later become known as
The International Commission of Radiological Protection (ICRP) was
founded in Stockholm in 1928 with the aim of protecting people from the det-
rimental effects of ionising radiation without limiting its beneficial use. The
original phrasing was that “screening examinations should be conducted as
rapidly as possible with minimum intensities and apertures” and with “the use
of protective shielding and safety rules”[13].

After Hiroshima and Nagasaki, it became clear that exposure to high radi-
ation doses was harmful to humans when thousands of people were affected
by radiation sickness and cancer, with the risk of birth defects in future chil-
dren[14].

Advances in radiation safety and protection were made in the US in the
1940s. Proper monitoring of personnel and radiation areas to measure and
limit exposure was developed, as were administrative procedures and radio-
active waste disposal.

In 1954, the US National Council on Radiation Protection and Measure-
ments (NCRP), and in 1977 International Commission on Radiological Pro-
tection (ICRP) introduced the “As Low As Reasonably Achievable”
(ALARA) principle, meaning that radiation exposures should be justified, op-
timized for diagnosis and below allowable limits[15, 16].

Today, radiation is one of the most thoroughly investigated causes of dis-
ease and much is known about the biological effects of radiation at different
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levels. Dosimetry is used for assessing radiation exposure and calculating the
absorbed doses to individuals and to different organs. Radiation health physi-
cists are now able to specify radiation levels in order to balance the health
risks and benefits to patients, using risk categorisation based on ICR 62[17].

Development of Digital Radiography

The evolution of digital radiography (DR) reflects the broader transition of
medical imaging from analogue, film-based techniques, to fully digital, com-
puter-integrated systems. This transformation has been driven by advances in
detector technology, computing power, and image processing.

Radiography began with the discovery of X-rays by Wilhelm Rontgen in
1895 and was followed by decades of refinement in screen-film systems,
which dominated clinical practice throughout the 20th century[18]. These sys-
tems relied on photographic film and chemical processing, limiting dynamic
range, workflow efficiency, and post-processing capabilities. The introduction
of computers into medical imaging in the late 20th century laid the ground-
work for digital radiography, with early clinical implementations emerging in
the mid-1980s[18].

A major milestone in this evolution was the development of computed ra-
diography (CoR) in the late 1970s and early 1980s, notably by Fuji. CoR sys-
tems replaced film with photostimulable phosphor plates that store X-ray en-
ergy and are later read by laser scanning to produce a digital image[19]. This
innovation enabled the separation of image acquisition and processing, allow-
ing manipulation of contrast and brightness and significantly improving diag-
nostic flexibility[20, 21].

The emergence of direct digital radiography (DDR) in the 1990s and early
2000s was enabled by the development of flat-panel detector (FPD) technol-
ogy. These solid-state detectors convert X-rays into electrical signals either
directly (using amorphous selenium) or indirectly via scintillators coupled
with amorphous silicon photodiodes. Compared with CoR and film, DDR sys-
tems provide near-instant image acquisition, improved dose efficiency, and
enhanced image quality[22, 23]. The introduction of large-area FPDs, 35 x
43cm or 43 x 43cm, around the turn of the millennium marked a turning point,
making fully digital workflows practical in routine clinical settings[22].

Parallel developments in digital infrastructure, including Picture Archiving
and Communication Systems (PACS), further accelerated the transition to
filmless radiology departments. Digital images could now be stored, transmit-
ted, and analysed electronically, enabling remote reporting and integration
with hospital information systems[18, 19, 24-26].

In the 21st century, digital radiography has largely replaced conventional
film in most healthcare systems. Modern systems incorporate wireless
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detectors, advanced image processing algorithms, and dose optimization tech-
niques, improving both workflow efficiency and patient safety. Emerging
trends include integration with artificial intelligence for automated image
analysis and the development of portable and bedside DDR systems, expand-
ing accessibility and clinical applications.

In summary, the evolution of digital radiography from CoR to advanced
flat-panel DDR systems has transformed diagnostic imaging by enhancing im-
age quality, reducing radiation dose, and enabling fully digital workflows.
When comparing the situation in 1896 with that in 2010, the exposure time
for a radiograph of a hand has decreased from 90 minutes to 20 msec[27].

Computed Tomography

In the early 20™ century, X-ray tomography was developed by Alessandro
Vallbona who used radiographic film to see a single slice of the body[28].
This was then further developed in the decades that followed. However, its
limited effectiveness when it came to imaging soft tissue was considered a
disadvantage.

The development of computer technology, engineering and mathematical
theory facilitated the invention of Computed Tomography (CT) in 1967. The
mathematics of combining multiple X-ray images, the algebraic reconstruc-
tion technique, was developed in the 1960s by South African physicist Allen
M. Cormack, with subsequent experimenting using a phantom and a radioiso-
tope source. The results were published in 1963[29].

Sir Godfrey Hounsfield had worked for Electrical and Musical Industries
(EMI) from the early 1950s as an engineer, initially working on developing
automated radar systems for the recognition of military objects. He also led a
team designing the first all-transistor computer in Britain. While heading the
medical research division at EMI, Hounsfield came up with the idea of CT
while contemplating the potential of automated pattern recognition for medi-
cal purposes. With extra financial funding from the UK Department of Health
and Social Security (DHSS) he was able to pursue this idea. It was rumoured
that part of the funding provided by EMI was through the profits from The
Beatles record sales.

In close collaboration with neuroradiologist Dr James Ambrose, Houns-
field invented the first CT scanner in 1967 and, after further development, was
used to scan a first patient’s brain for the first time in 1971. The first EMI
scanner took about 4 minutes for each slice and approximately 40 minutes for
a complete brain scan[30].

The results were published a year later, and the first commercial EMI scan-
ner was installed in the Mayo Clinic in the US in 1973. The first whole-body
CT was developed and installed by Ledley in 1974 in Washington DC[31].
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The Nobel Prize in Physiology and Medicine was awarded to Cormack and
Hounsfield in 1979 for their work in the field[32].

Evolution of CT technology

CT technology has advanced rapidly since the 1970s, with numerous tech-
nical developments and innovations by different companies that build scan-
ners, establishing its role as an indispensable tool in medicine. The primary
drivers for innovation have been the need for faster scanning and better tem-
poral resolution.

In order to acquire faster speeds, the X-ray beam was widened from the
original pencil shape to a fan shape, and multiple detectors were used. This
second-generation CT allowed for average scan durations of less than 90 sec-
onds. During the 1980s, later generations of CT scanners eventually used a
360° rotating tube with a fixed circular detector array of more than 2000 de-
tectors. This allowed for scan durations of only a few seconds.

In 1990 the helical CT was introduced commercially which allowed the
acquisition of data from a complete volume, with tube rotation time of one
second. This made it possible to perform CT angiography without misregis-
tration of vessels, which was a major improvement[33].

About a decade later, multidetector-row CT (MDCT) was introduced, with
multiple detectors placed in a row along the z-axis. Originally there were four
detector elements, but over the years this has steadily increased to 320. This
makes it possible to scan a patient from head to toe with isotropic spatial res-
olution in a single breath hold, or scan an entire organ with one gantry rotation
with wide detector coverage. It also enables the creation of high resolution
multiplanar reconstructions and imaging of the heart in a single heartbeat.
With volume rendering techniques, it became possible to produce realistic 3D
images from the data. This also facilitates the creation of models for 3D print-
ing which can be used for surgical planning and customizing prostheses.

MDCT initially created problems with increased radiation doses, how-
ever, after the FDA launched their initiative, which focused on reducing un-
necessary radiation exposure from medical imaging in 2010, more attention
has been paid to reducing radiation doses from CT scans. The development
of model-based and iterative reconstruction techniques, more dose efficient
detector materials with larger detector dimensions, and automated tube cur-
rent and tube potential, has reduced radiation doses significantly over the
past decade[34].

Dual-energy CT was developed in order to make use of the fact that the X-
ray attenuation of different materials changes depending on the energy level
of the employed X-ray. This made it possible to differentiate and quantify dif-
ferent materials, for example, differentiate between different types of urinary
tract stones and quantify uric acid deposits in gout[35].
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Photon-Counting Detector CT

The latest major innovation in CT scanners is the photon-counting detector
CT (PCD-CT)[36]. All previous MDCT scanners have used energy-integrat-
ing detector (EID) technology utilizing scintillators to convert photon energy
from X-rays to an electrical signal in two steps. Photon-counting detectors on
the other hand use a single-step process to directly create an electrical signal
without losing information about individual photons. These detectors count
the number of incoming photons and measure photon energy.

PCD-CT offers higher spatial resolution and an improved signal to noise
ratio that will allow a reduction in radiation dose compared to EID-CT. Rou-
tine multi-energy capability and the reduction of electronic noise will create
opportunities for quantitative imaging. The smaller detector pixels can ena-
ble a spatial resolution of 125 pm, which makes it possible to efficiently
assess bone trabeculae and interstitial lung disease, and allow for improved
assessment of lumen stenosis with reduced calcium blooming in cardiovas-
cular applications[37].

PCD-CT is particularly well suited for MSK imaging, since it can provide
high resolution imaging that can display trabecular microarchitecture and al-
low extensive anatomical coverage that surpasses EID-CT. It is also beneficial
in capturing functional information such as bone marrow oedema, monoso-
dium urate deposition in gout and tumoral infiltration in multiple mye-
loma[38]. If ultra-high-resolution imaging (UHR) is used, there is room for
either further dose reduction or higher spatial resolution depending on the se-
lected kernel.

The drawback is very large raw data files that require storage space. PCD-
CT represents a milestone in MSK CT imaging, the full impact of which will
become apparent when these scanners gradually replace the EID-CT scanners.

Low Dose Computed Tomography

The emergence of MDCT in the late 1990s and the advances in CT technology
during the 1990s and 2000s, especially the emergence of MDCT, increased
the clinical utilization of CT. The rapid development towards ever larger num-
bers of detector elements resulted in an increasing number of image slices per
scan and subsequently an increase in effective dose (ED). This created concern
that rising radiation doses from CT could increase long-term cancer risk in
children[39]. The industry, researchers and medical organizations began to
focus in earnest on reducing the radiation doses from CT imaging. A particular
focus was placed on automatic exposure control systems, aiming to tailor the
radiation dose to be appropriate for the individual patient size and configura-
tion. This led to the development of automated tube current modulation and
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automatic tube potential optimization, which decreased the radiation doses
while still complying with the ALARA principle[40].

One of the major disadvantages with lowering the radiation dose of CT
scans is the increase in the level of noise and artefacts, which leads to lower
diagnostic image quality. To further combat this special attention was paid to
the manner in which the scan data was reconstructed into images. Tradition-
ally image reconstruction was performed with filtered back projection (FBP),
but eventually development shifted towards using iterative reconstruction (IR)
techniques instead. Advancement came with model-based IR (MBIR), which
further reduced image noise at lower radiation dose levels. This method could
also sharpen details or reduce artefacts. Further changes were made to X-ray
beam filtration and collimation to reduce dose.

Studies were performed to determine the diagnostic image quality in scans
using aggressive dose reduction and iterative reconstructions. The results
showed that radiologists’ diagnostic performance regarding the detection of
low-contrast lesions had decreased.

In the process of reducing radiation doses from CT scanning, the term low
dose CT (LDCT) was coined. Shortly afterwards came the term ultra-low dose
CT (ULD-CT), however, there was no consensus regarding the definition of
these terms. Later articles have since proposed the definition of LDCT to be
corresponding to the first quartile of the diagnostic reference level (DRL), ef-
fectively a dose reduction of more than 50% compared to standard CT acqui-
sition. The proposed definition of ULD-CT was an effective dose level similar
or inferior to the X-ray dose for the same organ[41].

CT image quality

Image quality in CT scanning has many different components and is affected
by a variety of parameters. The much higher radiation doses from CT, paired
with an increasing number of scans in the last two decades, has led to an in-
creasing demand for a reduction of patient’s exposure to radiation by reducing
ED. To generalise, a lowering of ED leads to diminished image quality, the
challenge is therefore to achieve clinically acceptable image quality while still
reducing ED.

Image quality is affected by, for example, noise, artefacts, detector slice
thickness (Z-axis resolution), reconstruction slice thickness, reconstruction
filter (kernel), pixel size, iterative reconstruction technique and radiation dose,
to name but a few[42]. Radiation dose in itself is affected by numerous tech-
nical parameters such as detector configuration, tube current*time product
(mAs), beam energy (kVp), patient positioning, scan range, pitch and usage
of automated exposure control (AUC) and tin-filter[43].

Another challenge is how to measure image quality. Subjective image qual-
ity assessment is based on the subjective visual perception and judgement of
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the observer, often graded using a Likert-scale. Objective image quality as-
sessment remains challenging, but there is potential for the utilisation of com-
puter algorithms and techniques such as Al to measure and evaluate image
quality[44]. Arguably, somewhere in between lies the measurement of image
noise as signal-to-noise ratio (SNR), as it’s usually acquired in order to man-
ually position a region of interest (ROI), in the adequate place.

Several parameters that affect both image quality and ED create some
trade-offs. For example, reducing mAs lowers ED but increases image noise
which leads to diminished image quality and reducing kVp can increase the
amount of beam hardening artefacts.

Artificial Intelligence in radiology

Artificial Intelligence, with its subset Machine Learning (ML) have undergone
a surge in development in the past decades[45].

ML uses computer algorithms that learn from iteratively improving their
performance. Computer-aided diagnosis (CAD) tools based on ML algorithms
have been continuously refined over the past 20 years in order to assist with
diagnosis and workflow. Deep Learning (DL) is basically a more complex
type of ML that uses neural network algorithms to process large amounts of
data to extract more accurate information. Over the last couple of years, the
development of DL has greatly benefitted from the advancements in compu-
tational power and the increased focus on Big Data. Apart from the interpre-
tation of images, Al can potentially assist with; optimised scheduling and ex-
amination protocolling, CT imaging with reduced artefact, noise and ED, and
shorter MRI acquisition time, to name but a few examples[46, 47].

The rapid evolution of Al algorithms and the availability of CAD software
to aid in the identification of for example spine fractures has the potential to
reduce the number of undetected vertebral compression fractures (VCF’s) in
routine CT scans and radiographs which is an otherwise well-documented
risk[47-50]. AI applications are already used clinically for the segmentation
and labelling of vertebral bodies, angle measurements, osteoporosis, and spi-
nal trauma[51]. Al applications for the assessment of degenerative spine
changes in MRI are under development[52]. Al can also be applied to the de-
tection of metastatic lesions in the spine[53]. Other musculoskeletal applica-
tions include bone age estimation, grading of osteoarthritis and identification
and classification of orthopaedic implants[54].

The use of Al-based medical image analysis systems has great potential for
assisting with diagnosis and workflow for the radiologist. There are, however,
challenges to the integration of these tools into the clinical workflow, espe-
cially regarding the complexity of medical images and potential ethical and
legal issues.
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Roentgen stereophotogrammetric analysis

Roentgen stereophotogrammetric analysis or radiostereometric analysis
(RSA) is a precise technique used to measure motion between rigid bodies in
three dimensions. RSA is a product of several previously known principles
combined into a single system.

This tool is most often applied to the skeleton. However, since bones are
irregular in shape, it is difficult to identify specific points from different di-
rections. There is a need, therefore, for the implantation of small metal objects
to make precise measurements. This was developed in 1969 by Lysell, who
implanted steel balls into the cervical spines of cadavers to study vertebral
motion[55]. Analytic photogrammetry was further developed for radiography
by Hallert, who demonstrated that this method could achieve an accuracy of
10-50 microns[56]. Together with the mathematical principles for rigid-body
motion, these developments were used to develop marker-based RSA[57].
The basic principles were presented by Selvik in 1974 and further developed
in the subsequent 35 years[58—60], including the incorporation of digital radi-
ographs and software measurements[61].

In order to obtain an analysis of rigid body motion with conventional RSA,
tantalum markers are implanted into the bone close to the prosthesis as well
as into the implant itself. Then follows a radiographic examination with sim-
ultaneous exposure by two X-ray tubes using a calibration cage with tantalum
markers in a coordinate system (Fig. 1). The tantalum markers are numbered
and their positions recorded. Movement and rotation in the x-, y- and z-axis
are calculated. Mean error (ME) of rigid-body fitting is calculated as the root
mean square of the difference in position of a reference marker in the baseline
examination and a follow-up examination. ME is used to assess the stability
of the markers over a period of time.

The condition number (CN) is another parameter used for quality control.
It is derived from the distribution of markers relative to collinearity. Recom-
mendations for these values are below 0.35mm for ME and below 120 for
CNJ[62, 63].
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Figure 1. Uniplanar RSA setup with a calibration cage underneath the prosthesis and
two angled X-ray tubes. Courtesy of B.L. Kaptein.

Several factors affect the precision of an examination, such as the geometric
placement of markers, the quality of radiographs, and calibration cage posi-
tioning to name a few. If these factors are optimised, then one standard devi-
ation of error can be close to 10 um or 0.05°. This error of precision should
be tested to obtain a representative estimate in a patient material by submitting
at least one patient to a double examination with the joint in a different posi-
tion. The patient should leave the examination table between the examina-
tions. In perfect conditions, the motion between these two examinations
should be 0, but in reality, it represents the small errors of measurement as
mentioned above. The precision is defined as the standard deviation of error
of these double examinations. Another factor of RSA is the accuracy of an
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examination. Accuracy is defined by precision and trueness, the measure of
agreement between the mean value of a large number of test results and an
accepted reference value[64]. Precision and trueness represent random and
systematic errors.

Marker-based RSA is a complex but accurate method of determining rigid
body motion, and has been applied to the study of, for example, fractures and
growth disturbances. Probably the most important application is in the study
of orthopaedic implants, such as hip prostheses. The main focus has been in
the study of aseptic loosening of joint implants. Mechanical loosening is a
major reason for revision and early studies have shown it to be caused by mi-
gration over time rather than sudden traumatic motion. After further studies,
it was concluded that abnormal migration patterns in the first 6 months to 2
years following arthroplasty were linked to future implant loosening and sub-
sequent revision. By using the predictive power of RSA, a limited population
could be exposed to new and unproven joint implants, enabling the early de-
tection of poor implant fixation. This method is, therefore, applicable in the
initial testing of new implant designs. In hip and knee arthroplasty, early mi-
gration is correlated to loosening[65, 66]. Early implant migration is an indi-
cator of long-term failure with potential poor fixation and inferior survival.
Early detection, therefore, limits the risk on a population level during the clin-
ical introduction of a new implant[67, 68].

RSA requires insertion of tantalum markers in the bone during surgery. Due
to this disadvantage and foremost the increased cost of manufacturing im-
plants with markers and the increased demands on certification, model-based
RSA was developed[69]. This uses surface models of implant components,
reverse-engineered implant models or elementary geometric shapes. The clin-
ical precision was found to be comparable to that of marker-based RSA, with
a lower y-axis rotation. The accuracy of measuring implant migration with
RSA is reported to be between 0.05 and 0.50 mm for translation and 0.15° to
1.15° for rotation[70, 71].

CT-RSA

Although the gold standard for assessing migration of orthopaedic implants is
RSA[62], the above mentioned limitations of the method, coupled with the
advances in CT technology over the past decade, have encouraged studies uti-
lising LDCT-protocols. Early migration studies with CT were performed with
phantoms and clinical pilot patients, and these indicated that a comparable
precision to that of RSA can be achieved[72, 73], even with LDCT-proto-
cols[74]. Since then, several studies with patients have confirmed that similar
results with LDCT can be achieved[75—77]. There is no definition of what
constitutes a low dose in LDCT, but an ED of less than 1 mSv has been pro-
posed for examination of the hip[78].
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Different techniques and software for CT RSA have been used, based on
either surface registration (CTMA) or image volume registration (CTSA or
V3MA) (Fig. 2). According to a recent systematic review, there is no differ-
ence in outcome between these techniques[64], and there is also no difference
in accuracy or precision between using bone markers such as tantalum or not.
The accuracy of CT-RSA in the review ranged between 0.02 mm and 0.71
mm and 0.03° and 1.00°. The conclusion is that CT-RSA shows accuracy and
precision comparable to RSA for migration studies of arthroplasties and has
several practical advantages. The ED is higher with low dose protocol CT-
RSA than RSA, but within acceptable levels according to the classification in
EU guidelines[79].

First CT Second CT Merged CTs

Stationary body

Moving body

SECTRA

Figure 2. Segmentation and registration of markers and prosthesis stem. Courtesy of
Olof Sandberg.
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Musculoskeletal imaging with CR

Thoracic and lumbar spine

Imaging of the thoracic spine involves the acquisition of an antero-posterior
(AP) frontal view and a lateral view; in Sweden this is often with the addition
of a caudally oblique AP frontal and a lateral view of the upper thoracic spine.
Sometimes a lateral “swimmer’s” view (“Flygare” in Swedish) of the cervico-
thoracic junction is added in order to avoid overlapping shoulders and to vis-
ualise the pathology (Fig.3). Lumbar spine imaging with conventional radiog-
raphy consists of an AP frontal and a lateral view, with the common addition

in adults of an AP frontal and a lateral view centred on L5-S1 (Fig.4)[80, 81].

Figure 3. Routine projections of the thoracic spine.
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Figure 4. Routine projections of the lumbar spine.

Osteoporotic vertebral fractures

Osteoporosis is a systemic skeletal disorder characterized by decreased bone
mass and microarchitectural deterioration, leading to increased bone fragility
and fracture risk. The standard definition is a T-score of <—2.5 at the lumbar
spine or femur neck obtained through bone mineral density (BMD) testing
using dual-energy X-ray absorptiometry (DXA). T-score is defined as the dif-
ference in measured BMD and that of a healthy young adult. It is caused by
an imbalance between bone resorption and formation, influenced by hormo-
nal, genetic, and environmental factors, and represents a major global cause
of morbidity and mortality in aging populations. It is estimated that the prev-
alence of osteoporosis globally is 21.7%, occurring mostly in women[82].
Vertebral fractures are the most common osteoporotic fractures worldwide,
occurring in 30-50% of people over the age of 50[83—85]. They are associated
with reduced quality of life as well as increased mortality and morbidity[86].
Clinically, patients may present with sudden onset back pain, height loss, ky-
phosis and reduced mobility. Longer term sequelae include chronic back pain,
deformity, diminished pulmonary function and disability[87, 88]. These frac-
tures are often asymptomatic with an estimated up to 70% of cases going
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undetected[89-91]. Osteoporotic vertebral fractures(OVF) are high-risk fac-
tors for future vertebral and non-vertebral fractures[92].

Diagnosis of OVF relies on imaging (conventional radiographs, lateral
spine DXA and CT, or MRI in complex cases) and assessment of bone mineral
density (BMD) and fracture risk. The most widely used radiographic classifi-
cation of OVF was initially proposed by Genant et al (Fig. 5)[93].

Management of OVF includes pain control and activity modification. Most
patients with OVF can be treated successfully with conservative management.
The indications for vertebral augmentation procedures (vertebroplasty and ky-
phoplasty) are controversial[94]. These procedures are generally reserved for
specific patient groups, such as patients with substantial levels of pain, disa-
bility and kyphotic deformity or progressive kyphosis[95]. Long-term man-
agement should be focused on lowering the risk for new fractures, with oste-
oporosis-treatment and physical therapy.

In summary, osteoporotic vertebral fractures reflect both a manifestation
and a marker of skeletal fragility. Timely recognition, fracture-specific man-
agement and comprehensive osteoporosis care are essential to mitigate the ad-
verse impact of OVF on individual health and population-level burden.
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Figure 5. Semiquantitative visual grading of vertebral deformities: Graphic represen-
tation. Created with Chat GPT based on image from Genant HK, Wu CY, van Kuijk
C, Nevitt MC (1993) Vertebral fracture assessment using a semiquantitative tech-
nique. J Bone Miner Res 8:1137-1148.
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Pelvic fractures

Pelvic fractures constitute a heterogeneous group of injuries with significant
variability in mechanism, stability, and associated morbidity. Pelvic ring frac-
tures and acetabular fractures are the two major types of fractures to the pelvis.
Pelvic ring fractures are caused by either low-energy trauma, such as a fall
from a height <1 m, affecting mainly older patients, or high-energy trauma,
affecting younger patients[96]. Both groups have an incidence of about 10
patients per 100,000 per year, whereas acetabular fractures have an incidence
of 3/100,000/year[97]. Acetabular fractures and high-energy pelvic ring frac-
tures are typically caused by a fall from height, sports injury or road traffic
collision[98].

The bony pelvis is an anatomically complex structure composed of the sa-
crum, coccyx and the two innominate bones. The latter consists of the ilium,
ischium and pubis, which together form parts of the acetabulum. The bones of
the pelvis form a ring, with the iliac bones articulating with the sacrum through
the sacroiliac joints posteriorly. The two pubic bones are connected anteriorly
through the symphysis[99].

From a radiological perspective, accurate characterization is essential for
guiding acute management, predicting haemodynamic risk, and planning sur-
gical intervention. Disruption at one site of the rigid pelvic ring is often ac-
companied by additional fractures or ligamentous injuries elsewhere, reinforc-
ing the need for comprehensive imaging assessment.

This also applies to acetabular fractures to enable correct characterisation
of fracture morphology, displacement, and involvement of critical acetabu-
lar columns. This is essential for determining stability, guiding orthopaedic
surgical planning, and predicting long-term outcomes such as post-traumatic
osteoarthritis.

Imaging of the pelvis with CR to investigate fracture to the pelvic ring or
acetabulum usually includes an AP frontal pelvis view (Fig.6) and either an
AP axial outlet and inlet view for the pelvic ring or a posterior oblique acetab-
ulum view on both sides or the acetabulum (Fig.7)[10, 80]. These projections
are also useful when assessing postoperative reduction and fixation of pelvic
fractures. The role of CR in pre- and postoperative imaging of pelvic fractures
has increasingly been replaced by CT in the past decades, especially for pre-
operative planning, due to the risk of underestimating the complexity of pos-
terior ring fractures, sacral fractures and acetabular fractures[100, 101].
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Figure 6. Pelvis frontal view. Case courtesy of Andrew Murphy, Radiopaedia.org,
rID: 48083
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Figure 7 A-D. Pelvis inlet and outlet view (A-B). Judet projections, LPO and RPO
(C-D). Cases A-B courtesy of Andrew Murphy, Radiopaedia.org, rID: 48083 and
cases C-D of Luke Danaher, Radiopaedia.org, rID: 39777

The classification system for acetabular fractures introduced by Judet and
Letournel in 1964, was important for surgical planning and is still the most
widely used[102]. Pelvic ring fractures have three principal classification sys-
tems. The Young and Burgess classification is based on the type of force ap-
plied to the pelvis and includes 4 types of injuries[103]. The Tile/AO classifi-
cation relies on the mechanical stability of the pelvis and includes 3
types[104]. The World Society of Emergency Surgery (WSES) classification
combines haemodynamic status with the Young and Burgess system[98].

The major drawback with scanning the pelvic region with standard CT is
the much higher radiation dose that the sensitive reproductive organs are ex-
posed to compared to imaging with CR; the patients are also typically
younger. It would be highly beneficial if the pelvis could be scanned with a
LDCT-protocol, thus retaining the spatial benefits of CT while reducing radi-
ation dose.

31



Disclaimer - Artificial Intelligence

The paragraph “Development of Digital Radiography” in the section “Back-
ground” was partially created with the assistance of ChatGPT4, Open Al’s
large-scale language generation model. Upon generating draft language, I re-
viewed, edited, and refined the text to my own liking and retain full responsi-
bility for the content presented in this publication.

Figure 5 was created with the assistance of ChatGPT4, based on Figure 1
from Genant HK, Wu CY, van Kuijk C, Nevitt MC (1993) Vertebral fracture
assessment using a semiquantitative technique. J Bone Miner Res 8:1137-1148.
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Aims

General Aim

The general aim of this thesis is to compare the methods of CR and LDCT for
musculoskeletal imaging of anatomically complex body regions such as the
pelvis, hip and thoracic and lumbar spine, to investigate if LDCT can achieve
similar or higher diagnostic quality compared to CR, with an equal level of
ED. The comparison focused on image quality, visibility of anatomical struc-
tures, and radiation dose, with the addition of assessment of metal hardware
positioning, joint congruency, fractures, and rigid body (prosthesis) motion.

Specific Aims

Paper I:

The aim was to compare image quality, radiation dose, hardware positioning
and congruency of the acetabular and sacroiliac joints between CR and LDCT
in 21 patients with pelvic fractures after treatment with open reduction and
internal fixation (ORIF).

Paper II:

To develop and evaluate a CT protocol with an ED <1 mSv and image quality
sufficient for precise migration measurements using a post-processing tool for
the evaluation of rigid body motion with CT. The CT protocols were devel-
oped and tested on a hip phantom with a hip prosthesis stem. The resulting
protocol was then tested on a pilot patient.

Paper III:

To compare the methods of CR, LDCT, and LDCT assessed by Al software while
imaging the thoracic spine, in terms of image quality, visibility of vertebrae, and
radiation dose to determine if LDCT is at least as good as CR. Degenerative
changes, fractures and additional findings were also compared, when applicable.

Paper IV:

To compare the methods of CR, LDCT, and LDCT assessed by Al software while
imaging the lumbar spine, in terms of image quality, visibility of vertebrae, and
radiation dose to determine if LDCT is at least as good as CR. Degenerative
changes, fractures, and additional findings were also compared, when possible.
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Material and Methods

Patients and Subjects
Paper I

The study design was prospective. Twenty-one patients, aged 57 = 17 (range
24-81) years, 16 men and 5 women, who had undergone open reduction and
internal fixation (ORIF) after pelvic fractures, were included in the study be-
tween October 2011 and April 2012. Twelve patients had an acetabular frac-
ture, five had a pelvic ring fracture and four had both types of fractures. The
patients were examined with CR and LDCT 0-9 days after surgery.

Paper 11

A non-anthropomorphic phantom with a femoral prosthesis component (CoCr
PROTASUL-20, Zimmer Inc., Warsaw, IN, USA) was examined with a CT
scanner. The hip phantom was mounted between two parallel wooden boards
with tantalum markers embedded in the wood at different locations. The pros-
thesis stem could be moved along the x-axis in relation to the wooden boards
using 2mm inserts (Fig. 8). A syringe filled with saline solution was placed in
the middle of the phantom for the measurement of image noise. The phantom
was scanned with 14 different CT protocols. After evaluation, one protocol
was chosen and tested with a voluntary pilot patient alongside the protocol
with the lowest ED.
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Figure 8. Non-anthropomorphic phantom with adjustable femoral prosthesis component.

Paper 111

This prospective study included 63 patients, aged 76 + 10.8 (range 51-93)
years, 11 men and 52 women, between March 2013 and February 2024. These
patients met the inclusion criteria of being aged 50 years or older and referred
to the radiology department at Akademiska Sjukhuset (Uppsala University
Hospital), Uppsala, for examination of the thoracic spine with CR. Patients
who would have primarily required CT or MRI as the first imaging method
were not included.

All included patients were examined with standard CR according to clinical
routine, and CT using a LDCT-protocol.

Paper IV

A total of 84 patients, > 50 years of age (75 + 10.8 years; range 51-93), 23
men and 61 women, were prospectively included after referral to the radiology
department at Akademiska Sjukhuset (Uppsala University Hospital), Uppsala,
for examination of the lumbar spine with CR, between March 2013 and Feb-
ruary 2024. Patients who primarily would have required CT or MRI as the
first imaging method were not included.
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Computed Tomography
Paper 1

CT was performed using a 64-detector row CT scanner (Somatom Sensation
64, Siemens, Forchheim, Germany). The LDCT protocol was based on con-
sensus reached after previous testing of different low-dose settings using pel-
vic and spine phantoms according to image quality, noise and radiation dose.
A LDCT protocol was chosen that had an acceptable degree of artefacts from
metal hardware, with the lowest possible tube current time product (mAs) set-
ting using a tube potential of 100 kV. Automatic exposure control (AEC),
CareDose 4D was used. Images were acquired with a collimation of 64 x 0.6
mm and pitch 1.5 mm. Images were reconstructed with 3 mm slice thickness
and 2 mm increment in the axial, sagittal and coronal plane, using a bone re-
construction algorithm.

Paper 11

CT was performed with a Dual Energy CT scanner (Somatom Definition
Flash, Siemens Healthineers, Forchheim, Germany). Fourteen different scan-
ning protocols focused on low radiation doses were tested in order to deter-
mine the most optimal settings for achieving the aims of the study. Among the
protocols tested were some from other hospitals in Sweden. The remainder
were either standard protocols in our department or those designed with dif-
ferent low dose settings (Table 1). No automated exposure control was used
as the phantom was non-anthropomorphic.

The phantom was scanned first with 0 mm x-axis offset of the femoral com-
ponent with the 14 protocols and then scanned again with a fixed 2 mm x-axis
offset. The process was then repeated after manually changing the position of
the phantom on the scanner bed. One Dual Energy protocol was used, but with
two different image reconstructions. The first was a mixed ratio between the
two different tube potentials and the second using a virtual monoenergetic
level of 140keV. This resulted in a total of 15 sets of images being produced
and tested.
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Table 1. CT protocols
Pro- kV mAs CTDIy, Pitch Ro- Noise Comments*

to- ta-
col tion
time
(s)
1 120 23 1.58 0.9 1 16.2  Lowest mAs possible

with current settings.

2 140 66 6.56 0.9 1 9.9 Test protocol THA.

3 120 10 0.67 1.0 0.5 21.6  Based on protocol
from Danderyd.

4 120 120 8.07 0.9 0.5 9 Standard pelvis proto-
col.

5 100 17 0.7 1.2 0.5 23.3  Low dose post-op pro-
tocol.

6 80 12 0.24 0.9 0.5 374  Lowest mAs possible

with current settings.

7 140 57 5.55 1.0 0.5 11.2  Based on protocol
from Gévle Hospital.

8 100 12 0.53 0.9 0.5 28 Lowest mAs possible
with current settings.

9 120 30 2.03 1.4 0.5 15,5 Based on protocol
from Alshamari et al,
Orebro University
Hospital.

10 140 12 1.2 0.9 0.5 16.9  Lowest mAs possible
with current settings.

11 120 50 3.34 0.9 0.5 11.9  Whole body myeloma
protocol.

12 80 7 0.14 1.5 0.5 49,6  Lowest mAs possible
with current settings.

13 120 12 0.83 0.9 0.5 20 Lowest mAs possible
with current settings.

14 140/80 15/38 1.46 0.7 0.5 31 Dual energy. Lowest
mAs possible with
current settings.

15 140/80 15/38 1.46 0.7 0.5 17,3 Same as protocol 14,
but with monoener-
getic level 140keV.

*All protocols from Uppsala University Hospital unless otherwise stated.

Paper 111

Three different CT scanners were used with either 64 x 0.6mm or 128 x 0.6mm
collimation (Somatom Sensation 64, Somatom Definition Edge or Somatom
Definition Flash, Siemens Healthineers, Forchheim, Germany). The LDCT
protocol used in the study was based on a whole-body CT protocol for scan-
ning patients with multiple myeloma, using 120 kV tube potential and a qual-
ity reference mAs of 50 mAs, with CareDose4D and Care kV as automatic
exposure control. Rotation time was 0.5s, pitch 0.8 and field of view (FOV)
adjusted to patient size. Acquisition slice thickness was 1mm.
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Images were reconstructed from raw data in the axial plane with Imm slice
thickness and increment, and in the coronal and sagittal planes with 2mm slice
thickness and 1.5mm increment. Medium sharp kernels Br51f or I50f were
used for reconstructions in all planes. An axial reconstruction with a softer
medium kernel Bf37f or I31f was also included. Iterative reconstruction algo-
rithm was chosen at level 2 out of 5, SAFIRE or ADMIRE.

Paper IV

CT was performed with a 64-detector row CT scanner or a Dual Energy CT
scanner (Somatom Sensation 64, Somatom Definition Edge or Somatom Def-
inition Flash, Siemens Healthineers, Forchheim, Germany). The settings for
the LDCT protocol were chosen based on a previous whole-body CT protocol
for scanning patients with multiple myeloma, using 120 kV tube potential and
a quality reference mAs of 50 mAs. Automatic exposure control was used,
CareDose4D and Care kV. The detector configuration was 128 x 0.6mm or 64
x 0.6mm depending on type of scanner, with an acquisition thickness of Imm.
FOV adjusted to patient size, pitch 0.8 and rotation time 0.5s.

The lumbar spine was reconstructed from raw data using 3mm slice thick-
ness and 2mm increment in the coronal and sagittal planes. Medium sharp
kernels Br51f or I50f were used for reconstructions in all planes, with itera-
tive reconstruction algorithms at level 2 out of 5, SAFIRE or ADMIRE. Ad-
ditional axial reconstructions with a medium smooth kernel Bf37f or 131f
were included.

Conventional Radiography
Paper 1

CR was performed with a commercially available direct digital flat detector
system using 43 x 43 cm detectors, either Mediel Precisionslab Arcoma with
Canon detector or Siemens Axiom Aristos FX. Each patient was examined
with standard post-operative radiographs including an AP pelvic view and 45°
obturator oblique and iliac oblique views (Judet) and/or inlet and outlet views
for a total of 3-5 images.

Papers Il and IV

CR was performed using different commercially available flat detectors, 43 x
43cm, direct digital system, either Siemens Axiom Aristos FX, Arcoma Arco
Ceil or Samsung GC85A.

The thoracic spine was imaged with standard collimated radiographs; AP
frontal view and lateral view, with additional upper thoracic AP frontal and
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lateral views, to obtain a total of 4 images, according to the routine in our
department.

The lumbar spine was imaged with standard collimated radiographs includ-
ing AP frontal and lateral views and lumbosacral AP frontal and lateral views
to obtain a total of 4 images, according to the routine in our department.

Image Evaluation
Paper I

All examinations were pseudonymised, randomised, coded and blinded for
patient data and radiation dose and stored in a research PACS. Hardware po-
sitioning, joint congruency, image quality and effective radiation dose were
assessed and calculated by two radiologists. Hardware position was assessed
as being either confidently assessable with available images regarding relation
to e.g., acetabulum and sacroiliac joints or not confidently assessable. The
congruency of the acetabular and sacroiliac joints was scored as 1-3 according
to degree of dislocation or widening of the joint space. Joints that were not
assessable due to overlapping hardware were noted.

Image quality was scored using a Likert scale of 1-4, based on European
Guidelines[105]. Image quality scores were then dichotomized into non-ac-
ceptable (1-2) and acceptable (3-4).

Paper 11

The 15 different image sets were randomized, coded and assessed by two ra-
diologists to determine image quality, geometry of tantalum markers and de-
gree of metal artefacts. These subjective parameters were scored using an or-
dinal scale from 1-4, where 4 indicates the best possible image, based on Eu-
ropean Guidelines. Image quality focused on the ability to separate different
materials and parts, such as wood and tantalum markers.

Geometry of tantalum markers was assessed as the degree to which the ap-
peared geometry deviated from the expected view of spherical marker. The
degree of metal artefacts (beam-hardening and streak artefacts) was assessed
as to how much the artefacts affected the judgement of surrounding materials
and subsequently the whole scan. These three subjective assessments were
later added together to obtain a combined score with a maximum value of 24.

Image noise was collected by selecting five different ROIs in the centre of
the saline-filled syringe, in five different slices in the same positions in the 15
different protocols. Noise was then calculated as the mean value of the stand-
ard deviation of the different ROIs in a protocol given in Hounsfield Units
(HU).
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Papers Il and IV

Image evaluation was performed individually by three senior musculoskeletal
radiologists. Images were initially assessed in standard PACS as part of the
clinical routine. Each patients CR and LDCT examination was then pseudon-
ymised, randomised, coded, and blinded for patient data and assessed in the
research version of the local PACS. All images were subsequently assessed
using a free range of windowing and free use of the MPR-tool in the PACS.

Subjective diagnostic image quality was assessed, including positioning
and image projection, using a Likert-scale from 1-5, with 5 representing “ex-
cellent diagnostic quality”. Visualisation of vertebral bodies and spinous pro-
cesses were assessed for each level according to whether they were completely
visualised in both frontal and lateral planes by CR, and in corresponding cor-
onal and sagittal planes by LDCT. Visibility of the vertebral bodies was also
assessed by Al software.

Each vertebra in the thoracic and lumbar spine was assessed for fracture
according to the AO classification system as grade A, B or C[106], and ac-
cording to the semiquantitative system proposed by Genant et al., as grade 0-
3[93].

The Al software Flamingo was used as a tool for detecting fractures ac-
cording to the system proposed by Genant et al, but only as grade 2 or 3, due
to settings in the software.

Degenerative changes, such as osteophytes on vertebral bodies and osteo-
arthritis in facet joints were noted as present, absent, or not assessable (n/a).
These changes were assessed for both CR and LDCT by observers, but not by
the Al software.

Additional findings were noted by observers on both modalities and later
grouped together as being either intraspinal or extraspinal findings.

Numerical evaluation of quality of marker pattern
and migration between stem and markers

Paper 11

The positions of the 9 tantalum beads in the CT data sets were calculated and
evaluated using a validated semi-automatic 3D volume fusion tool[107-109].
This image registration tool has a graphical interface and is used to perform
landmark-based fusion of two volumes, registering a target volume to a refer-
ence volume. This is made possible by using manually chosen landmarks for
the co-homologous tantalum beads in each volume. Using the computer’s
pointing device, the tantalum beads in the “bone” (wooden frame) were des-
ignated, the fusion tool then automatically used this as a starting point for cal-
culating a best fit centre and recorded this as a 3D landmark[110]. The CT
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volume datasets were then registered pair-wise. The program generated a mul-
titude of statistical information and brought the datasets into spatial alignment
with respect to the tantalum beads.

For each paired dataset, the 3D distance between corresponding landmarks
in the registered and reference volumes was calculated to estimate error in
landmark placement. The mean landmark error was calculated from this dif-
ference in distance.

A commercially available image post-processing tool (CTMA, Sectra, Lin-
koping) was used for graphical and numerical evaluation of rigid body motion
using CT. This tool was developed from the principles of the above mentioned
semi-automatic 3D volume fusion tool, but uses mesh extraction of 3D sur-
faces with optimised registration of these meshes and calculation of rigid body
motion in 6° of freedom. The ideal result would be 0 mm translation and 0°
rotation for scan pairs with no migration.

The CT scans of the phantom with the highest combined quality score of
18 and an expected radiation dose of <1 mSv as well as the scans of the pilot
patient were analysed. For each of the four phantom protocols, two scan
pairs were selected, one with no migration and one with a 2mm x-direction
migration between stem and tantalum markers. The CTMA tool outputs var-
ious statistical parameters as well as graphical and numerical data on migra-
tion. In this study, mean error in distance between the registered mesh sur-
faces was used.

Radiation dose calculation

LDCT

For each LDCT examination, the volume CT dose index (CTDIvol) in mGy
and scan length were recorded. Dose length product (DLP) was calculated in
mGy*cm. The effective dose (ED) in mSv of the CT scan was calculated ac-
cording to ED=Epp*DLP. Eprp is a conversion factor depending on which
tissue has absorbed the effective dose and varies for different body regions.
Eprp for the pelvic region is 0.0143 mSv mGy 'cm '[111], used in Papers I
and II. In Paper III, the Eprp used for the thoracic region was 0.0204 mSv
mGy 'ecm . In Paper IV, Eprp used for the lumbar spine was 0.017 mSv mGy~
'em™. Each study was cross-referenced with ED.

CR

The dose area product (DAP) in dGycm? was noted for each radiographic pro-
jection. The ED was then calculated with the software PCXMC 2.0 using a
conversion factor specific for the radiographic projection. In Paper I, the con-
version factor was 0.29 dGyecm?[112]. In Paper I1I, the conversion factor was
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0.030 dGycm? for the AP frontal view, 0.020 dGycm? for the upper frontal
view and 0.014 dGycm? for the lateral views. In Paper IV, the conversion fac-
tors were 0.03 dGycm? for the AP frontal views and 0.01 dGycm? for the lat-
eral views.

Statistical Analyses
Paper [

All statistical analyses were performed using R version 3.4.0[113]. For nu-
merical variables, mean values were compared by bootstrap analysis using
10,000 bootstrap samples and BCa-method (bias corrected and accelerated)
confidence intervals[114]. Examination time values were first log-trans-
formed. Inter-reader agreements for hardware positioning, fracture reduction
of the acetabulum and SI joints, and image quality were analysed using total
agreement (percent identical results) and Cohen’s kappa for two readers.
Congruencies and inter-reader agreements were compared using McNemar’s
test. Correlations between numerical variables were analysed using Spear-
man’s rank correlation, with ties handled using a permutation test via the R
package coin.

Paper 11

The mean error of rigid-body fitting is the mean of the relative distance be-
tween the corresponding RSA markers in the rigid body after registration. The
mean landmark error in our case corresponds to this error. Histograms, to-
gether with box, density, and normal Q-Q plots, were used to determine if the
differences in distance after registration were close to normally distributed.
All statistical analyses were performed using with R version 3.3.1.

Papers Il and IV

Sample size computation was based on the following premises: a number of
patients with a possible back fracture were examined twice, once with CR and
once with CT. Each examination could give a positive (fracture found) and
negative (fracture not found) result. We did not expect any false positives. The
required sample size was 59. Since we did not expect every patient to have a
fracture, the required sample size for a comparison of image quality and visi-
bility was considered to be smaller.

Demographic characteristics were summarised descriptively. Continuous
variables are presented as mean (SD) and categorical variables as number
(percentage). Diagnostic image quality was summarised using median values,
and differences between CR and LDCT were evaluated with the Scheirer—
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Ray—Hare test. Diagnostic image quality was also dichotomized to unaccepta-
ble/poor (1-2) and acceptable/good/excellent (3-5). Differences were evalu-
ated using a mixed logistic regression with observer as random effect. Visibil-
ity of vertebrae, facet joints, spinous processes, and detected fractures were
analysed using mixed logistic regression models for binary outcomes.
Separate models were fitted to compare CR with LDCT and LDCT with
LDCT-AL

Patient and observer were included as random effects, and vertebra/joint as
a fixed effect. Inter- and intra-observer reliability were assessed using percent-
age agreement and Fleiss’ kappa (k) with 95% confidence intervals.

No adjustments for multiple testing were applied. The analyses included
multiple, partly correlated comparisons between CT and CR. As standard mul-
tiplicity corrections would likely be overly conservative in this context, results
were interpreted based on the overall pattern, consistency across analyses, and
effect sizes rather than strict control of the family-wise error rate. P-values
<0.05 were considered statistically significant.

Ethical Considerations

Paper 1 was approved by the regional ethical review board in Uppsala (dnr
2012/311), as were Papers Il and IV (dnr 2011/288). All patients gave their
written informed consent to participate.

In Paper II, one patient was examined as a volunteer pilot patient. At the
time no approval from the ethical review board was needed.
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Results

Paper I

Patients

A total of 21 patients were imaged and assessed by 2 radiologists. Acetabular
fracture was found in 16 patients and pelvic ring fracture in 9.

Image Evaluation

With LDCT, hardware positioning was confidently assessed in 41 of 42 pa-
tients, compared to 19 of 42 with CR (p<0.001).

When examining patients with an acetabular fracture with CR, in 12 of 32
assessments the joint congruence was not assessable due to overlapping hard-
ware(p=0.001). There was no such problem with LDCT. The sacroiliac joint
was obscured by hardware in 2 of 18 joints using CR in patients with pelvic
ring fracture. Joint congruences are summarised in Table 2.

Table 2 Summary of congruences for the respective joints.

LDCT CR

Acetabular Congruence (n=32)

n/a 0(0) 12 (37.5)

1 3(9.4) 9 (28.1)

2 15 (46.9) 6 (18.8)

3 14 (43.8) 5(15.6)
SI-joint Congruence (n=18)

n/a 0 (0) 2 (11.1)

1 6 (33.3) 5(27.8)

2 7 (38.9) 5(27.8)

3 2(11.1) 0(0)

X 316.7) 6(33.3)

Values are presented as n (%); (n=number of patients with each type of fracture x 2 observers).
Acetabular fractures and pelvic ring fractures are divided in to congruences of the acetabulum
and Sl-joint, respectively.

Scores are as follows: 1, <2mm (articular step or gap deformity) dislocation or widened joint
space of <5 mm; 2, 2-5mm dislocation or widened joint space of 5-10mm; 3, >5 mm dislocation
or widened joint space of >10mm. n/a, not assessable due to overlapping hardware; X, no dam-
age to the joints.
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Compared to CR, image quality and dichotomised image quality were signif-
icantly higher with LDCT (p=0.026). Examinations were considered accepta-
ble in 69.0% with LDCT, compared to 38.1% with CR.

Radiation Doses

Mean effective dose was more than doubled for LDCT compared to CR, 0.79
and 0.32 mSv, respectively (Table 3). There was a positive correlation be-
tween the sagittal diameter measured at the patients’ L4-L5 levels and effec-
tive doses, 0.46 for LDCT and 0.55 for CR (p=0.038 and 0.015 respectively).

Table 3 Comparison of LDCT versus CR with bootstrap analysis.

Variable Estimate 95% CI P-value
Image Quality 0.62 (0.21, 1.02) 0.002
Effective Dose (mSv) 0.48 (0.39, 0.58) <0.001

Positive differences indicate larger LDCT values.

Interobserver Agreement

The interobserver agreement was generally higher with LDCT than CR, ex-
cept for dichotomised image quality and acetabular congruence. The only sig-
nificant agreement was assessable hardware position (Table 4).

Table 4 Interobserver agreement.

Variable LDCT, % agreement CR, % agreement P- value
Image quality, 48 62 0.50
dichotomized

Hardware position 95 67 0.04
assessable

Acetabular congruence 100 75 0.13
assessable

SI-joint congruence 100 60 0.48
assessable

Acetabular congruence, 81 88 1.00
dichotomized
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Paper 11

Selection of Patient Protocol

The evaluations of the three image parameters are presented in Fig. 9. Protocol
number 12 had the lowest ED. Ensuring an ED of <1.0 mSv, only protocols
with a CTDIyq below 2.2 mGy were considered. The highest combined quality
score for these protocols was 18, which included protocols 1, 5, 13 and 15
(Fig. 9). The protocol with the highest CTDI,o and lowest noise level of these
four was protocol 1 (Fig. 10). The combined quality scores and mean errors
of rigid body fitting are given in Table 5, the latter varying between 0.05 and
0.10 mm.

Figure 9. Rating of different image sets
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Figure 10. Noise in relation to CTDIvol for different image sets.

Table 5. Combined quality score and mean error for CT protocols.

Protocol

Combined quality score

Mean Error tantalum beads (mm)

p—
Sr v SR e =SIN-R-CIN fc NV R NS S

18
19
17
15
18
10
22
14
17
17
17
6
18
16
18

0.06
0.06
0.06
0.07
0.06
0.05
0.07
0.06
0.07
0.07
0.06
0.06
0.06
0.10
0.05
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Scanning of a pilot patient

Initially, the protocol with the lowest ED was used to scan an informed vol-
unteer pilot patient to test the applicability in a clinical setting. This protocol,
number 12, had a combined quality score of 6. Image quality was insufficient
to assess mean landmark error. The same patient was then scanned with pro-
tocol 1, the protocol selected based on highest combined score and an ED <1
mSv (Fig.11). The second scan was performed as a double examination with
patient repositioning in between, in order to determine precision. Together
with the ED of the topogram, this resulted in a total ED of 2 x 0.66 mSv (Table
6). Data on migration are presented in Table 7.

48



Figure 11. Pilot patient with femoral THA and tantalum beads scanned with two dif-
ferent protocols to assess the mean landmark error. (a, b) Protocol 1 (adequate) in the
transverse and coronal planes. (c, d) Protocol 12 (inadequate) in the transverse and
coronal planes.
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Table 6. Errors of rigid body fitting of tantalum beads using the two scanner parameter
settings chosen for clinical tests, contrasted to the standard protocol used in our de-
partment.

Protocol Mean (mm) Estimated dose (mSv) if the
patient is scanned once.

Pilot patient protocol 1 0.10 0.66

Protocol 1 0.06 0.70

Protocol 12 0.06 0.06

Standard pelvis protocol, 0.06 3.6

Uppsala Univ. Hospital

Table 7. Precision of migration analysis using the four protocols with the highest com-
bined quality score with two separate scans of the phantom; translation and rotation
in three planes, as well as MES for tantalum beads and stem were measured.

Protocol Trans Trans Trans RotX Rot RotZ Stem Tanta-
X Y Z ©® YO © (mm) lum
(mm) (mm) (mm) (mm)
| -0.02  0.03 0.16 -0.18 0.14 0.01 0.06 0.06
5 -0.01  0.04 0.09 -0.10 0.05 0.06 0.06 0.10
13 0.13 0.13 -026 -048 039 -0.10 0.07 0.21
15 -0.04 0.04 027 -0.16 0.13 0.06 0.07 0.07

Pilot patient -0.10  0.09 0.17 -0.10 0.03 -0.06 0.17 0.11

The pilot patient was scanned with protocol 1.

Paper 11

Patients

A total of 63 patients, mean age 76 years = 10.8, 52 women, were included in
the study and imaged with both CR and LDCT of the thoracic spine.

Image quality and visibility

Images were assessed for subjective technical and diagnostic image quality.
LDCT had a significantly higher median than CR (p<0.001) for both param-
eters. Visibility of vertebral bodies were significantly higher with LDCT than
CR. Of a total of 2268 assessed thoracic vertebrae (12x63x3), 1735 were vis-
ible with CR, 2254 with LDCT (p<0.001). Al software noted 724 vertebral
bodies of 756 with LDCT, compared to 752, 749 and 753 by observers 1-3
respectively (p<0.001). Mean proportions of visible vertebral bodies are pre-
sented in Fig. 12.
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Figure 12. Proportion of patients with visible vertebral bodies, front and side, per ver-
tebra (1.0 represents 100%).

Evaluation of fractures

The total sum of detected fractures for three observers was 149 with CR and
220 with LDCT (p<0.002) (Table 8).

With Al, there was no significant difference in number of fractures classi-
fied as Genant type 2 or 3, compared to observers (Fig. 13).

Table 8. Number of detected fractures.

Observer CR LDCT
1 35 55
2 78 105
3 36 60
Total 149 220
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Figure 13. Number of patients with fractures per vertebra. All fractures (AO) by ob-
servers (left). Genant grade 2-3 by Al compared to observers (right).

Interobserver agreement for fractures for three observers was moderate for
both CR and LDCT, with Fleiss’ kappa 0.46 (0.27-0.57) and 0.56 (0.44-0.64)
respectively.

Degenerative changes

Of 2457 (13x63x3) facet joints on each side, 45 and 37 were noted with oste-
oarthritis on the right and left sides with CR, and 1463 and 1464 respectively
with LDCT (p<0.001).

In a total of 2268 assessed vertebral bodies, CR found 1280 with osteo-
phytes and LDCT found 1993 (p<0.001).

Additional findings

Both extra- and intraspinal additional findings were found in significantly
higher numbers with LDCT than CR, 43.4 and 33.7 respectively for LDCT
compared to 23 and 17 for CR (p<0.001).

Effective radiation dose

The mean ED was significantly higher for LDCT than CR, 2.17 (£ 0.87) mSv
compared to 0.29 (£ 0.19) mSv (p<0.001).
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Paper IV

Patients

A total of 84 patients, mean age 75 years = 11.7, 61 women, were scanned
with both CR and LDCT of the lumbar spine, and included in the study.

Image quality and visibility

Median technical and diagnostic image quality were both significantly higher
with LDCT than CR, 4 compared to 3 (p<0.001). When diagnostic image
quality assessments were dichotomised, LDCT was considered acceptable or
better in 95.2% of cases compared to 73.0% with CR.

Including all three observers, 1136 vertebral bodies were visible with CR,
compared to 1251 with LDCT, out of a total of 1260 assessable lumbar verte-
brae (5x84x3) (p<0.001).

The Al software was able to assess 402 vertebral bodies out of 410 (82
patients, the examinations of 2 patients were not assessable due to technical
issues.) (p=0.038). Mean proportions of visible vertebral bodies are presented
in Fig. 14.

A total of 1260 spinous processes were also assessed, 971 were visible with
CR and 1246 with LDCT (p<0.001). Facet joints were evaluated out of 1512
pairs of joints. With CR 733 and 734 were visible respectively on the right
and left sides, correspondingly 1496 and 1494 with LDCT (p<0.001).
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Figure 14. Proportion of patients with visible vertebral bodies, front and side, per ver-
tebra (1.0 represents 100%).
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Evaluation of fractures

When comparing fracture detection using the AO classification system, no
significant difference was found. A total of 130 fractures were found by 3
observers with CR and 143 with LDCT (p=0.312) (Table 9). The mean in-
terobserver agreement using Fleiss’ kappa was substantial, 0.70 with both CR
and LDCT.

There was no significant difference in the number of VCF classified as
Genant grade 2 or 3 between the Al software and observers with LDCT, 35
compared to 24, 29 and 28 respectively for observers 1-3 (p=0.095) (Fig. 15).

Table 9. Number of detected fractures.

Observer CR LDCT
1 39 42
2 43 51
3 48 50
Total 130 143
AD claslsmcatian I I I Gulnant classuﬁci,amn grade 5-3 I
20 - CR L
LDCT o —
7 LDCTAI  ©
3 observar=1
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Figure 15. Number of patients with fractures per vertebra. All fractures (AO) by ob-
servers (left). Genant grade 2-3 by Al compared to observers (right).

Degenerative changes

Osteophytes were found on either the upper or lower edge in 1102 vertebral
bodies with LDCT and 877 with CR, out of a total of 1260 (p<0.001).

A total of 1512 facet joints on either side were imaged, 975 and 974 were
noted with osteoarthritis on the right and left side with LDCT and 286 and 284
on the right and left side with CR (p<0.001).
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Additional findings

Both extra- and intraspinal additional findings were detected in larger num-
bers with LDCT than CR, 47.7 and 125.7 compared to 12.7 and 22.3
(»<0.001).

Effective radiation dose

LDCT had a significantly higher mean ED than CR when imaging the lumbar
spine, 1.57 (£0.58) mSv compared to 0.61 (£0.41) mSv.
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Discussion

The overall aim of this thesis and its constituent papers is to compare LDCT
with CR in musculoskeletal imaging and investigate whether it is possible to
achieve comparable levels of ED, image quality, and diagnostic information
with LDCT compared to CR.

CR has been the backbone of musculoskeletal imaging for more than 100
years, but since the invention, evolution, and implementation of CT in the past
50 years, the role of CR is increasingly questioned. CT has several advantages
over CR, such as 3D scanning, higher spatial resolution, and shorter examina-
tion times. The main drawback with CT has been the substantially higher ED,
causing concern for rising levels of radiation-induced cancer in the population.
LDCT has evolved with the purpose of lowering the risk of high ED while
retaining the diagnostic advantages of CT.

Paper I

Standard dose trauma-CT scanning is the routine before ORIF of pelvic frac-
tures, especially for patients with acetabular fractures and complicated pelvic
ring fractures, in order to accurately assess articular fragment displacement,
joint congruency, intra-articular loose fragments, and degree of comminu-
tion[115, 116]. The clinical outcome of surgery is partially dependent on the
degree of reduction of gap displacement and step deformity, as well as the
removal of intra-articular loose fragments, preservation of joint congruence,
and adequate hardware positioning[117, 118]. The main objective with imag-
ing of the postoperative pelvis is to assess the degree of fracture reduction and
whether any hardware is in a non-acceptable position. The standard method
for postoperative assessment is CR with a pelvic frontal view and either two
Judet views or inlet/outlet views, depending on fracture type. This method is
fraught with pain for the patient, since it involves changing position several
times in order to obtain the different projections, affecting the end result neg-
atively. Some studies show poor correlation between the degree of articular
reduction as seen on postoperative CR and clinical outcome[117, 119].
Jaskolka et al. show that as much as 44% of patients with acetabular fractures
has significant findings on conventional CT, signifying either imperfect frac-
ture reduction, intra-articular fragments, or hardware complications; less than
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half of these findings are visualized with CR[120]. The advantage with CT
when assessing hardware positioning and fracture reduction is well described
regarding acetabular fractures [120]. Using CT for postoperative assessment
of acetabular fractures has therefore higher prognostic value for the patient’s
clinical outcome.

The imaging of orthopaedic hardware with CT is well known to be prone
to metal artefacts, such as beam-hardening and scatter, affecting image quality
and sometimes obscuring clinically important findings[121-123]. The draw-
back with lowering the ED in CT scanning is a decrease in image quality and
low contrast detectability as well as an increase in image noise[124]. How-
ever, regardless of an increase in metal artefacts, the superior three-dimen-
sional reproduction capability of CT gives advantages in assessing joint con-
gruence and position of metal hardware. This is also shown by Abul-Kasim et
al. in their study of postoperative assessment with LDCT of screw placement
after scoliosis surgery [125].

LDCT is increasingly being utilized to reduce effective dose to the popula-
tion. The much higher effective dose with standard CT scanning is especially
important regarding acetabular fractures, with a higher incidence in young
adults and the middle-aged. Postoperative standard CT of the pelvis is there-
fore not routinely used in our department.

A recent study by Jaskolka et al. reports on 54 patients with a mean age of
46.3 years (age range 19—83 years)[120]. In their material, the average ED for
postoperative CT is 12.3 mSv, more than 15 times the ED of LDCT in this
study. The mean diagnostic standard dose for CT of the pelvis in Sweden in
1999 was 10 mSv[126]. The mean ED for ten randomly chosen pelvic CT
scans in our department between 28th May 2012 and 18th June 2012 was
lower, at 3.6 mSv, reflecting the development in radiological hardware and
dose reduction strategies over the past 15 years. Even compared to the more
recent figures, LDCT in our study had a mean ED that was considerably less
at 0.79 mSv. According to a report from 2015, the mean ED from pelvic radi-
ography with one single image in Sweden during 20082013 was 0.35 mSv
(28). When compared to the present study with 3—5 images and a mean dose
of 0.32 mSv in total, the average diagnostic standard dose is considerably
higher than for CR in our department.

Assessment of acetabular joint congruency with both CR and LDCT in this
study was based on criteria described by Matta et al, which were developed
for CR[117]. Recent studies have proposed revised criteria for significant
findings in postoperative CT [120]. A review article by Dodd et al. concluded
that there is a lack of reproducible description methods when dealing with
radiographic criteria for assessing displacement of acetabular fractures, the
one described by Matta et al. being used in the majority of studies[117, 127].
The same applies to pelvic ring fractures, according to a review article by
Lefaivre et al.[128]; the majority of articles used criteria first described by
Matta and Tornetta[129].
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Like the studies by Dodd et al. and Matta et al., the inter-reader agreement
and reliability in our study showed differences in assessment of several pa-
rameters between readers, especially image quality.

Another limitation of this study was the number of included patients
(n=21). The study population comprised a heterogeneous group consisting of
patients with either acetabular fracture, pelvic ring fracture, or both. Of the 21
patients, 16 had an acetabular fracture, which has a clear correlation between
anatomical fracture reduction and a positive clinical outcome. Acetabular frac-
tures have also been studied more than pelvic ring fractures.

This study showed that postoperative LDCT of the pelvis is more reliable
than CR for confident assessment of hardware positioning and as reliable as
CR in assessing fracture reduction; the latter concerning patients where joint
congruency was not obscured by overlapping hardware. Considering that
more than one-third of the assessments of fractured acetabular joints with CR
in our study were noted as not assessable due to overlapping hardware, LDCT
seems also to be more reliable in relation to that aspect. Image quality was
significantly higher with LDCT. LDCT detected more significant findings
than CR. However, the disadvantage is the increase in effective dose using
LDCT instead of CR.

Paper 11

This study showed that the selected protocol fulfils both requirements of low
ED and adequate image quality for precise migration measurements.

The fact that even small objects can be correctly imaged spatially using CT
is obvious from everyday clinical practice. However, for the modality to be
useful in research settings, ED cumulated over multiple examinations of
healthy subjects becomes an issue. Medical imaging with the use of ionizing
radiation is performed according to the ALARA principle, which states that
diagnostic information should be obtained with the radiation exposure “as low
as reasonably achievable” below the effective dose limits. There is concern
that the increasing number of CT studies will increase the estimated risk of
cancer development due to the higher ED compared to conventional radiog-
raphy. This is especially true when scanning biologically sensitive organs,
such as the pelvis[130].

The estimated annual background radiation levels for a normal Swedish
citizen, excluding medical radiation, is about 1.5 mSv, compared to 3.6 mSv
from a single conventional CT scan of the pelvis at our department[131, 132].

RSA imaging has low image quality due to the large field of view and low
radiation dose, but is sufficient for visualising tantalum beads and hip pros-
theses. However, it is not conclusive for diagnostic assessment of bone and
prostheses.
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The imaging of orthopaedic hardware with CT is well known to be prone
to metal artifacts, such as photon starvation and beam-hardening, leading to
streak artifacts, and scatter, affecting image quality and sometimes obscuring
clinically important findings[121, 133]. Different approaches have been rec-
ommended to reduce the degree of metal artifacts, such as using higher tube
peak kilovoltage and increasing tube current, using soft-tissue reconstruction
algorithms or extending the CT Hounsfield unit scale. The drawback with low-
ering the ED in CT scanning is a decrease in image quality and low-contrast
detectability, as well as an increase in image noise[124]. There is also an in-
crease in artifacts from metallic hardware with a lowered tube current and tube
potential[134].

Since the phantom in our study was not anthropomorphic, the ED was sig-
nificantly lower for all scans than it would have been in an actual patient. With
a fixed scan length, CTDI represents the potential difference in ED between
the different protocols. The mean ED for 10 randomly chosen standard pelvic
CT scans in our department between 28" May 2012 and 18™ June 2012 was
3.6 mSv. To have an ED below 1 mSv, the CTDI, had to be, for the same
DLP, 3.6 times below that of the standard pelvic protocol at our department.
When scanning the phantom, CTDI,,, for the standard protocol was 8.07 mGy.
Therefore, scan protocols with a higher CTDI, than 2.2 mGy were excluded.
The remaining protocols were ranked individually. The aim was to identify
the protocol with an estimated ED closest to 1 mSv, with the highest rating in
image quality and lowest image noise. The protocol with the lowest ED, num-
ber 12, also had the lowest image quality and highest noise, making it unsuit-
able for assessment of mean landmark error.

Some studies have explored the possibility of ED reduction in the pelvic
CT examination without specifically trying to image tantalum markers. Low
dose CT has proven effective in postoperative evaluation after spine sur-
gery[135]. One recent in-vitro study demonstrated that non-marker based
measurements of migration of a cemented femoral stem could have an accu-
racy and precision comparable to that of RSA without implantation of mark-
ers[73]. Such a method could potentially enable the monitoring of small mi-
grations of implants in any patient.

Boettner and co-workers implanted two total hip replacements and tanta-
lum beads in the femur of two human cadavers. They created a model for mi-
gration of the femoral component head and repeated CT scans with EDs rang-
ing from 0.7-3.8 mSv. The accuracy was reported to be comparable to RSA.
Moreover, reduction of the radiation exposure did not affect the accuracy
[136].

Our research group has previously described a method for following pa-
tients with both prosthetic replacement and implanted tantalum beads [137].
In our hospital, the maintenance of facilities for RSA stereographic imaging
is logistically challenging due to the requirement for double radiation sources,
especially with the modernization and changing architecture of radiographic
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departments. The higher availability of CT must be considered in relation to
its higher ED.

As part of a follow-up study on uncemented cup fixation, two pairs of ste-
reo radiographs and a CT scan of 46 hips were compared. Tantalum beads in
the CT volume and the stereo radiographs were used to register the RSA data
to the CT data, and to calculate the precision of RSA using double examina-
tions. The difference between CT and RSA was close to the described[138]
normal 99% confidence interval for precision in RSA [139, 140].

Typical ME values found in clinical RSA trials are 0.10-0.25 mm [140].
Values in or below this range derived from patient CT scans would be ade-
quate for migration analysis based on tantalum markers. Clearly, any of the
phantom scans fulfils this requirement. This is also the case for the pilot pa-
tient scans acquired using the finally selected protocol. The difference in ME
between the protocols is 0.05-0.10, with the majority being in the range 0.05-
0.07. This is probably due to the non-anthropomorphic nature of the phantom.
The required level of ED to achieve acceptable ME values is therefore very
low when scanning this particular phantom. The level of noise, ED, and com-
bined quality score were used to distinguish between different protocols.

When assessing the degree of metal artifacts, both tantalum beads and stem
were included. The stem was generally assessed as having no deformation and
a low degree of metal artifacts. ME values were therefore measured only for
the tantalum beads in the phantom scans, since they were considered the main
contributor to any potential problem with ME measurement. In the clinical
setting, both tantalum beads and stem were measured in the pilot patient.

A limitation of this study was that we did not perform RSA of either the
hip phantom or the pilot patient in the research setting. However, RSA of the
patient was later performed in the clinical setting.

Paper 111

The main finding of this study is that LDCT of the thoracic spine has superior
technical and diagnostic image quality and visibility compared to CR. LDCT
of the thoracic spine can be used to assess significantly more vertebral bodies,
spinous processes, and facet joints than CR. Also, LDCT detected more frac-
tures and additional findings than CR, but with a higher radiation dose.

This study shows a clear disadvantage with CR regarding diagnostic image
quality, where 65.1% of examinations were considered acceptable or better,
compared to 90.5% of examinations with LDCT.

One of the drawbacks with CR is the difficulty in conclusively imaging the
upper thoracic spine region, the area often being obscured by overlapping
shoulders. This was clear in this study, where 533 of 2268 assessed vertebral
bodies by 3 observers were not fully visible with CR. It is predominantly the
upper 3 levels of the thoracic spine that are difficult to visualise, as well as
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spinous processes and facet joints. A previous study investigating thoracic
vertebral compression fractures on lateral chest X-ray images, found for ex-
ample that the Th2 vertebral body was assessable in only 43.7% of 934 pa-
tients[141]. Another study by Geijer et al. compared the number of visualised
thoracic vertebrae between digital radiography and tomosynthesis(a low-dose
tomographic method using conventional radiography), finding that as a mean
9.3 thoracic vertebrae were seen with radiography compared with 12.4 with
tomosynthesis[142]. To our knowledge, no previous study has compared the
detailed visualisation of the thoracic spine between CR and CT or LDCT.

There are similarities between CR and the Al-based software analysis of
LDCT, in that the uppermost thoracic vertebrae were often not visible. To
minimize the number of false positive findings, the software is set to not assess
vertebrae that are not fully covered by the scan or with a low image quality.

There is concern that the increasing number of CT scans, which use signif-
icantly higher radiation doses than CR, are causing increased incidences of
cancer. Medical imaging is performed according to the ALARA (“as low as
reasonably achievable”) principle, which states that the diagnostic information
should be obtained with the lowest possible radiation dose. An incomplete CR
of the thoracic spine risks exposing the patient to unnecessary radiation, even
if the radiation dose is low, since the entire thoracic spine cannot be as-
sessed[130].

Another drawback with CR is the radiologist’s diagnostic confidence in
their assessment if the requested area is not fully imaged. This may lead to
radiologists tending to recommend supplementary CT after CR in order to be
more confident in their radiological assessment, instead of choosing LDCT as
the primary examination method. Even though CR exposes the patient to a
very low extra ED, it is still unnecessary.

A study by Hamard et al. compared image quality and fracture detection in
the thoracic spine, including 22 patients with CR and ULD-CT and concluded
that image quality and sensitivity for fracture detection was higher for ULD-
CT with an effective radiation dose higher, but not statistically so, compared
to CR[143]. Mean ED was noted as 0.63 mSv with CR and 0.76 mSv with
ULD CT. There is no universally accepted definition of what constitutes
LDCT and ULD-CT respectively, although one such definition has been pro-
posed by Beregi et al[41].

Our study showed that the LDCT-protocol in this study had a higher mean
radiation dose than CR, 2.17 mSv compared to 0.29 mSv. Compared with the
study mentioned above, mean ED for CR was lower, especially considering it
included 4 routine radiographs rather than 2. The diagnostic standard dose in
Sweden is about 9 mSyv for standard CT of the thoracic spine[144]. According
to the above-mentioned definition, our protocol has an ED somewhere be-
tween that of ULD-CT and LDCT. The higher radiation dose with LDCT in
our study is most likely due to different settings of tube current and potential, as
well as our utilization of automatic exposure control to study a clinical setting.
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Consequently, there were some patient outliers with higher radiation doses, due
to overlapping shoulder prostheses, poor positioning of the shoulders and arms,
and/or high BMI. The choice of using a higher region-specific conversion factor
(Eprp), 0.0204 rather than 0.014 mSv, affected the resulting EDs.

This study has several limitations. A limited number of patients were in-
cluded in the study. Also, we did not use a reference method such as standard
CT for the diagnosis of fractures.

Another drawback was that the observers didn’t receive a detailed
walkthrough on the how to assess image quality and visibility, evaluate and
grade fractures according to the different systems or assess degenerative
changes and additional findings, only written instructions and a short briefing
session were provided. Furthermore, no repeat assessment of the patient ma-
terial was conducted after 6 weeks.

One observer detected more fractures with both CR and LDCT than the
other observers. This could be due to differences in interpretation of kyphosis
larger than 40°, the evaluation of vertebral body compressions of Genant grade
0 or 1, or differences in assessment of expected aging processes in the spine.
This particularly affected interobserver agreement of fractures. Omitting the
one observer detecting the most fractures increased interobserver agreement
from moderate to substantial, with Fleiss’ kappa for CR being 0.69 and for
LDCT 0.66.

The evolution of CT technology has developed considerably in terms of
both hardware and software in the past decades. The introduction of photon-
counting CT will likely allow for CT scanning of the entire thoracic spine with
a significant reduction of ED while retaining image quality. The development
of digital detectors for CR will probably also lead to reduced radiation doses.
Al-based software is a promising tool for assisting the radiologist in detecting
VCF of a more severe grade with standard dose CT. Further development is
needed to reliably detect different types of vertebral fractures and in the whole
of the thoracic spine.

Paper IV

The result of this study is that LDCT has significantly higher diagnostic image
quality and visibility of lumbar vertebral bodies, spinous processes, and facet
joints, compared to CR. It also has significant advantages when diagnosing
degenerative changes and additional findings. LDCT had a significantly
higher radiation dose than CR. There was no significant difference in the num-
ber of detected fractures between CR and LDCT or between Al and observers
in the detection of moderate or severe VCF for LDCT, indicating that LDCT
is as sensitive as CR for fracture detection and that Al and observers find sim-
ilar numbers of VCF. Observers found significantly more fractures classified
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with the AO-system, than the moderate or severe VCF found by Al. The ad-
vantage with LDCT is finding causes other than VCF for low back pain.

A previous study by Alshammari et al. compared CR with LDCT and found
that the latter had superior image quality and gave more diagnostic infor-
mation[145]. Detection of fractures was not compared, however, and neither
was a comparison of visualisation of different parts of vertebrae. Another
study by Hamard et al. investigated and compared ultra-low-dose CT (ULD-
CT) with CR for image quality and fracture detection in the spine and pel-
vis[143]. They found that ULD-CT had a slightly higher sensitivity for lumbar
spine fractures and a higher image quality than CR. Our study supports their
findings of higher image quality for ULD-CT and similarly showed more de-
tected fractures, although not significantly more.

The mean ED for the lumbar spine in our study was lower for both LDCT
and CR compared to that of Hamard et al, with a similarly significantly lower
ED with CR compared to LDCT. The studies differed in the chosen settings for
the CT protocol and whether automatic exposure control was enabled or not.

A significantly higher number of patients with both intraspinal and ex-
traspinal additional findings were found using LDCT compared to CR. Some
of these findings, e.g., urolithiasis and aortic aneurysms, were clinically sig-
nificant as a potential cause of low back pain in the absence of fracture. This
was reported in a previous article by Lee et al.[146] who studied extraspinal
findings at lumbar spine CT examinations and found them present in 40.5%
of the patients. Our study found a mean of 35.3 of 84 patients with extraspinal
findings corresponding to 42.1% of the patients.

The majority of elderly patients have no definitive pathology causing low
back pain (LBP). This non-specific LBP can have different causes, such as
disc degeneration, facet joint osteoarthritis, or degenerative spondylolisthe-
sis[147]. Even though degenerative skeletal changes can be assessed with CR,
significantly more vertebral bodies with osteophytes and facet joints with os-
teoarthritis were found with LDCT in our study. When investigating low back
pain in elderly patients, despite the higher radiation dose, LDCT can be the
preferred modality overall, but not specifically to detect VCF. In fertile pa-
tients, CR is preferable in the absence of high-energy trauma.

There is concern that the growing number of CT scans will increase the
estimated risk of cancer development, due to the higher effective radiation
dose compared to conventional radiography[148]. Our study, including pa-
tients with an average age of 75 years, showed that LDCT had a significantly
higher mean radiation dose than CR, 1.57 mSv compared to 0.61 mSv. As a
comparison, the average effective radiation dose of lumbar CR in our depart-
ment in 2024 was 0.51 mSv.

This study does not support a shift from CR to LDCT as a method for de-
tecting VCF. However, LDCT can be considered in elderly patients if inves-
tigating LBP without a clear suspicion of VCF in order to increase the chances
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of finding other causes such as facet joint osteoarthritis or other types of frac-
tures than VCF.

We used an Al software, created for opportunistic fracture detection in
standard dose thoracic and abdominal CT, to assess our LDCT scans designed
for fracture detection. With the current settings of the software set to avoid
false positive findings, a small amount of L4 and L5 vertebral bodies were
excluded from assessment by the software. One drawback with many Al soft-
wares is that they are usually designed to detect one or a few pathologic find-
ings from an image set, such as pneumothorax and consolidation on a chest
X-ray[149], or fractures, dislocations and anterior elbow effusion on skeletal
CR[150], not as a comprehensive application that can accurately detect all
pathological features in any given image[151].

Concerning limitations, the observers received written instructions and a
short briefing session on how to assess image quality and visibility, evaluate
and grade fractures according to the different systems, and assess degenerative
changes and additional findings. After the evaluations, we understood that a
more thorough walkthrough of the different instructions with the radiologists
before the evaluation probably would have been impactful, especially on in-
terobserver agreement. The Al software we used was not designed to assess
dedicated musculoskeletal CT scans performed with low dose protocol.

With the increasing availability of photon-counting CT scanners, further
reduction in radiation dose is possible. Even with conventional CT scanners,
utilizing current detectors, tin filtration and modern iterative reconstructions,
further reduction in radiation dose is possible, while preserving sufficient im-
age quality for the detection of fractures and degenerative changes.
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Conclusions

Paper I

This study showed that LDCT was superior to CR in postoperative evaluation
and indicated that a change of radiologic method to LDCT as a routine for
postoperative assessment can be considered. More studies with a larger group
of patients with acetabular fractures are needed to justify a change in radio-
logic method and to possibly further reduce ED.

Paper 11

In this unique patient, the final selected protocol fulfils both requirements of
low ED and adequate image quality for precise migration measurements. Fu-
ture technological advancements in dual-energy CT and detector resolution
could bring about further reductions in ED. This protocol is now being used
for further studies of patient series, including double examinations for preci-
sion measurements.

Paper 111

This study shows that LDCT has significantly higher diagnostic image quality
and visibility compared to CR, and is superior at detecting fractures, degener-
ative changes, and additional findings in the thoracic spine.

Paper IV

LDCT was found to have significantly higher diagnostic image quality and
visibility than CR and is significantly better at detecting degenerative changes,
but comparable to CR, when detecting fractures in the lumbar spine.
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General conclusion

This thesis shows that it is possible to examine the pelvis, hips with prosthesis,
and thoracic and lumbar spine with LDCT and obtain as good or better diag-
nostic information with higher image quality than CR. These parts of the body
are difficult to assess radiologically with a 2D method such as CR, because of
the complex anatomy. We aimed at achieving an ED with the LDCT protocols
comparable to that of CR, but ended up with slightly higher LDCT in most of
the studies. With the evolution of standard CT (EID scanners) and PCD-CT
over the past decade, further reductions in ED can be achieved with up-to-date
LDCT protocols.
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Summary in Swedish/Sammanfattning
pa svenska

Historiskt har ortopediska sjukdomar och tillstdnd utretts, verifierats och kon-
trollerats med hjélp av konventionell rontgenundersokning (CR) alltsedan
Wilhelm C. Rontgen upptickte rontgenstralarna 1896. Sedan dess uppfin-
nande pa 70-talet har undersdkningar med datortomografi (CT) anvénts mer
och mer for diagnostik av ménniskokroppen. I takt med att datortomograferna
har blivit snabbare och béttre har ocksé antalet unders6kningar okat patagligt,
framfOrallt under de senaste 20 aren.

Fordelarna med CR ér att den &r relativt billig att utfora, finns tillgénglig
pa manga stillen och rontgenbilderna tar som regel inte sa lang tid att granska
och bedoma. Den storsta fordelen dr dock kanske att varje undersdkning ger
lag strdldos. Nackdelarna med CR é&r att undersokningen ofta innebér viss om-
flyttning for patienten pa rontgenbordet, for att f4 de bilder som krévs, vilket
kan vara potentiellt smartsamt. De diagnostiska begrinsningarna ar kanske de
viktigaste; kroppsdelar med tredimensionellt komplex anatomi dr svéra att av-
bilda tillrdckligt bra med en tvddimensionell metod som CR. Detta gor att hela
kroppsdelen inte alltid kan bedémas, och dérfor kan viktiga sjukdomstillstind
missas, t.ex. frakturer.

Detta kontrasterar mot standardunders6kning med CT som innebér snabb
undersokning av hela kroppsdelen i 3D, dir man bedomer omradet med hjalp
av tunna snitt i valfritt plan. Bildmaterialet har nufortiden hog spatial upplos-
ning. Patienten behover oftast bara forflyttas till och fran undersékningsbor-
det. Nackdelar med CT é&r nagot hdgre pris och sdmre tillgéinglighet &n CR
samt storre mingd bilder, vilket gor att undersokningar med CT ofta tar nagot
langre tid att bedoma &n CR. Den stora nackdelen dr dock den hdgre stréldosen
som standardundersokning med CT i allménhet ger jimfort CR.

Béde CR och CT anvinder sig av joniserande stralning, till skillnad fran
andra metoder som MRI och ultraljud. Pa befolkningsniva har man noterat en
okad risk for cancer och skador pé arvsmassan vid 6kad exponering for joni-
serande stralning. Detta géller sérskilt for barn och unga i fertil alder. Man har
déarfor under ménga ar arbetat aktivt for att forsoka minska méngden stralning
som patienter exponeras for i varden. Darfor har sérskilt mycket anstringning
lagts pa att reducera straldoser fran CT, vars anvéndning har dkat exponenti-
ellt de senaste decennierna pa grund av dess stora diagnostiska fordelar.
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Huvudproblemet har varit att straldos och bildkvalitet gar hand i hand vid
underokning med CT. Grovt forenklat kan man séga att hogre straldos vid
undersokning ger bilder med hogre bildkvalitet, och tviartom. En hog bildkva-
litet i sin tur okar forutsittningarna for korrekt radiologisk diagnos. Det om-
vinda dr ndstan d4nnu mer patagligt; om strdldosen sénks for mycket kan
bildkvaliteten forsdmras sd mycket att vissa sjukdomstillstdnd inte sédkert
kan beddmas.

De senaste 20 aren har mycket arbete gjorts for att utveckla undersdknings-
protokoll med CT som utnyttjar straldoser som é&r kraftigt reducerade jamfort
rutinméssigt utford CT. Dessa protokoll kallas 1agdos-CT (LDCT), och har
nufortiden ménga olika anvéndningsomréden, t ex att hitta eller kontrollera
stenar i urinvédgarna, kontroll av skruvldgen efter ryggoperation eller under-
sokning av bihélor.

I takt med att fler och battre metoder for efterbehandling av CT-bilder ut-
vecklas sa sker ocksé en stindig forbéttring av datortomograferna som hard-
vara, med alltmer kénsliga detektorer och bittre filter mot delar av stralningen.

Det dr ddrfor ett standigt pagaende arbete att bedoma hur mycket strdldosen
kan sdnkas beroende pé vilken typ av sjukdomsfragestillningar undersok-
ningen ar inriktad mot, sé att bildkvaliteten blir tillrackligt hog.

I arbete I undersoktes 21 (16 méin, 5 kvinnor) patienter som opererats for
fraktur i backenet bade med rutinméssig CR och med LDCT med forsknings-
protokoll, for att kontrollera laget av frakturen och metalliskt fixationsmaterial
sdsom skruvar och plattor. Dessa bilder granskades och beddmdes pa sedvan-
ligt sdtt av rontgenlédkare 1 tjanst. I efterhand samlades bildmaterialet in, avi-
dentifierades och randomiserades, for att sedan bedomas av 2 rontgenlikare i
enlighet med ett studieprotokoll. Laget av fixationsmaterial i forhallande till
leder, grad av frakturreponering, bildkvalitet och tidsatgang for granskning av
bilder noterades. Straldosen mattes och berdknades for alla undersdkningar.

Studien visade att LDCT var signifikant béttre &n CR vid utvdrdering om
laget av fixationsmaterial gick att bedoma. Kongruens i hoftledens ledpanna,
acetabulum, gick att bedoma hos alla patienter med LDCT, men vid 12 av 32
beddmningar av acetabularfrakturer med CR kunde kongruensen inte bedo-
mas p g a skymmande metall. LDCT hade signifikant hogre bildkvalitet &n
CR, men dven hogre straldos, 0.79mSv jamfort 0.32 mSv.

I arbete 2 undersoktes mojligheten att anvinda CT med ldgdosprotokoll
istéllet for CR for att utféra en migrationsbedomning av en hoftledsprotes. Da
implantat sdsom protes opereras in i t ex en hoftled finns det en liten risk att
den i framtiden lossnar fran skelettet och ror sig. For att kunna studera detta
har man tagit fram en metod dir sma metallkulor opereras in i intilliggande
ben samtidigt med protesen, for att i efterhand léttare kunna méta om det sker
rorelse mellan de olika metallkomponenterna. Standardmetoden for att under-
soka detta har sedan ldnge varit radiostereometrisk analys (RSA), en tidskré-
vande och komplicerad metod som kréaver specialistutbildad personal och spe-
cifik utrustning. CT har borjat anvindas som substitut, med goda resultat.

68



Nackdelen har tidigare varit en icke-forsvarbar okning av straldosen per
undersokning.

Syftet med denna studie var att med hjélp av en fantom med hoftprotes och
metallkulor forst testa olika LDCT-protokoll for att finna ett som ger en stral-
dos kring 1 mSv, med hdgsta mojliga bildkvalitet. I ndsta steg var malet att
testa protokollet med en frivillig pilotpatient for att verifiera att strdldosen var
kring 1 mSv och att undersdkningen hade tillracklig bildkvalitet for att even-
tuell skulle kunna bedémas med tillgdngligt dataprogram.

Femton olika CT-protokoll med varierande straldos testades flera génger
med fantom, fore och efter 2 mm forskjutning av protesstammen. Dérefter
utvirderades och podngsattes bilderna av tva rontgenlikare avseende olika pa-
rametrar, sdsom metallkulornas geometri, grad av metallartefakter och bild-
kvalitet. Brus i bilderna méttes och straldosen berdknades. For att géra en mi-
grationsbeddmning av protesstammen i forhallande till metallkulorna anvan-
des forst ett halvautomatiskt validerat 3D-fusionsverktyg for spatial registre-
ring for att verifiera metoden. Sedan anvéndes ett kommersiellt tillgdngligt
program for grafisk och numerisk beddmning av migration av fasta kroppar.
Detta verktyg jamforde den skannade volymen fore och efter forskjutning av
protesstammen for de fyra protokoll som uppnddde den hogsta kombinerade
podngen av de tre bildparametrarna med samtidig uppskattad straldos <1 mSv.
Precision mattes genom dubbelundersokningar. Samtliga av dessa protokoll
hade acceptabel niva av medelfel (mean error of rigid body fitting).

For undersokning av pilotpatient testades initialt det protokoll som hade
absolut lagst straldos, protokoll 12, for att se om migrationsbedémning dver-
huvudtaget var mdjlig vid denna nivé av strldos och bildkvalitet. Bildkvali-
teten var inte tillrdcklig for att gora en migrationsbedémning.

Dérefter valdes protokoll 1 ut, d& det hade l4gst grad av brus i bilden, for-
utom hogst sammanlagd poédng for bildparametrar och en strldos <ImSv.
Med detta protokoll var det mojligt att gora en migrationsbeddmning med en
straldos pa 0.66 mSv.

Studien visar att det &r mojligt att utfora radiostereometrisk analys med CT
(CT-RSA) med en straldos som understiger 1 mSv och tillracklig bildkvalitet
for palitlig migrationsbeddmning.

Arbete 3 jamfor CR och LDCT som rontgenmetoder vid undersokning av
brostryggraden hos patienter > 50 ar. Patienter som remitterats till rontgenkli-
niken for underékning av brostryggen med CR informerades och tillfrdgades
om deltagande i studien. Totalt inkluderades 63 patienter varav 52 var kvin-
nor. De genomgick rutinméssig CR av brostryggen och LDCT utfort med stu-
dieprotokoll vid samma tillfdlle. Undersokningarna bedomdes och besvarades
initialt enligt klinisk rutin av rontgenlékare i tjdnst. I efterhand samlades bild-
materialet in, avidentifierades, randomiserades och beddomdes av tre olika
rontgenldkare utifran ett studieprotokoll. Utvdrderingen omfattade i forsta
hand teknisk och diagnostisk bildkvalitet samt visualisering av kotor. Dia-
gnostiska fynd noterades och straldosen berdknades for varje undersékning.
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Vianvinde ett Al-verktyg for att bedoma visualisering av kotor och forekomst
av vissa frakturtyper med LDCT.

Studien visar att teknisk och diagnostisk bildkvalitet samt visualisering av
kotkroppar var signifikant hogre och battre med LDCT jamfort CR. For LDCT
beddmdes 90.5% av undersdkningarna ha acceptabel eller battre diagnostisk
bildkvalitet, jamfort 65.1% med CR. Fler frakturer overlag hittades med
LDCT jamfort CR i brostryggen. Ingen skillnad fanns dock mellan antal kot-
kompressioner av intermediér eller uttalad grad mellan LDCT som bedémdes
av 3 rontgenldkare och LDCT som bedomdes av Al. Fler degenerativa forand-
ringar och bifynd noterades med LDCT. Straldosen var signifikant hdgre med
LDCT, 2.17 mSv, jamfort 0.29 mSv med CR.

I arbete 4 jaimfordes metoderna LDCT och CR vid undersdkning av 14nd-
ryggen. Totalt inkluderades 84 patienter > 50 ar, varav 61 var kvinnor, under
en period av 11 ar i studien. Patienter som remitterats till rontgenkliniken for
undersokning av ldndryggen med CR informerades och tillfrigades om att
delta i studien. Deltagande patienter fick genomgé rutinméssig CR och LDCT
med studieprotokoll vid samma tillfdlle. Unders6kningarna beddmdes och be-
svarades inom ramen for klinisk rutin av rontgenlékare. I efterhand blev bild-
materialet avidentifierat och slumpmaéssigt numrerat varefter 3 rontgenldkare
gjorde bedomningar utifran ett specifikt studieprotokoll. Teknisk och diagnos-
tisk bildkvalitet samt visualisering av kotor bedomdes och noterades. Fraktu-
rer graderades enligt olika klassificeringssystem. Degenerativa fordndringar
och bifynd noterades. Strdldosen berdknades utifran data fran enskilda under-
sokningar. Ett Al-verktyg anvéndes for analys av LDCT for att jamf6ra visu-
alisering av kotkroppar och detektion av kotkompressioner av intermediér el-
ler allvarlig grad med motsvarande bedomningar av rontgenlikare.

Denna studie visar att teknisk och diagnostisk bildkvalitet var hdgre och
visualisering av kotkroppar signifikant bittre med LDCT jamfort CR. For
LDCT bedomdes 95.2% av undersokningarna ha acceptabel eller béttre dia-
gnostisk bildkvalitet, jamfort 73.0% med CR. Det fanns ingen signifikant
skillnad i antal frakturer mellan LDCT och CR bedémda av 3 rontgenldkare.
Ingen signifikant skillnad ségs vid jamforelse mellan rontgenldkare och Al vid
bedémning av kotkompressioner av intermedidr/allvarlig grad med LDCT.
Fler degenerativa fordndringar och bifynd noterades med LDCT jamfort CR.
Stréldosen var signifikant hogre med LDCT jamfort CR, 1.57 mSv respektive
0.61 mSv.

Sammanfattningsvis var det 6vergripande mélet for forskningen i denna
kappa att jamfora CR med LDCT som metoder vid muskuloskeletala radiolo-
giska undersokningar, for att studera om det 4r mojligt att uppna jaimforbara
nivaer av strdldos, bildkvalitet och diagnostiskt utbyte med LDCT i forhal-
lande till CR. Resultaten av denna forskning talar for att LDCT kan utforas
med hogre bildkvalitet och stundtals béattre diagnostiskt utbyte 4n CR, men
med en nagot hogre straldos. CT-protokoll med reducerad straldos kan dven
appliceras pa migrationsbedomningar av hoftproteser, CT-RSA.
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